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ABSTRACT

INCREASED SIZE EXCLUSION LIMIT 2 (ISE2) encodes
a putative DEVH-box RNA helicase originally identified
through a genetic screening for Arabidopsis mutants altered
in plasmodesmata (PD) aperture. Depletion of ISE2 also af-
fects chloroplasts activity, decreases accumulation of photosyn-
thetic pigments and alters expression of photosynthetic genes.
In this work, we show the chloroplast localization of ISE2
and decipher its role in plastidic RNA processing and, conse-
quently, PD function. Group II intron-containing RNAs from
chloroplasts exhibit defective splicing in ise2 mutants and
ISE2-silenced plants, compromising plastid viability. Further-
more, RNA immunoprecipitation suggests that ISE2 binds
in vivo to several splicing-regulated RNAs. Finally, we show
that the chloroplast clpr2 mutant (defective in a subunit of a
plastidic Clp protease) also exhibits abnormal PD function dur-
ing embryogenesis, supporting the idea that chloroplast RNA
processing is required to regulate cell-cell communication in
plants.

Key-words:  chloroplast; Retrograde signals; cell-to-cell
communication.

INTRODUCTION

Plasmodesmata (PD) are plant intercellular symplastic chan-
nels playing important roles for development, differentiation
and organogenesis. The INCREASED SIZE EXCLUSION
LIMIT 2 gene (ISE2, AT1G70070) encodes a putative DEVH-
box RNA helicase in Arabidopsis thaliana, and its mutation
causes embryo-defective phenotype. The lack of ISE2 prevents
the down-regulation of the size exclusion limit (SEL) of PD
during embryogenesis after the torpedo stage (Kim et al. 2002),
and this was partially associated with the increment of branched
and twinned PD (Kobayashi et al. 2007; Burch-Smith &
Zambryski 2010). A genome-wide expression analysis of ise2
mutant embryos revealed altered expression of many
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photosynthetic-related genes, in addition to cell wall-associated
and PD-targeted proteins (Burch-Smith e al. 2011; Brunkard
et al. 2013). Past studies have shown that ISE2 localizes to the
chloroplast (Burch-Smith ef al. 2011). In agreement, chloroplast
proteome (The Plant Proteome Data Base) indicates that
ISE2 is found in organelles (Zybailov et al. 2008), although
its function in the chloroplast remains unknown.

Plastid maturation takes place during embryogenesis,
together with accumulation of photosynthetic pigments and
essential metabolites such as vitamins, hormones and lipids.
In adult plants, the retrograde signals from chloroplast to the
nucleus modulate a wide range of physiological processes from
stress responsiveness, alternative splicing, to circadian rhythm
(Woodson & Chory 2008; Petrillo et al. 2014).

Chloroplast RNAs are mostly regulated through splicing,
editing and RNA decay pathways (Stern et al. 2010).
Chloroplast-targeted nuclear encoded RNA binding proteins
mainly include pentatricopeptides repeat (PPR) proteins and
RNA helicases (Schmitz-Linneweber & Small 2008; Kroeger
et al. 2009; Ruwe et al. 2011; Majeran et al. 2012), several of
which have been previously characterized to be involved in
RNA metabolism (de Longevialle et al. 2008; Melonek et al.
2010; Asakura et al. 2012; Chi et al. 2012).

