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Abstract 

Group II introns in plant organelles ha v e lost splicing autonomy and require the assistance of nuclear-encoded trans-factors whose roles remain 
to be elucidated. These factors can be mono- or poly-specific with respect to the number of introns whose splicing they facilitate. Poly-acting 
splicing factors are often essential and their genetic identification may benefit from the use of conditional mutations. Temperature-sensitive 
(TS) mutations in the R O OT PRIMORDIUM DEFECTIVE 1 ( RPD1 ) gene were initially selected for their inhibitory effect on root formation in 
Arabidopsis. Further analy sis re v ealed that RPD1 encodes a mitochondria-targeted RNA-binding protein family member, suggesting a role in 
mitochondrial gene expression and making its role in root formation enigmatic. We analysed the function of RPD1 and found that it is required 
for the removal of 9 mitochondrial group II introns and that the identified TS mutations affect the splicing function of RPD1. These results support 
that the inhibition of adventitious root formation at non-permissive temperature results from a reduction in RPD1 activity and thus mitochondrial 
activity. We further show that RPD1 physically associates in vivo with the introns whose splicing it facilitates. Preliminary mapping indicates that 
RPD1 may not bind to the same regions within all of its intron targets, suggesting potential variability in its influence on splicing activation. 
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ntroduction 

ost of our comprehension of biological processes and their
nderlying mechanisms has been acquired through methods
hat interfere with regular gene activity, primarily by utiliz-
ng loss-of-function mutations. In the case of essential genes
hose functionality cannot be completely lost, conditional
utations have proven to be a useful way of avoiding the

ethality associated with knock-out mutations in such genes.
hese include temperature-sensitive (TS) mutations, which
ave the advantage of inactivating genes without altering their
ranscriptional context. By simply changing the temperature
t which mutants are grown, TS mutant proteins can be stud-
eceived: August 8, 2023. Revised: January 6, 2024. Editorial Decision: January 
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ied in a context where they either retain normal function at
a permissive temperature or partially lose function at a non-
permissive temperature. In budding yeast, the search for TS
alleles has been extremely useful in elucidating many molecu-
lar pathways ( 1 ,2 ). 

In plants, the number of equivalent studies is much more
limited, and TS mutations have often been sought to bet-
ter understand the molecular processes or signalling path-
ways underlying plant morphology and development ( 3–6 ).
Among these, TS mutations affecting plant root growth have
been identified, most likely because root growth is an easy
trait to monitor in vitro , at different temperatures ( 7 ,8 ). TS
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mutations in one of such genes called ROOT PRIMORDIUM
DEFECTIVE 1 ( RPD1 ) were selected after screening of mu-
tagenized populations of Arabidopsis thaliana for their inca-
pacity to form adventitious roots from hypocotyl explants in
vitro at elevated temperature ( 8 ). rpd1-1 and rpd1-2 mutants
develop normal lateral roots when grown at 22 

◦C, whereas
at 28 

◦C root primordia are initiated up to the two-cell layer
stage and remain undeveloped with no recognizable apical
meristems even after 16 days of incubation on root-inducing
medium ( 9 ). This led the authors to postulate that the RPD1
gene may affect the maintenance of meristematic activity and
thus the development of adventitious roots without prevent-
ing earlier processes involved in primordium differentiation.
However, the growth of undifferentiated cell mass (callus)
from hypocotyls or root explants was also disrupted at 28 

◦C
in rpd1 mutants, suggesting that rpd1 TS mutations may af-
fect cell proliferation more broadly and not be limited to the
proliferation of root primordium cells. 

Positional cloning of the RPD1 gene revealed that it corre-
sponds to the AT4G33495 gene, which encodes a 409-amino
acid protein belonging to a small family of plant-specific pro-
teins consisting of 15 members ( 9 ). Next, it was found that
this family of proteins shared a new and previously unknown
RNA-binding domain, which was later named the Plant Or-
ganellar RNA Recognition (PORR) domain ( 10 ). PORR pro-
teins have a similar structural organization containing numer-
ous α-helices ( Supplementary Figure S1 ) mediating RNA asso-
ciation ( 10–12 ), but it remains unclear how this structure en-
ables RNA binding. Moreover, most PORR proteins are pre-
dicted to localize to either chloroplasts or mitochondria ( 10 ).

The founding member of the PORR family was the maize
WTF1 protein, which, upon association with the RNase III-
domain protein RNC1 and other splicing factors, facilitates
the splicing of a large number of group II introns in plastids
( 10 ). WTF1 was shown to associate with the introns whose
splicing it facilitates ( 10 ). In Arabidopsis the WTF9 protein
was shown to be essential for the splicing of two mitochon-
drial introns ( 11 ). Interestingly, the LEFKOTHEA PORR pro-
tein was found to localize to both the nucleus and plastids and
assist in the splicing of introns in these two cellular compart-
ments, providing a potential link between the plastid and nu-
clear intron splicing machineries ( 12 ). These recent data have
led us to wonder how a PORR protein such as RPD1, which
is predicted to be transported into mitochondria, could play
a role in root primordia morphogenesis. To better understand
the relationship between RPD1 and root development, we set
out to characterize the function of RPD1 in Arabidopsis mi-
tochondria and determine whether the rpd1-1 and rpd1-2 TS
mutations uncouple the role of RPD1 in root morphogenesis
from a potential function in mitochondrial gene expression. 

Materials and methods 

Primers 

Oligonucleotides used in this study are listed in
Supplementary Table S1 . 