In Arabidopsis, a total of 58 RNA helicases contain a
DEAD-box domain (Aubourg et al. 1999; Mingam et al.
2004), seven of which (named RH3, RH22, RH26, RH39,
RH47, RH50 and RHS8) are localized in chloroplasts
(Zybailov et al. 2008; Olinares et al. 2010). RH3 was detected
in nucleoid-enriched fraction of chloroplasts and is involved
in the splicing of group II intron and maturation of 50S subunit
of plastid ribosomes (Asakura et al. 2012; Lee et al. 2012).
RH22 and RH39 seem to be required for the proper matura-
tion of plastid ribosomal RNAs (Nishimura et al. 2010; Chi
et al. 2012). Besides ISE2, two other DEVH-box RNA
helicases were reported previously in Arabidopsis: the nuclei-
located MTR4 (AT1G59760), required for proper nuclear
rRNA biogenesis, and AtHELPS (AT3G46960), involved in
the potassium-deprivation stress response (Lange et al. 2011;
Xu et al. 2011; Lange et al. 2014).
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As ISE2 encodes the sole DEVH-box RNA helicase found
to be targeted into chloroplasts, we investigated the role of
ISE2 during organelle RNA maturation. Here, we demon-
strate that ISE2 depletion causes splicing defects of chloro-
plasts transcripts containing group II introns. Furthermore,
we show that ISE2 directly binds to chloroplast RNA targets
in vivo. Strikingly, we discovered that a Clp protease mutant
impaired in chloroplast splicing shows a similar increased PD
aperture phenotype during the embryogenesis. Hence, regula-
tion of splicing in chloroplasts impacts the regulation of inter-
cellular communication through PD channels.

MATERIALS AND METHODS
Plant materials and growth conditions

Transgenic 35S: ISE2:GFP (ISE2:GFP) and mutant ise2-2
(ise2) plants and seedlings were handled as previously
described (Kim et al. 2002; Kobayashi et al. 2007). cipr2
(Salk_016774) was obtained from the Arabidopsis Biological
Resource Center, and homozygous mutant embryos obtained
from heterozygous plants were directly used in this study.
Plants were grown in 16-h light/8-h dark under white fluores-
cent light at 22 °C.

RNA extraction and Northern blot

RNAs were extracted from the Arabidopsis seedlings using
RNAzol® RT reagent (Molecular Research Center, Cincin-
nati, OH, USA) according to the manufacturer’s instructions.
Of total RNA of each sample, 3ug were fractionated in
denaturing 3-(N-Morpholino) propanesulfonic acid (MOPS)-
formaldehyde gels (agarose 1%) and transferred to Hybond
N+ Nylon membranes (Amersham, Piscataway, NJ, USA) by
capillary blotting in SSC 10X and cross linked by UV (UV
Stratalinker 2400; Stratagene, La Jolla, CA, USA). DNA
probes were labelled with **P-CTP using PCR or random prim-
ing. Pre-hybridization and hybridization were carried out at
65°C in Church’s hybridization solution (Church & Gilbert
1984). After hybridization, probed membranes were washed
with 2X Saline Sodium Citrate buffer PH7 (SSC), 0.1% sodium
dodecyl sulphate (SDS) for 15 min at room temperature, after
that at hybridization temperature with the same solution for
15 min, then with 0.2X SSC, 0.1% SDS for 15 min and finally
washed with 0.1X SSC, 0.1% SDS for 15 min. Membranes were
exposed to X-ray film (Kodak, Rochester, NY, USA).

cDNA synthesis

RNA extracted from Arabidopsis seedlings was treated with
RNase-free DNase I (New England Biolabs, Inc., Beverly,
MA, USA) for cDNA synthesis using the ImProm-II""
Reverse Transcriptase (Promega, Madison, WI, USA) with
oligo dT, random hexamer primers or gene-specific primers
(for chloroplast genes). Reactions containing all the re-
agents except reverse transcriptase were used as a negative
control of PCR.

Western blot

Total protein extract from fresh leaves was prepared as previ-
ously described (Kobayashi et al. 2007). Quantified proteins
were analysed in SDS-polyacrylamide gel electrophoresis
(PAGE) and transferred to nitrocellulose membrane
(Amersham' Hybond ECL). Primary antibodies against GFP
(ab290; Abcam Ltd Cambridge, UK) and ribulose 1-5-
bisphosphate carboxylase/oxygenase (polyclonal rabbit anti-
RbcL antibody Agrisera AS03037) were employed according
to provider instructions and goat anti-rabbit IgG-Horseradish
peroxidase (HRP) (Santa Cruz Biotechnologies SC 2004,
Santa Cruz, CA, USA) was employed as secondary antibody.
Membranes were incubated accordingly to standard protocol
and revealed using Enhanced chemiluminescence (ECL)
system (Pierce, Rockford, IL, USA).

Chloroplasts isolation

Chloroplasts were purified by sucrose density gradient centri-
fugation from 5g of leaf tissue according to Nishimura et al.
(1976). Intact chloroplast fraction precipitated at 3800 g, 4 °C
for 10 min, and pellet was resuspended in 2 ml of BH10 buffer
(Tris-HCl 30mM pH7.4, MgCl, SmM and sucrose 10%)
supplemented with proteases inhibitor (E complete mini;
Roche, Indianapolis, IN, USA). The images were acquired
using confocal microscopy Zeiss AxioObserverZ1-LSM710
and processed using ZEN 2011 Black edition.

RNA immunoprecipitation assay

For chloroplasts lyses, pellet was frozen three times during
30s in liquid N,, resuspended in 3ml of ColIP buffer
(Tris-HCI 20mM pHS8, MgCl, 2mM, NP40 0.5%, ethylene-
diaminetetraacetic acid (EDTA) 1mM, NaCl 150mM,
glycerol 10%, DTT 1mM, KClI 50mM, RNAseOUT
100U in 5Sml buffer, and protease inhibitor) and passed
through a 21 gauge needle several times. Lysate was
divided into three 1.5ml tubes and centrifuged for 10 min
11000g at 4°C. Supernatant (input) was further used for
the immunoprecipitation performed by Direct ChIP Proto-
col of the Diagenode IP-Star SX-86 Compact robot, using
50ul of Dynabeads® — Protein A (Novex 10008D; Life
Technologies, Rockville, MD, USA), anti-IgG (Millipore,
Billerica, MA, USA) or anti-GFP (632381; Clontech,
Mountain View, CA, USA) antibodies. Beads were washed
three times for 5min at 4°C with Wash Buffer 1 (NaCl
150 mM, Triton 1%, NP-40 0.5%, EDTA 1mM, Tris-HCI
20mM pH7.5) and once with Wash Buffer 2 (Tris-HCl
20mM pH38) instead of the ColIP buffers, and finally resus-
pended in 100ul Proteinase K buffer (Tris-HCl 100 mM
pH7.4, NaCl 50mM, EDTA 10mM). After Proteinase K
(AM2546; Ambion, Austin, TX, USA) treatment, beads
were removed with a magneto, and the supernatants were
transferred to a 2ml tube. RNA was extracted from
200-600ul of supernatant with 1ml of TriReagent®
(Sigma-Aldrich T9424, St Louis, MO, USA) as indicated
by the manufacturer.
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Plastid transcript splicing analysis by RT-PCR

Splicing analysis was performed as described by Babiychuk
et al. (2011). Probes used for RT and PCR are listed in
Supporting Information Table S1.

gRT-PCR

SYBR® Green PCR Master Mix (Applied Biosystems, ABI,
Foster City, CA, USA) was used for PCR mixes. All reactions
were run in triplicate for each sample at CFX96 Touch
Real-Time PCR Detection system (Bio-Rad, Hercules, CA,
USA). The primers used are listed in Supporting Information
Table S1. Values were relativized to that for U-box
domain-containing protein (Ubiquitin, ATSG15400) or actin2
(AT3G18780). Averages of three independent reactions + stan-
ndard deviations (s.d) were determined. The relative expres-
sion level was calculated using the 2-““T and fold determined
by using 244" method (Schmittgen & Livak 2008).

Dye-loading assay

Dye-loading was performed as previously described (Kim et al.
2002; Kobayashi et al. 2007). The experiments were repeated
three times, and positive or negative loading embryos were
scored individually by analysing microscope images.