Plant material 

Arabidopsis ( Arabidopsis thaliana ) Columbia-0 (Col-0) and
Landsberg erecta (Ler) plants were obtained from the Ara-
bidopsis stock centre of the Institut National de Recherche
pour l’Agriculture, l’Alimentation et l’Environnement in Ver-
sailles ( http:// dbsgap.versailles.inra.fr/ portail/ ). The T-DNA 

insertion line SALK_123424 ( rpd1-3 ) in the Col-0 genetic 
background was acquired from the European Arabidop- 
sis Stock Centre ( http:// arabidopsis.info/ ). The rpd1-3 mu- 
tants were genotyped by PCR using the primers listed in 

Supplementary Table S1 and the insertion site was verified 

by sequencing. The T-DNA insertion in RPD1 was found 

to be embryonic lethal, resulting in the absence of homozy- 
gous mutant plants in the self-fertilized rpd1-3 heterozygous 
plant progeny, as previously reported ( 9 ). Seeds for the rpd1- 
1 and rpd1-2 thermosensitive lines ( 8 ,9 ) were kindly pro- 
vided by Dr Oren Ostersetzer-Biran (The Hebrew University 
of Jerusalem). 

Functional complementation of rpd1-3 mutants 

The full-length coding sequence of RPD1 was PCR ampli- 
fied and cloned into the pABI3-GWB13 vector by Gate- 
way™ cloning (Invitrogen). The pABI3-GWB13 vector had 

previously been constructed to include a 2.5 kb fragment of 
the ABI3 gene (AT3G24650) promoter ( 13 ). The resulting 
construct were then transformed into Agrobacterium tumefa- 
ciens strain C58C51 and introduced into heterozygous rpd1-3 

plants by the floral dip ( 14 ). The functionally complemented 

homozygous mutant plants were identified in the progenies of 
transformed plants using PCR analysis. 

Subcellular localization assay 

The RPD1::GFP translational fusion construct was introduced 

into the PSB-D Arabidopsis cell suspension culture as previ- 
ously indicated in ( 15 ). Prior to imaging, transgenic cells were 
stained with 0.1 μM Mitotracker™ Red (Invitrogen) to la- 
bel mitochondria. Fluorescence signals were observed using a 
Leica TCS SP5 confocal microscope with a 40 ×/ 1.25 numer- 
ical aperture oil objective. GFP was excited at 488 nm and 

emitted fluorescence was collected between 500 and 530 nm.
Mitotracker™ Red was excited at 561 nm and emitted fluo- 
rescence was collected between 580 and 625 nm. 

RNA extraction and reverse-transcription 

quantitative PCR (RT-qPCR) 

Total RNA was extracted from 8-week-old flower buds or 14- 
day-old in vitro -grown plantlets using TRIzol reagent (Life 
Technologies) according to the manufacturer’s instructions.
RNA was then treated with DNase Max (QIAGEN). First- 
strand cDNA synthesis was performed with M-MLV Reverse 
Transcriptase 1st-Strand cDNA Synthesis Kit (Invitrogen).
Quantification of mitochondrial transcript and splicing effi- 
ciency were performed by quantitative RT-PCR as previously 
described ( 16 ,17 ). Two biological and three technical repeats 
were performed and the nuclear 18S ribosomal RNA gene was 
used for data normalization. 

Blue Native gel electrophoresis and in-gel activity 

assays 

Crude membrane extracts enriched in mitochondria were pre- 
pared using either eight-week-old flower buds or 14-day-old 

seedlings, as previously described in ( 18 ). An equivalent to 

100 μg of total proteins was loaded and separated on 4–16% 

(w / v) polyacrylamide NativePAGE™ Bis / Tris gels (Invitro- 
gen). After gel electrophoresis, BN-PAGE gels were stained 

with Coomassie Blue or in buffers revealing the activities of 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae072#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae072#supplementary-data
http://dbsgap.versailles.inra.fr/portail/
http://arabidopsis.info/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae072#supplementary-data
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itochondrial respiratory complexes I and IV as previously
escribed ( 19 ). When sufficient coloration was obtained, gels
ere transferred to a fixing solution containing 30% (v / v)
ethanol and 10% (v / v) acetic acid to stop the reactions. 

rotein extraction and immunoblotting 

o perform immunoblotting after BN-PAGE migration, the
els were transferred onto 0.45 μm polyvinylidene difluoride
PVDF) membranes using liquid transfer conditions in 50 mM
is / Tris and 50 mM Tricine at 20 V overnight at 4 

◦C. To es-
imate mitochondrial protein abundance, total proteins were
xtracted from the crude membrane in a cold lysis buffer con-
aining 50 mM Tris–HCl (pH 7.5), 100 mM NaCl, 5 mM
DTA, 1% (v / v) NP-40, 0.5% (w / v) sodium deoxycholate,
.1% (v / v) SDS and 1 × complete EDTA-free protease in-
ibitor (Roche). The protein concentrations were assessed us-
ng the Bradford method (Bio-Rad). Approximately 30 μg of
otal mitochondrial proteins were separated on SDS-PAGE
els and transferred onto PVDF membrane under semi-dry
onditions (Bio-Rad). Membranes were incubated with spe-
ific primary antibodies ( Supplementary Table S2 ) overnight
t 4 

◦C. The hybridization signals were then detected using en-
anced chemiluminescence reagents (Western Lightning Plus
CL, Perkin Elmer). 

NA immunoprecipitation assays 

NA immunoprecipitation (RIP) experiments were per-
ormed using the μMACS GFP-Tagged Protein Isolation Kit
Miltenyi Biotec) according to the manufacturer’s instructions.
riefly, Arabidopsis cells expressing the RPD1-GFP transla-
ional fusion were collected from a 3-day-old culture and
round into a fine powder in liquid nitrogen. Samples were
omogenized in lysis buffer ( μMACS GFP Isolation Kit; Mil-
enyi Biotec) with the Complete Protease Inhibitor Mixture
Roche). The lysates were clarified by ultracentrifugation at
00 000 g for 20 min at 4 

◦C and the supernatant collected.
 volume corresponding to 7 mg of proteins was incubated
ith 50 μl of anti-GFP magnetic beads (Miltenyi Biotec) for 1
 at 4 