RESULTS

Overexpression of ISE2-GFP leads to spontaneous
silencing and a chlorotic phenotype

For the study of ISE2 function, we used a stable transgenic
line (ISE2-GFP) constitutively expressing an ISE2-GFP
(green fluorescent protein) fusion protein in an ise2-2 homo-
zygous mutant background that fully rescued the phenotype
(Kobayashi et al. 2007). Although ISE2-GFP plants grow
normally and are phenotypically indistinguishable from
Col-0 [wild-type (WT)] plants, we observed 3 to 5% of
T3 plants showing chlorotic leaves with serrated margins
(named ise2-gfp, Fig. 1a). This chlorosis could be detected
at any stage, but often begun at an early age (usually from
four to six true leaves stage), and spread from the base of
fully expanded leaves to other parts of the plant, including
the inflorescence shoots. The steady-state level of ISE2
mRNAs in chlorotic leaves was significantly lower com-
pared with green leaves (Fig. 1b). Therefore, we assumed
that the chlorosis would phenocopy ise2 mutant due to
the fact that the remnant level of ISE2-GFP transcripts
detected in chlorotic leaves were insufficient to rescue the
mutant phenotype. Supporting these observations, GFP
fluorescence was not detectable by confocal microscopy
and ISE2-GFP protein level was strongly reduced in chlo-
rotic leaves (Supporting Information Fig. Sla).

As there were previous evidences of ISE2’s chloroplast
localization (Burch-Smith er al. 2011), we analysed protein
extracts from purified chloroplasts to confirm the ISE2-GFP
subcellular localization in ISE2-GFP green plants. A specific
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Figure 1. (a) Characterization of transgenic ISE2-GFP line. Phenotype
of Col-0 (WT), ISE2-GFP green plant (ISE2-GFP) and chlorotic plant
(ise2-gfp). ISE2-GFP plants were indistinguishable from WT plants. (b)
Real-time qRT-PCR of Ise2 mRNAs. Relative expression levels of Ise2
mRNA are expressed. Error bars correspond to the standard deviation
from triplicate determinations. Analysis of variance test followed by
Bonferroni’s multiple comparison test were performed. p-value < 0.001.

band of approximately MW 160kDa was detected in the
plastidic fractions revealed by Western blot (Supporting
Information Fig. S1b). In agreement with previous published
time-lapse confocal microscopy images from Nicotiana
benthamiana leaves expressing ISE2-GFP, we observed ISE2-
GFP discrete foci within isolated chloroplasts from ISE2-GFP
plants (Supporting Information Fig. Sic).

ISE 2 is required for group Il intron splicing in
chloroplasts

Because ISE2 encodes for a putative RNA helicase and is
located in chloroplasts (Fig. Slc), we assessed whether
knock-out (ise2) or knock-down (ise2-gfp) could be linked
to alterations in plastidic RNA processing, as described
for other plastidic RNA helicases and RNA binding pro-
teins (Babiychuk et al. 2011; Asakura er al. 2012). To this
end, we analysed splicing patterns for four chloroplast
genes through the amplification of spliced and unspliced
variants by RT-PCR.

For ATP synthase subunit (atpF) and Ribosomal protein 1.2
(rpl2) mRNAs, two transcripts containing subtype Ila introns,
we detected increased accumulation of unspliced
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intermediaries both in ise2 and ise2-gfp plants, compared with
WT (Fig. 2a and b). We then analysed the splicing profile of
the Ribosomal protein S12 (rps12) mRNA, which requires the
removal of a subtype IIb intron by trans-splicing in addition
to a subtype Ila intron MatK-dependent splicing (Babiychuk
etal.2011). We observed that rpsI2 trans-splicing occurs nearly
normal in ise2-gfp and ise2 mutants, although larger immature
unprocessed transcripts bands were also detected, presumably
due to subtype Ila intron retention (Fig. 2c). Finally, we
analysed the Caseinolytic protease PPI (clpP) mRNA, which
contains a subtype Ila intron independent of MatK and there-
fore independent of the organelle translation state (Babiychuk
et al. 2011), in addition to a subtype IIb intron. Consistently,
larger bands were detected in samples of ise2-gfp leaves and
ise2 plants, corresponding to the full-length unprocessed pre-
mRNA, based on their estimated size of 1100 bp (Fig. 2d).
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As shown in the gel image of Fig. 3, a marked reduction of
the plastidic 16S and 23S rRNAs is observed in samples from
ise2 mutant seedlings (Fig. 3a). Similarly, the 23S seems also
reduced in ISE2 silenced (ise2-gfp) leaves compared with
ISE2-GFP and WT leaves (Supporting Information Fig. S3)
suggesting impaired posttranscriptional regulation of plastid
gene expression. The alteration of the splicing pattern of
rpl2 was further confirmed by Northern blot. Two specific
probes were used for the rpl2: one recognizes the exonl con-
taining sequence, whereas the other hybridizes the intronic
sequence. In WT, bands comprising between 1.7 and 2kb
in estimated sizes were clearly detected with an exon specific
probe, presumably corresponding to processed rpl2 mRNAs
(Hammani & Barkan 2014). Similar bands patterns were
also observed in ise2. Remarkably, another chloroplast mu-
tant clpr2 exhibiting splicing defects (Asakura et al. 2012)
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Figure 2. Analysis of plastid gene splicing in transgenic line and ise2 mutant. WT, ISE2-GFP, ise2-gfp and ise2 cDNAs for (a) rpl2, (b) aipF, (c) rpsi2
or (d) clpP plastid genes were synthesized using gene-specific primers. The presence of fully spliced (s) and unspliced (u) intermediaries was analysed
by PCR amplification, according to Babiychuk et al. (2011). Schematic drawing of intron—exon structure, intron group and predicted product sizes are
indicated at the bottom of each panel. Arrows indicate position of specific primers used for PCR amplification (see also Supporting Information Fig. S3).
The identity of 7pl2 larger band (‘U’) was confirmed by cloning and sequencing. g: full-length PCR product amplified using WT genomic DNA as template.
M: 1 Kb plus DNA Ladder (Invitrogen Life Technologies, Carlsbad, CA, USA). Same PCR amplification pattern was observed for at least in two

independent plants of each sample.
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Figure 3. (a) Northern blot analysis. Total RNA (3 ug) of WT, ise2 and
clpr2 mutant plants were analysed in denaturing agarose gels. Estimated
sizes of bands are indicated. Probe identity is indicated for each blot. (b)
Real-time qRT-PCR of rp/2 mRNA. Relative expression levels of intron-
containing and exon-containing mRNAs were compared quantitatively
and expressed in fold with respect to WT. Error bar corresponds to

the standard deviation from triplicate determinations. Except ISE2-GFP,
all values were significantly higher than WT (p < 0.01) accordingly to a

t-test
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(see also Fig. 5a) also showed similar 7p/2 RNA pattern to
ise2. Both mutants showed increased accumulation of higher
bands ranging from 3 to 4 kb in their estimated sizes, proba-
bly corresponding to unprocessed transcripts. Supporting
this, these bands were recognized by an intron specific probe
(Fig. 3a). Importantly, hybridization with an intron specific
probe gave a new clear band of approximately 2 kb in both
mutant lanes, in addition to 1.3 to 1.5kb bands, indicating
enriched accumulation of intron-containing RNA species.
Furthermore, a strong signal from a small band of approxi-
mate 0.75kb was visible, as reported in maize chloroplast
mutants (Hammani & Barkan 2014).

The blot probed with atpF exon specific sequence showed a
band of approximately 1.5kb in WT; this could correspond to
the mature RNA. The same band was faint in both mutants
(Fig. 3a). In contrast, a larger band of >4 kb in estimated size
was visible in all lanes. When the blot was probed with
intron-specific sequence, slightly enhanced >4 and 2.5kb
bands were observed in clpr2 lane. A band of 0.75 kb was also
enhanced in ise2 lane.

In order to quantify the alteration of RNA splicing, we per-
formed qRT-PCR assay to determine the ratio between
intron-containing and exon-containing r/jp2 RNAs. As shown
in Fig. 3b, the relative amounts of intron-containing mRNAs
in ise2 and clpr2 were significantly higher than in WT. Our re-
sults indicate that ISE2 participates in the splicing of group II
introns in chloroplasts.