◦C with rotation (10 rpm). The mixture was then applied
nto an equilibrated micro-column (Miltenyi Biotec) to drain
he liquid by a gravity flow. Immobilized beads were washed 4
imes with 200 μl of wash buffer 1 and 1 time with 100 μl of
ash buffer 2 (Miltenyi Biotec). RNAs were extracted from

he beads with the TRI reagent (Life Technologies), precipi-
ated with ethanol, and then used for RT-qPCR analysis. Prior
o retrotranscription, immunoprecipitated RNAs were treated
ith DNase I and purified using the RNA Clean & Concentra-

or Kits (Zymo Research®, C A, US A). For RIP-R TqPCR with
Nase I treatment, the clarified lysates were pretreated with
 U / μl of RNase I (Ambion) at 25 

◦C for 10 min, followed by
he same immuno-precipitation procedure as described above.
rimer design details for RT-qPCR analysis are provided in
upplementary Figures S6 and S7 . Two independent immuno-
recipitations and three cDNA syntheses for each sample were
sed in these analyses. RIP-RTqPCR experiments on untrans-
ormed PSB-D cells were used as a negative control. 

ccession numbers 

equence data from this article can be found in the
enBank / EMBL data libraries under accession num-
ers RPD1, AT4G33495; WTF1, AT4G01037; WTF9,
 T2G39120; LEFKOTHEA, A T5G62990. 
Results 

RPD1 is an essential gene encoding a protein 

targeted to plant mitochondria 

The RPD1 gene was identified as part of a genetic screen
looking for thermosensitive mutations affecting lateral root
formation in Arabidopsis ( 8 ). Two TS mutations in RPD1
were selected that allow normal root growth at 22 

◦C but not
at 28 

◦C. At the non-permissive temperature, lateral root pri-
mordia stop developing after the two-cell layer stage on root-
inducing medium, suggesting that RPD1 may be essential for
root meristem maintenance but not for early root primordium
differentiation. Further analysis suggested that RPD1 may en-
code a mitochondria-targeted RNA-binding PORR protein,
raising questions about the role of RPD1 and mitochondria
in root development ( 9 ). 

Overall, three mutations were reported to affect the Ara-
bidopsis RPD1 gene ( 9 ). The rpd1-1 and rpd1-2 TS muta-
tions consist in the conversion of the arginine at position
152 into a tryptophan and in the transition of the glutamic
acid residue at position 308 into a lysine, respectively (Fig-
ure 1 A). A T-DNA insertion ( rpd1-3 ) located at the beginning
of RPD1 (Figure 1 A) and causing an embryo-lethal mutation
was also previously reported ( 9 ). It was found that the de-
velopment of rpd1-3 mutant embryos was arrested at stages
ranging from the globular to the bent cotyledon ( 9 ). To ob-
tain sufficient mutant material and determine whether RPD1
plays a role in mitochondrial mRNA processing, we attempted
to rescue the lethality associated with the rpd1-3 mutation by
complementing rpd1-3 embryos with a construct expressing
the RPD1 gene under the control of the ABSCISIC ACID-
INSENSITIVE3 ( ABI3 ) promoter. The ABI3 promoter was
chosen to direct the expression of RPD1 during embryogene-
sis in homozygous rpd1-3 embryos and to limit RPD1 produc-
tion during vegetative growth, as previously used for the anal-
ysis of several other embryonic lethal mutations in Arabidop-
sis, e.g. ( 13 ,20 ). Two independent partially-complemented
lines ( rpd1-3 -pABI3#1 and rpd1-3 -pABI3#2) were obtained
using this strategy and used for further experimental analysis
(Figure 1 B). Both lines displayed a marked slow growth phe-
notype and many curly leaves when grown in the greenhouse.
However, the rpd1-3 -pABI3#1 line exhibited a less-affected
phenotype compared with the rpd1-3 -pABI3#2 (Figure 1 B).
This difference of phenotype correlated with the decrease of
RPD1 expression in both mutants, as rpd1-3 -pABI3#1 plants
were found to accumulate more residual RPD1 transcript
compared to the rpd1-3 -pABI3#2 mutant (Figure 1 C). 

pABI3-RPD1 plants under-accumulate 

mitochondrial respiratory complexes I, III, IV and V 

Prediction programs strongly suggested mitochondrial target-
ing of the RPD1 protein ( https:// suba.live/ suba-app/ factsheet.
html?id=AT4G33495 ), which needed to be validated. We thus
produced Arabidopsis PSB-D transgenic cells ( 15 ) expressing
a C-terminal GFP translational fusion comprising the full-
length coding sequence of the RPD1 gene. Transgenic cells
were analysed by confocal microscopy and GFP fluorescence
was detected as small punctate signals in the cytosol, which
co-localized with the MitoTracker TM control (Figure 2 ). No
GFP fluorescence was detected in the nucleus or plastids, in-
dicating that RPD1 is exclusively located in the mitochon-
dria. The strict mitochondrial localization of RPD1 leads us
to consider that the altered growth of rpd1-3 -pABI3 plants

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae072#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae072#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae072#supplementary-data
https://suba.live/suba-app/factsheet.html?id=AT4G33495
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A

B

Figur e 1. P artially -complemented rpd1-3 -pABI3 plants displa y a globally retarded gro wth phenot ype. ( A ) Schematic represent ation of the RPD1 gene 
(AT4G33495) str uct ure, with the putative mitochondrial transit peptides (mTP) and PORR domain highlighted in orange and blue bo x es, respectiv ely. T he 
dotted lines indicate the positions of two missense mutations ( rpd1-1 and rpd1-2 ), and the in v erted gre y triangles indicate the locations of rpd1-3 T-DNA 

insertion sites within the gene. ( B ) Photograph of eight-week-old plants showing the global vegetative phenotype of two partially-complemented 
( rpd1-3 -pABI3#1 and rpd1-3 -pABI3#2) plants as compared with the wild type (Col-0). Both partially-complemented plants exhibit strongly reduced size. 
Magnified view of the rpd1-3 -pABI3#2 plant, highlighting the twisted and dark green rosette leaves, is shown on the right. ( C ) Quantitative RT-PCR 

measuring the steady-state levels of RPD1 mRNA in the two partially-complemented rpd1-3 -pABI3 plants as compared to the wild-type (Col-0). The 
histograms show log 2 ratios of RPD1 mRNA abundance in the mutants to that in wild-type plants. 