ISE 2 interacts with its RNA targets in vivo

To further demonstrate the role of ISE2 during plastidic tran-
script splicing, we performed RNA immunoprecipitation as-
says (RIPs) using chloroplast extracts, in GFP-tagged ISE2
plants. After RIP with GFP antibodies, specific qRT-PCR was
performed for rpl2, atpF, rpsI2 and clpP RNAs, whose accu-
rate processing is dependent on ISE2 (Figs 2 and 3). Strikingly,
we detected significant enrichment of the four transcripts using
anti-GFP antibodies compared with control I1gG in ISE2-GFP
chloroplasts, as well as using anti-GFP antibodies in chloro-
plasts from WT leaves (Fig. 4), indicating a direct interaction
of the four target RNAs with ISE2-containing complexes. Al-
together, our results suggest that ISE2 controls chloroplast
splicing of group II introns by its direct interaction.

Defective splicing in chloroplasts is associated to
altered aperture of the plasmodesmata during
embryogenesis

Considering that the knock-out of ISE2 prevents the down-
regulation of the SEL of PD during embryogenesis after the
torpedo stage (Kim et al. 2002), we wondered whether this phe-
notype is due to inaccurate splicing in chloroplasts. Then, we
aimed to characterize the c/pr2 mutant, whose defective em-
bryo phenotype strikingly resembles the morphology to ise2
(Kim et al. 2013), and both of them exhibit splicing defects in
rpl2, atpF and clpP (Figs 3, 4 & 5A). We observed that rpsi2
trans-splicing occurs nearly normal in c/pr2 mutants, although
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Figure 4. Quantification of bound RNAs upon immunoprecipitation
(RIP). Transcripts for rpl2, atpF, rpsi2 or clpP were quantified by real-
time RT-PCR from RIP obtained with anti-GFP or IgG antibody. The
results were expressed as the relative between specific anti-GFP
versus non-specific IgG-treated samples. All values were normalized to
references RNA levels, from input and obtained by 22 method. For
negative control corresponding to RNA not coprecipitated, we measured
rbel transcript without intron (not processed by ISE2), which gave an
average ratio value of 18.08 +1.86 standard deviation from ISE2-GFP
IP fraction using specific anti-GFP antibody. This value was significantly
lower compared with those corresponding to four transcripts that we
analysed. Two replicates were performed for each sample. Mean and
standard deviation were calculated for each sample. ISE2-GFP values
were significantly different to WT (p < 0.01) accordingly to a t-student.

larger immature unprocessed transcripts bands were also
faintly detected, similarly to ise2 (Fig. 2c). The gene Clpr2
(AT1G12410) encodes one of the subunits for Clp protease sys-
tem needed for plastidic ribosome assembly, protein degrada-
tion, recycling and translation. Then, dye-loading assay was
performed using clpr2 torpedo embryos and ise2 as positive
control. Approximately 70% of ise2 torpedo embryos showed
loading of 10kDa Dextran-Fluorescein isothiocyanate (FITC)
(Fig. 5b, middle panel). As expected, the majority of the con-
trol WT or heterozygous torpedo embryos did not show appar-
ent loading (Fig. 5b, top panel, less than 10% of total embryos
tested were considered positives). Remarkably, 70% of clpr2
torpedo embryos tested showed clear dye-loading phenotype
(Fig. 5b, bottom panel), indicating that clpr2 embryos have in-
creased PD SELs; thus, it should be considered as an increased
size exclusion limit (ise) mutant. Furthermore, clpr2 constitutes
another example of a chloroplast splicing defective mutant
exhibiting an abnormal aperture of PD, supporting the cellular
association between the two phenomena.

DISCUSSION

Significant advances in PD research were observed in the past
few years, including the identification of its components, regula-
tory genes and a novel intracellular signalling mechanism ruling
PD function (Maule et al. 2011; Burch-Smith & Zambryski
2012; Salmon & Bayer 2014). Nevertheless, the genetic and
molecular mechanisms regulating PD architecture, number
and functions during plant development remain to be deciphered.