Figure 2. The RPD1 protein is transported into mitochondria. Confocal microscope images showing the subcellular distribution of an RPD1-GFP 
translational fusion in transgenic Arabidopsis PSB-D cells. The left panel shows the GFP fluorescence, the center panel the mitochondria labelled with 
the MitoTrack er TM R ed dy e, and the right panel presents the merged signals. T he scale bar represents 10 μm. 
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could be due to changes in the production of the respiratory
chain. We therefore examined the integrity of the respiratory
chain by monitoring the steady-state levels of the different
respiratory complexes in both rpd1-3 -pABI3 and wild-type
plants by blue native polyacrylamide gel electrophoresis (BN-
PAGE). Crude mitochondria were purified from both rpd1-
3 -pABI3 and wild-type plants and respiratory complexes sol-
ubilized in 1% n -dodecyl β- d -maltoside. After separation in
BN-PAGE gels, the abundance of respiratory complexes was 
assessed either by in-gel activity staining or by immunoblot- 
ting using antibodies that detect specific respiratory chain sub- 
units. Both in-gel activity staining and immunoblot assay re- 
vealed a marked decrease in complex I steady-state level in 

the two rpd1-3 -pABI3 lines (Figure 3 A). Interestingly, the re- 
duction in complex I was much more pronounced in rpd1- 
3-pABI3#2 , with complex I becoming virtually undetectable 
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Figure 3. The respiratory chain is altered in partially-complemented rpd1-3 mutants. ( A ) Crude mitochondrial extracts were prepared from wild-type 
plants and two partially-complemented rpd1-3 mutants, and separated on BN-PAGE gels. The gels were then stained with Coomassie blue and 
subjected to in-gel staining to re v eal the NADH deh y drogenase activity of complex I and the cytochrome c oxidase activity of complex IV. Following 
migration, the BN-PAGE gels were transferred to membranes and blots were hybridized with antibodies to mitochondrial Nad9, RISP, and ATP β. The 
different respiratory comple x es w ere designated b y their roman numeral. ( B ) Assessment of steady -state le v els of v arious mitochondrial proteins in 
partially-complemented rpd1-3 mutants. Protein was extracted from the crude membranes of the indicated genotypes and separated by SDS-PAGE. The 
separated proteins were then probed with antibodies to subunits of complex I (Nad9), complex III (Cob and RISP), complex IV (Cox2), the ATP synthase 
(ATP β), and the alternative oxidase (AOX). Porin was used as a protein loading control. Dilution series of proteins extracted from the wild type (Col-0) 
were used for signal comparison. 
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n these plants. The analysis of the other complexes also re-
ealed some differences between the two rpd1-3- pABI3 lines.
hile complexes III, IV and V were clearly under-accumulated

n rpd1-3 -pABI3#2, no reduction in these complexes was ob-
erved in the less affected rpd1-3 -pABI3#1 line. On the con-
rary, a slight over-accumulation of complex IV was detected
n the rpd1-3 -pABI3#1 genotype (Figure 3 A). These results
ere then confirmed by measuring the steady-state levels of

everal mitochondrial proteins by immunoblot analysis. The
btained results showed significant reductions in Nad9 (a
omplex I subunit), RISP and Cob (complex III subunits),
ox2 (a complex IV subunit) and Atp β (a complex V sub-
nit) in the strongly-affected rpd1-3 -pABI3#2 plants (Fig-
re 3 B). Only a slight reduction in Nad9 could be detected
n the less-affected rpd1-3-pABI3 #1 plant. All other tested
ubunits either over-accumulated (RISP, Cob, Cox2) or were
ound at wild-type levels (Atp β) in this genotype . The alter-
ative oxidase (A O X), the terminal component of the alter-
ative pathway that is induced when the respiratory chain
s defective, was found to over-accumulate in both rpd1-3 -
ABI3 lines, but much more in rpd1-3 -pABI3#2 compared
o the other line (Figure 3 B). In addition, the steady-state
evels of the mRNAs encoding the alternative mitochondrial
AD / NADH dehydrogenases ( NDA , NDB and NDC ) and
xidases ( AOX ) were measured in the partially complemented
utants as well as in wild-type plants using quantitative RT-
PCR. The results show that several components of the alter-
native respiratory pathways, namely the A OX1A , A OX1D ,
NDA1 , NDB3 and NDB4 genes, were overexpressed in the
mutants by a factor of 4–8 in comparison with the wild type
( Supplementary Figure S2 ). Taken together, these results sug-
gest that the biogenesis and activity of the mitochondrial res-
piratory chain are disturbed in the rpd1-3 -pABI3 lines, with
a deficiency that appears limited to the complex I in the
rpd1-3 -pABI3#1 plant but that affects the respiratory chain
more globally in the rpd1-3 -pABI3#2 genotype. These analy-
ses therefore reveal a much more degraded respiratory chain in
rpd1-3 -pABI3#2 plants compared to rpd1-3 -pABI3#1, which
correlates perfectly with the difference in phenotype observed
between the two lines. 

The RPD1 protein is essential for the splicing of 
nine mitochondrial group II introns 

Since previous studies have reported a role for PORR pro-
teins in intron splicing ( 10–12 ), we next wondered whether
the respiratory chain damage detected in rpd1-3 -pABI3 plants
might be due to defects in mitochondrial mRNA production
in these plants. To test this possibility, the steady-state levels
of both mature and precursor mitochondrial transcripts were
measured by quantitative RT-PCR in both rpd1-3 -pABI3 and
wild-type plants. This approach led us to observe that certain

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae072#supplementary-data
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regions of nad2 , nad4 , nad5 and nad7 mRNAs as well as the
rps3 transcript under-accumulated in the two partially rescued
lines compared to the wild type ( Supplementary Figure S3 ).
Again, these reductions were found to be more pronounced
in the rpd1-3-pABI3 #2 plant compared to the other partially-
complemented mutant line ( Supplementary Figure S3 ). Since
the observed decreases in transcript abundance were local-
ized to mRNA regions surrounding introns, the splicing ef-
ficiency of all mitochondrial introns in the mutant plants was
measured in comparison to that in the wild type. This led us
to detect a reduction in splicing efficiency ranging from 8 to
256 times compared to the wild type for the introns present
in these mRNA regions, namely the rps3 intron, nad2 intron
2, nad2 intron 4, nad4 intron 2, nad4 intron 3, nad5 intron
1, nad5 intron 2, nad5 intron 3 and nad7 intron 2 (Figure
4 ). Of note, the reduction in splicing was 2–4 times greater
in rpd1-3 -pABI3#2 compared to the other line. This analysis
thus revealed that RPD1 is indispensable for the splicing of
nine mitochondrial group II introns. 