Previous approaches to study PD functions included genetic
screenings in Arabidopsis and identified the ise2 and ise/ mu-
tants, the latter affecting a mitochondrial DEAD-box RNA
helicase (Stonebloom et al. 2009) and GFP arrested traffcking

(a)

atpF clpP pl2 ps12

M g WT clor g WT clpr g WT clpr g WT clpr

(b)
Wt/Het torpedo embryo

ise2 torpedo embryo

clpr2 torpedo embryo

Figure 5. (a) Plastid gene splicing in c/pr2 mutants. cDNAs were
synthesized using specific primers for atpF, clpP, rpl2 or rpsI2, and presence
of fully spliced and unspliced intermediaries was analysed by PCR
amplification, according to Babiychuk et al. (2011). g: full length PCR
product amplified using WT genomic DNA as template. M: 1 Kb plus
DNA Ladder (Invitrogen Life Technologies). (b) Dye-loading phenotype
of mutant embryos. No clear dye-loading was observed with WT or
heterozygous torpedo embryos (top panel) as was reported previously.
Representative image of a positive 10kDa Dextran-FITC loading of
ise2 torpedo embryo (middle panel) and clpr2 embryo (bottom panel)
with FITC signals within hypocotyls was observed in epifluorescence
microscope. In total, 22 of clpr2 and 25 of ise2 homozygous torpedo
embryos were included for analyses. Bar scale: 50 um.

1 (gatl), which encodes a plastid Thioredoxin-m3 (TRX-m3)
(Benitez-Alfonso et al. 2009). However, the isel and ise2 em-
bryos have increased intercellular transport of 10kDa
Dextran-FITC after torpedo stage (Kim et al. 2002), in contrast
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to gatl plants, which show reduced capacity to transport GFP
through PD, due to increased callose accumulation at PD. In-
terestingly, all these mutants showed altered Reactive oxygen
species (ROS) accumulation in their organelles (Stonebloom
et al. 2012). Based on this finding, it was suggested that the re-
dox status of organelles might indirectly regulate PD functions
(Benitez-Alfonso et al. 2011; Burch-Smith & Zambryski 2012;
Stonebloom et al. 2012), and an organelle-nucleus-PD signal-
ling (ONPS) model was proposed to explain the regulation of
PD function during embryogenesis by organelle-derived sig-
nals (Burch-Smith er al. 2011). These unknown signals proba-
bly belong to the retrograde signals that also regulate
processes occurring in the nuclei (Nott et al. 2006). Although
the true nature of these signals are still uncertain, several
evidences point out that one of them may be chlorophyll pre-
cursors such as tetrapyrrole-derived compounds (Beale 2011).

In this work, we show that the ISE2-GFP is targeted into
Arabidopsis chloroplasts, and it localizes probably at
nucleoids. Because ISE2-GFP transgene could fully rescue
the mutant phenotype (Kobayashi ez al. 2007), we assumed that
ISE2-GFP localization and function are bona file equivalent to
endogenous ISE2, and its silencing would mimic the mutant
phenotype in adult plants. Recently, organelle proteome analysis
served to identify ISE2-derived peptides within nucleoids
fractions of Arabidopsis chloroplasts (Majeran et al. 2012).
Similar organelle granular/foci to those of ISE2-GFP were
observed for another DEAD-box RNA helicase, RH39,
involved in the processing of 23S rRNA (Nishimura et al.
2010) as well as for the mitochondrial transcriptional termina-
tion facto/BELAYASMERT (mTERF/BSM) (Babiychuk
et al. 2011).

We found that ISE2 controls the splicing of rpl2, atpF and
cIlpP mRNAs. To further confirm the role of ISE2 in chloro-
plast splicing, RIP was used to determine direct interaction
between ISE2 and its RNA targets.

A mutation with altered atp F splicing was previously reported
to provoke chlorosis (Jenkins ez al. 1997). Furthermore, the re-
duced level of rpl2 affects ribosome assembly and translation
in the organelle (Hess et al. 1994; Chi et al. 2012). Clp protease
activity regulates factors involved in 23S rRNA-processing and
organelle translation (Sjogren er al. 2006; Zheng et al. 2000;
Olinares et al. 2010; Kim et al. 2013). Thus, ISE2 defects might
additionally decrease translation in chloroplast because of Clp
system deficiency, contributing to the chlorotic phenotype.
Noteworthy, the translation impairment found in the ise2 mutant
and chlorotic leaves seems rather mild, (e.g. compared with
antibiotic treatment; Babiychuk et al. 2011), because the trans-
splicing of rpsI2 in these leaves was not completely inhibited.