The TS mutations in RPD1 also strongly affect 
respiratory chain homeostasis and mitochondrial 
intron splicing 

As indicated, two TS mutations affecting adventitious root de-
velopment were previously selected in RPD1 ( 8 ,9 ). To bet-
ter understand whether or not this role of RPD1 in root
production is somehow linked to its function in mitochon-
drial biogenesis, we compared the functionality of the res-
piratory chain and the splicing activity of mitochondrial in-
trons in rpd1-1 and rpd1-2 plants grown at permissive (22 

◦C)
and restrictive (28 

◦C) temperatures. For this purpose, wild-
type ( Landberg erecta or Col-0 ), rpd1-1 , rpd1-2 and rpd1-
3 -pABI3#1 plants were grown in vitro at 22 

◦C and 28 

◦C
for two weeks before being collected for molecular analy-
sis. This could not be done with the rpd1-3 -pABI3#2 line,
which produced no seeds. In contrast to wild-type and rpd1-
3 -pABI3#1 plants, which grew quite well at both tempera-
tures, rpd1-1 and rpd1-2 mutants grew very poorly at the re-
strictive temperature (28 

◦C), showing that the effect of these
mutations is not limited to root development, but that they
have a broad impact on plant growth (Figure 5 A). To better
understand the origin of these growth changes, we first com-
pared the steady-state abundance of RPD1 mRNA in rpd1-
1 plants at 22 

◦C and 28 

◦C relative to that in the wild type.
There was no significant reduction in RPD1 transcript abun-
dance at either temperature, suggesting that the TS mutations
affect the activity of the RPD1 protein and not on the sta-
bility of its transcript ( Supplementary Figure S4 ). The steady-
state levels of mitochondrial respiratory complexes were then
assessed in plants grown at both temperatures by in-gel ac-
tivity staining or immuno-detection after BN-PAGE. At per-
missive temperature, only a slight over-accumulation in com-
plex IV could be detected in rpd1-1 plants compared to the
wild type, whereas, at restrictive temperature, rpd1-1 plants
accumulated strongly-reduced levels of complex I and more of
complex IV compared to 22 

◦C (Figure 5 B). Analysis of steady-
state levels of respiratory chain subunits globally confirmed
these observations. Effectively, the loss of complex I at 28 

◦C
in rpd1-1 plants was corroborated by that of the Nad9 sub-
unit and the over-abundance of complex IV correlated with in-
creased levels in Cox2 (Figure 5 C). The Cob protein was also
found to over-accumulate at 28 

◦C in rpd1-1 plants, although
this was not accompanied with a detectable increase in com- 
plex III steady-state level by BN-PAGE immunoblot analysis.
A strong over-accumulation of the alternative oxidase (A O X) 
was also detected at 28 

◦C in rpd1-1 , which is diagnostic of 
a perturbed respiratory activity in these plants (Figure 5 C).
Other proteins analyzed (RISP and ATP β) were not obviously 
affected by the culture at restrictive temperature. 

Next, we measured the splicing efficiency of all mitochon- 
drial introns in the different mutants ( rpd1-1 , rpd1-2 and 

rpd1-3 -pABI3#1) relatively to the wild type, both at 22 

◦C 

and 28 

◦C. The 9 introns that were found to be affected in 

the partially-complemented rpd1-3 -pABI3 lines were also less 
efficiently spliced in the two TS mutant lines compared to 

wild-type plants (Figure 6 ). At 22 

◦C, the decrease in splic- 
ing was similar to that observed in the rpd1-3 -pABI3 lines 
(Figure 6 ). However, the growth at 28 

◦C induces a much 

greater reduction in splicing efficiency for the nine mitochon- 
drial introns in both TS lines. In fact, measured splicing ef- 
ficiencies were found to be 5–64 times lower at 28 

◦C than 

at 22 

◦C for the affected introns. In contrast, the change of 
growth temperature had no real effect on the splicing pat- 
tern found in the rpd1-3 -pABI3#1 line. These observations 
are in perfect agreement with the expression of the alterna- 
tive respiratory pathway genes, which show a strong increase 
at 28 

◦C compared to 22 

◦C in the rpd1-1 line, but no major 
change after the temperature shift in the rpd1-3 -pABI3#1 line 
( Supplementary Figure S5 ). 

The RPD1 protein specifically associates in vivo 

with the introns whose splicing it facilitates 

Since PORR proteins are RNA binding proteins ( 10–12 ), we 
next wondered if RPD1 would associate in vivo with the in- 
trons that are much less efficiently spliced in the rpd1 mutants.
To test whether the RPD1 associates with its genetic targets 
or not, RNA immunoprecipitation assays followed by reverse 
transcription and quantitative PCR (RIP-qPCR) assays were 
developed using the Arabidopsis PSB-D cell culture express- 
ing the RPD1-GFP protein fusion ( Supplementary Figures S6 

and S7 ). The RPD1-GFP fusion was immunoprecipitated with 

an anti-GFP antibody and co-enriched RNAs were purified 

from the coimmunoprecipitation pellets and used for RT- 
qPCR analysis. A non-transgenic PSB-D line was used as neg- 
ative control. This approach has been successfully used to 

identify RNA targets and binding sites of uL18-Like and pen- 
tatricopeptide repeat proteins ( 13 ,21 ). When applied to the 
WTF9 PORR protein ( 11 ), it also revealed a meaningful and 

specific association with its identified intron genetic targets 
( Supplementary Figure S8 ). The results obtained with RPD1 

show that all introns requiring RPD1 for their splicing were 
specifically enriched with the RPD1-GFP fusion, strongly sup- 
porting that RPD1 associates with its genetically-defined in- 
tron targets and thus likely plays a direct role in their removal 
from mRNAs in vivo (Figure 7 ). 

Since RPD1 is involved in the splicing of many different in- 
trons, we next wondered whether it would bind to an identical 
region within these intronic sequences. To answer this ques- 
tion, the co-immunoprecipitation experiments were redone 
by pre-digesting the extract with the ribonuclease I (RNase 
I) to narrow down the immunoprecipitated RNA fragment 
to the region physically covered by RPD1, which would act 
as a protective factor against the RNase I degradation. The 
immunoprecipitated RNA fragments were then analyzed by 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae072#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae072#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae072#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae072#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae072#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae072#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae072#supplementary-data
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Figur e 4. P artially -complemented rpd1-3 mutants are defectiv e in the splicing of nine mitochondrial introns. Quantitativ e R T-PCR measuring the splicing 
efficiency of the 23 mitochondrial introns in Col-0 and partially-complemented rpd1-3 plants. The histograms show log 2 ratios of mutants to wild type. 
The PCR amplifications were performed with the primers located in intron-exon junctions and on both sides of introns. Two biological replicates and 
three technical replicates were used per genotype; standard errors are indicated. The data were normalized to the nuclear 18S rRNA gene. 
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T-qPCR using a series of primer pairs scanning whole intron
equences to map the RPD1 binding sites within all the in-
rons to which it associates in vivo ( Supplementary Figure S6
nd S7 ). We first looked for RPD1 binding sites within the
rans -introns it targets, namely nad2 intron 2, nad5 intron 3
nd nad5 intron 2. In fact, trans -introns are formed by the as-
ociation of two physically separate transcripts, and we won-
ered whether RPD1 would associate with the same trans -

ntron halves or not. The mapping results clearly showed that
his is not the case, as RPD1 associates with the 3 

′ half of
ad2 intron 2 and the 5 

′ half of nad5 intron 3 (Figure 8 A
nd B). The results for nad5 intron 2 were less clear, as most
NA segments along the intron were co-enriched for RPD1,
lthough a slightly higher enrichment could be detected for
egment 1 in the 3 

′ half of the trans -intron (Figure 8 C). For
he cis -introns that require RPD1 for splicing, the results also
howed binding to different regions. For nad2 intron 4, nad5
ntron 1 and nad7 intron 2, we obtained a clear and strong en-
ichments in single intron segments (Figure 8 D, E and F). For
he other 3 cis -introns ( nad4 intron 2, nad4 intron 3 and the
ps3 intron), the mapping results showed enrichments scat-
ered along the introns with one or sometimes two more en-
iched regions (Figure 8 G–I). Overall, this analysis suggests
hat RPD1 may bind to different regions within its different
ntron targets, suggesting a sequence-specific mode of RNA
ecognition rather than a domain-specific association. There-
ore, we next aligned the intron segments showing the highest
nrichment in RPD1 immunoprecipitation to find potential se-
uence similarities between them. Unfortunately, no obvious
equence homologies could be detected between these differ-
nt intron regions ( Supplementary Figure S9 ). 

iscussion 

PD1 is a multiple mitochondrial intron splicing 

actor 

he search for conditional mutants in forward genetic screens
as long been instrumental in the study of many essential bi-
ological processes. This is precisely how the RPD1 gene was
originally identified, in a search for factors governing root de-
velopment in Arabidopsis ( 8 ). Two TS mutations in RPD1
were selected, which produced plants that were able to form
adventitious roots in vitro at 22 

◦C, but not at 28 

◦C ( 8 ,9 ).
Map-based cloning of the rpd1 TS mutations revealed that
they affected a gene belonging to a then uncharacterised 15-
member family, leaving the role of RPD1 in root growth un-
explained at that time. Further analyses later revealed that
members of this gene family are indeed RNA-binding pro-
teins involved in organellar intron splicing ( 10–12 ). A po-
tential action of RPD1 in organellar RNA processing was
therefore conceivable, while its role in root development re-
mained elusive. To better understand the basis for these two
seemingly unrelated functions of RPD1 , we first determined
where the RPD1 protein resides in the cell. Our results con-
firmed the suspected mitochondrial targeting of RPD1, but
not its previously-proposed nuclear localisation ( 9 ) (Figure
2 ). Next, by producing and analysing partially-complemented
rpd1 plants, we revealed that RPD1 is required for the cor-
rect splicing of nine mitochondrial introns (6 cis - and 3 trans -
introns), including the one contained in the ribosomal protein
gene rps3 (Figure 4 ). We then provided further support for the
action of RPD1 in splicing by demonstrating an association of
the protein in vivo with each of the introns whose splicing is
facilitated by RPD1 (Figure 7 ). This broad action of RPD1
in mitochondrial splicing explains for the multiple respira-
tory chain defects that we found in rpd1 knockdown plants
(Figure 3 ) and also the embryonic lethality of rpd1 knockout
mutants ( 9 ), but left unexplained the apparent role of RPD1
in root development. We therefore considered that the two
TS mutations that originally linked RPD1 with root growth
might have uncoupled this function of RPD1 from its role in
intron splicing. The analysis of the TS mutant phenotype at re-
strictive temperature (28 