Here, we provide strong evidence that accurate splicing is re-
quired for normal chloroplast development and PD regulation,
likely due to retrograde signals controlling the transcription of
nuclear PD-related genes, which has been already proposed by
ONPS model (Burch-Smith ez al. 2011). However, our results
shed light on chloroplast functions linked to PD regulation.
Firstly, we determined the molecular function of ISE2 in group
II intron splicing in organelle. Moreover, we demonstrated that
ISE2 is physically bound to organelle transcripts. Secondly, we
identified a new ise mutant among the previously characterized
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chloroplasts mutants, c/pr2. The gene Clpr2 encodes one of the
subunits of the Clp protease system needed for plastidic ribo-
some assembly, protein degradation, recycling and translation
(Kim et al. 2013). Interestingly, both ise2 and clpr2 exhibit al-
tered splicing pattern for the four mRNAs assessed including
rpl2, clpP, atpF and in minor degree with rpsI2. Interestingly,
the splicing patterns of cIp P between both mutants were differ-
ent as can be observed in the Supporting Information Fig. S4.
Enhanced band of approximately 1.5kb is observed with
intron-specific probe in clpr2. This band is also observed in
the WT. Larger bands (>2kb) are also visible in the mutant, in-
dicating a certain degree of splicing defects in c/pr2, which is con-
sistent to results shown in Fig. S5a. The simple interpretation of
these observations is that the splicing of the intron 1 type IIb
splicing requires normal chloroplast protein homeostasis, and
they are spliced less efficiently in clpr2 (Kim et al. 2009; Asakura
et al. 2012). In spite of this, clpr2 is still able to process clpP
mRNA (0.75kb band in both WT and clpr2). In contrast, in
ise2 this putative mature mRNA 0.75kb band is missing,
indicating impaired splicing of both introns. In addition, we
clearly detected the presence of larger bands (>2kb) in ise2,
which are hybridized with both exon and intron sequences,
suggesting the more general splicing defects, and this is unlikely
a consequence of potential translation impairment because
MatK independent splicing also seems to be affected. Although,
we cannot completely exclude an indirect effect because of
translational defects of ise2 on splicing regulation. Together with
our RIP results indicating a direct interaction between ISE2
and clpP RNA, we concluded that ISE2 is a splicing factor.
Our results open the question whether chloroplast mutants
with altered splicing may share similar PD defects. Neverthe-
less, we cannot discard the hypothesis that a direct signal from
the chloroplast might control PD functions (Fig. 6). Several
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Figure 6. Model of chloroplast effect on plasmodesmata (PD) regulation.
In ise2 and clpr2 mutants, defects of RNA splicing or the protein processing/
translation results in an abnormal chloroplast development and a
concomitantly PD deregulation (unregulated size exclusion limit), mediated
either by retrograde signals that control putative PD-related nuclear genes, or
by a putative plastid derived signal, or both.
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chloroplasts compounds, including ROS and salicylic acid, can
lead to callose production and deposition on PD (Wang et al.
2013). Our findings support the idea that chloroplast-
dependent molecular mechanism impacts PD functions and
modulates cell-to-cell communication in plants.
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version of this article at the publisher’s web-site:

Figure S1. Subcellular localization of ISE2-GFP. a) Western
blot of ISE2-GFP leaf extracts revealed with anti-GFP.

Figure S2. Agarose denaturing gel image of RNA sample.
Figure S3. Drawing showing the primer positions.

Figure S4. Northern blot analysis Total RNA (3 pg) of WT, ise2
and clpr2 mutant plants were analyzed in denaturing agarose
gels. Estimated sizes of bands are indicated. Probe identity is
indicated for each blot.

Table S1. List of oligos sequences

Table S2. RIP control for DNA contaminants using 7p/2 oligos