◦C) revealed a global impact on plant
development that was not limited to root growth (Figure 5 ),
strongly suggesting a broader impact of the TS mutations on
plant cell proliferation. We therefore analysed the organisa-
tion of the respiratory chain and measured the splicing ef-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae072#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae072#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae072#supplementary-data
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Figure 5. Effects of the temperature-sensitive rpd1-1 mutation on respiratory complex accumulation. ( A ) Photographs depict the temperature-dependent 
phenotypes of 14-da y -old rpd1-1 and rpd1-2 mutants grown in vitro at 22 ◦C or 28 ◦C, along with the phenotype of rpd1-3 -pABI3#1 plants grown under the 
same conditions. ( B ) BN-PAGE gel analysis of mitochondrial respiratory complex accumulation in rpd1-1 and wild-type (Ler) plants grown at 22 ◦C or 
28 ◦C. The top gels show complex I and IV abundances by activity staining, and the bottom gels show complexes I to V by immunoblot analysis using 
antibodies to the indicated protein subunits. ( C ) Immunoblot analysis showing the steady-state levels of the indicated mitochondrial proteins in rpd1-1 
and wild-type plants grown in vitro at either 22 ◦C or 28 ◦C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/advance-article/doi/10.1093/nar/gkae072/7607878 by IN

R
A Avignon user on 24 April 2024
ficiency of mitochondrial introns in the two TS mutants, at
both permissive and restrictive temperatures. These molecu-
lar analyses revealed that the TS mutants indeed suffer from
the same mitochondrial deficiencies as the two rpd1-3 -pABI3
lines, and that growth at 28 

◦C greatly exacerbates the molec-
ular defects found, notably the impact on the splicing of the
nine mitochondrial introns whose splicing depends on RPD1
(Figure 6 ). These results do not suggest that TS mutations act
in root formation independently of the role that RPD1 plays
in mitochondrial RNA processing. Instead, they argue that
RPD1 TS mutations severely reduce mitochondrial activity at
28 

◦C, which in turn inhibits the capacity of cells, including
those contained in root primordia, to divide. Since growing
the plants under restrictive conditions had no major effect on
RPD1 mRNA abundance ( Supplementary Figure S4 ), the loss
of RPD1 activity rather suggests that the protein adopts an
inactive structure at 28 

◦C, possibly compromising its RNA 

binding capacity. Indeed, RPD1 is not the sole case of its kind 

as three other Arabidopsis TS mutants with altered early-stage 
adventitious root formation at 28 

◦C were also found to be af- 
fected in nuclear genes potentially involved in mitochondrial 
mRNA processing ( 22 ). Other aspects of development like 
seedling growth or callus formation were also altered by the 
high temperature treatment in these mutants ( 8 ,23 ), suggest- 
ing that the arrest of root growth is most likely caused by mi- 
tochondrial misfunctioning and not by a direct role of RPD1 

in root morphogenesis. In effect, mitochondria are not limited 

to energy production but they also act as signaling organelles 
to help cells to adapt to various stresses or control cell differ- 
entiation during development ( 24–26 ). The alteration of mi- 
tochondrial activity in plants perturbs cell hormonal and reac- 
tive oxygen species (ROS) homeostasis ( 27 ,28 ), whose differ- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae072#supplementary-data
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Figure 6. Temperature-dependent effects of the different rpd1 mutations on mitochondrial intron splicing. Quantitative RT-PCR measuring the splicing 
efficiency of the 23 mitochondrial introns in rpd1-1 , rpd1-2 and rpd1-3 -pABI3#1 grown at either 22 ◦C or 28 ◦C and relatively to the wild type. The 
histograms show the log 2 ratios of spliced to unspliced forms for each intron in mutants as compared with the wild type. The data were normalized to 
the nuclear 18S rRNA gene. Two biological replicates and three technical replicates were used per genotype; standard errors are indicated. 

Figure 7. The RPD1 protein associates in vivo with its genetically-defined intron RNA targets. In the experiment, total extracts from non-transformed and 
transgenic RPD1-GFP PSBD cells were subjected to immunoprecipitation using an anti-GFP antibody. Coimmunoprecipitated RNAs were analyzed by 
qRT-PCR using primer pairs positioned across intron / exon junctions of the indicated mitochondrial transcripts. A graphical overview of the experiment is 
shown in Supplementary Figure S6 . Fold enrichment of the immunoprecipitated (RIP) was calculated as using the 2 −��Ct method. Two biological 
replicates and three technical replicates were used per genotype; standard errors are indicated. 5S , 18S and 26S rRNAs and nad9 mRNA were used as 
negative controls, not-targeted by RPD1. Significant differences are indicated with two ( P < 0.01) or three ( P < 0.001) asterisks. Blue triangles indicate 
RPD1 genetic targets. Immunoblot results of total extracts (Input), flow-through (FT) and immunoprecipitated (IP) fractions using the GFP antibody is 
presented. 
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ntial distribution are known to be essential for the establish-
ent of developmental programs in intact plants and during
e novo regeneration ( 29 ,30 ). Indeed, changes in mtROS levels
ct as potent signals to the nucleus to elicit targeted transcrip-
ional responses, known as mitochondrial retrograde signal-
ng, involving a variety of mediators, including transcription
actors and cyclin-dependent kinases ( 31 ,32 ). The connection
between RPD1 and root morphogenesis is thus most likely
due to the perturbation that its loss induces on mitochondrial
activity and on mtROS and hormone homeostasis as a sec-
ond response. Plant respiratory mutants display a wide range
developmental perturbations but how plant meristem differ-
entiation is influenced by mitochondrial homeostasis remains
to be determined, yet changes in ROS or hormonal cellular

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae072#supplementary-data
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Figure 8. The RPD1 protein does not bind to the same regions within its intron targets. To locate RPD1 binding regions within introns, 
immunoprecipitated RPD1 protein-intron comple x es w ere digested with RNase I, and protein-protected intron RNA segments w ere analyz ed using 
RT-qPCR with overlapping amplicons. PCR primer pairs were designed to cover all intron sequences and to generate PCR products overlapping by 
150–180 bases. For trans -introns, primer pairs were extended to the mapped 3 ′ and 5 ′ ends of 3 ′ -half and 5 ′ -half precursors, respectively, as determined 
in ( 39 ) or in Supplementary Figure S7 . A graphical o v ervie w of the experiment is provided in Supplementary Figure S6 . The mapping results for the nine 
RPD1 intron targets are shown ( A–I ). For the three trans -intron targets ( nad2 intron 2, nad5 intron 3 and nad5 intron 2), the introns were annotated 
according to their 5 ′ and 3 ′ halves, labelled as ‘a’ and ‘b’, respectively. Two biological repeats and three technical repeats were used to produce the 
shown data. 
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omeostasis may be at the origin of the observed response.
ur data highlight the limitations of phenotype-based genetic

creening, where genes with no direct role in development may
e identified. Thus, we propose that the primary and most
ikely sole function of RPD1 is dedicated to the splicing of
ultiple mitochondrial introns and that its genetic associa-

ion with root morphogenesis results from by the negative ef-
ect that its loss has on mitochondrial functioning and thus on
oot cell division. 

PD1 may bind to various regions within its intron 

argets 

ntrons are intervening DNA sequences that need to be re-
oved from primary RNA transcripts to produce mature mR-
As competent for productive translation. Introns fall into
ifferent categories. In plant organelles, they are of bacterial
rigin and most of them are classified as group II intron RNAs
 33 ). Group II introns are large autocatalytic RNAs, but their
plicing and transposition to other DNA sites require the ac-
ion of an intron-encoded multifunctional protein, which has
everse transcriptase (RT), maturase (splicing) and optionally
ndonuclease activities ( 34 ). The secondary structure of these
arge introns (which can be larger than 3000 bases in plant mi-
ochondria) consists of six domains (DI-DVI) extending from
 central hub and linked by tertiary interactions stabilizing
he intron into a catalytically active structure. In addition to
heir evolutionarily related maturase gene, angiosperm mito-
hondrial introns have lost many regions essential for splicing.
heir splicing thus requires the assistance of many protein co-

actors, most of which are nuclear encoded with the excep-
ion of the matR maturase encoded in nad1 intron 4 in an-
iosperms ( 35 ). Several classes of RNA-binding proteins have
een shown to assist intron splicing in plant organelles, includ-
ng proteins of the pentatricopeptide repeat (PPR), mitochon-
rial transcription termination factor (mTERF), and PORR
amilies, as well as several matR homologs ( 33 ). Most of these
actors help the splicing of single introns, but some of them,
ike RPD1, are indispensable for the splicing of many introns,
lthough not always to the same degree. How these proteins
ssist the splicing is currently unclear, but it has been proposed
hat they may help introns to fold into a structure compe-
ent for splicing ( 34 ,36 ). Some of these trans -factors have been
hown to interact with other factors involved in splicing but,
n most cases, we do not know which intron sequence they
ssociate with. With RPD1, we thought we had an interesting
ase of a factor required for the splicing of many mitochon-
rial introns, and we wondered whether or not it binds to the
ame structural region or sequence within all these introns. Us-
ng RNA co-immunoprecipitation analysis, we first observed
hat RPD1 associates in vivo with the 9 introns whose splic-
ng it facilitates. However, for several introns, we did not find a
trict correlation between the efficacy of immunoprecipitation
nd the reduction in splicing measured in rpd1 mutants. For
xample, nad2 intron 2 and 4 were immunoprecipitated with
imilar efficiency, while nad2 intron 2 splicing is much more
educed than nad2 intron 4 splicing in the absence of RPD1
Figures 4 and 7 ). In addition, several introns for which we
ould not detect a decrease in splicing in rpd1 mutants were ef-
ciently immunoprecipitated with RPD1 (i.e. nad2 intron 3 or
ad7 intron 1), suggesting that RPD1 may associate with some
ntrons and very weakly facilitate their splicing (Figures 4 and
 ). This has also been observed for other multi-intron splic-
ing factors, such as the PORR protein WTF1 ( 10 ) or MatR
( 37 ), implying that the splicing assistance of this class of trans -
factors ranges from very minor to highly essential. We then
used in vivo footprinting analysis (i.e. RIP-RNase I-RTqPCR)
to identify the intronic regions to which RPD1 associates in
vivo . Although this low-resolution approach does not enable
precise assessment of co-enriched RNA fragments to specific
intronic domains, some general trends have emerged. In nad2
intron 2 and 4 , nad5 intron 3, nad5 intron 1, and nad7 in-
tron 2, the region bound by RPD1 was quite easily identi-
fied. The enriched RNA regions were predominantly located
in intron 5 

′ regions. For nad2 intron 2 and nad4 intron 3,
RPD1 bound to the region located at the opposite end of the
intron (Figure 8 ). Unfortunately, the technology used and the
high variability in the sequence and size of group II intron
domains makes it difficult to propose more accurate assess-
ments. The mapping results for nad4 intron 2, nad5 intron 2
and the rps3 intron were less clear and scattered over different
intronic locations, so no definitive boundaries for the regions
bound by RPD1 could be proposed for these introns. These
results suggest however that RPD1 may not bind to the same
regions within all its intron targets. Rather, RPD1 may recog-
nize similar sequences or RNA structures at different positions
in the introns with which it associates. Additional molecular
developments are necessary to precisely identify the various
RNA sequences bound by RPD1. If RPD1 facilitates the fold-
ing of introns into catalytically active structures, our analysis
indicates that RPD1 may accomplish this function by target-
ing different intronic regions. How PORR proteins bind RNA
is currently not understood but it has been suggested that
they may preferentially associate with single-stranded RNA
regions ( 10 ). Alignment of the various RNA subregions bound
by RPD1 did not reveal any apparent sequence similarities (see
Supplementary Figure S9 ), suggesting a degree of flexibility
in the RNA sequences recognized by PORR proteins. Further
molecular analyses are therefore required to understand the
RNA binding properties of PORR proteins and whether or
not their binding really influences the folding of introns into
a splicing-competent structures. 

During the revision of this manuscript, another analysis of
RPD1 has been published ( 38 ). Although the genetic mate-
rial used was different, their conclusions regarding the role of
RPD1 in mitochondrial intron splicing were similar to ours.
However, the study suggested that RPD1 could bind to both
group II intron domains I and V based on the analysis of a
single intron, which remains to be verified. 
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