
The atypical kinase ABC1K1 interacts with the
EXECUTER pathway to promote chloroplast
biogenesis.
Joy Collombat 

University of Neuchâtel
Thibaut Pralon 

University of Neuchâtel
Jenny Pego Magalhaes 

University of Neuchâtel
Sarah Rottet 

The Australian National University
Brigitte Ksas 

CEA
Gaétan Glauser 

University of Neuchâtel
Michel Havaux 

Aix-Marseille University
Felix Kessler 

University of Neuchâtel https://orcid.org/0000-0001-6409-5043
Fiamma Longoni  (  �amma.longoni@unine.ch )

University of Neuchatel https://orcid.org/0000-0003-0587-7621

Article

Keywords:

Posted Date: December 15th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-1155824/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1155824/v1
https://orcid.org/0000-0001-6409-5043
mailto:fiamma.longoni@unine.ch
https://orcid.org/0000-0003-0587-7621
https://doi.org/10.21203/rs.3.rs-1155824/v1
https://creativecommons.org/licenses/by/4.0/


  
 

1 
 

The atypical kinase ABC1K1 interacts with the EXECUTER pathway to promote 1 
chloroplast biogenesis. 2 
 3 
Collombat Joy1, Pralon Thibaut1, Pego Magalhaes Jenny1, Sarah Rottet1,2, Ksas Brigitte3, 4 
Gaetan Glauser4 , Havaux Michel3, Kessler Felix*1, Longoni Fiamma*1  5 
 6 
1. Laboratory of Plant Physiology, Institute of Biology, University of Neuchâtel, Neuchâtel, 7 
Switzerland. 8 
2. Present adress: Division of Plant Sciences, Research School of Biology, The Australian 9 
National University, Canberra, Australia  10 
3. Commissariat à l’Energie Atomique et aux Energies Alternatives (CEA), Cadarache, 11 
Centre National de la Recherche Scientifique (CNRS), UMR 7265, Institut de Biosciences et 12 
de Biotechnologies d’Aix-Marseille, Laboratoire d’Ecophysiologie Moléculaire des Plantes 13 
Aix Marseille Université, 13108, Saint-Paul-lez-Durance, France. 14 
4. Neuchâtel Platform of Analytical Chemistry, University of Neuchâtel, Neuchâtel, 15 
Switzerland. 16 
 17 
Corresponding authors: felix.kessler@unine.ch, fiamma.longoni@unine.ch  18 

Abstract 19 

 20 
Multiple chloroplast-to-nucleus signaling pathways contribute to the regulation of 21 
chloroplast biogenesis during plant greening. Here, we provide evidence for the direct 22 
implication of the atypical kinase ABC1K1. ABC1K1 is required for sufficient 23 
plastoquinone (PQ) allocation to the photosynthetic electron transport chain. 24 
Unexpectedly, mutation of abc1k1 suppresses greening and results in pale cotyledons 25 
under red light. This phenotype was not observed in other photosynthetic mutants and 26 
points to a specific signaling defect. Under red light, abc1k1 accumulated 27 
EXECUTER1 (EX1), a trigger of singlet oxygen (1O2) signaling. Consistent with the 28 
role of the FTSH metalloprotease in chloroplast biogenesis and EX1 degradation, the 29 
FTSH2 mutant, mimicked the greening defect of abc1k1 and accumulated EX1 under 30 
red light. We propose that this novel ABC1K1-dependent signal is required to promote 31 
chloroplast biogenesis in challenging light conditions. 32 
 33 
 34 

  35 
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Introduction 36 

Photoautotrophic organisms depend on the conversion of light energy into chemical 37 
energy. In eukaryotes, this process, known as photosynthesis, takes place in a 38 
dedicated organelle: the chloroplast. Fully functional chloroplasts are therefore 39 
essential for survival of most higher plants. Plant embryos contain undifferentiated, 40 
non-photosynthetic proplastids. During the switch from heterotrophic to 41 
photoautotrophic growth they become functional chloroplasts (Waters and Langdale, 42 
2009). Light is a key factor in this process and the initiation of the developmental 43 
process relies on signals conveyed by photoreceptors. In particular red light sensitive 44 
phytochromes together with the downstream PIF transcription factors play a central 45 
role. They activate chloroplast translation via an anterograde nucleus-to-chloroplast 46 
signal (Liebers et al., 2020; Yoo et al., 2019). However, the development of the 47 
chloroplast also requires retrograde signaling that is, at least partially, independent of 48 
PIF mediation (Martin et al., 2016). Five major retrograde signaling pathways have 49 
been reported: the tetrapyrrole biosynthesis pathway (TBP), plastid gene expression, 50 
reactive oxygen species (ROS), changes in photosynthetic electron transport chain 51 
(PETC) activity, and finally plastid metabolism (Hernandez-Verdeja and Strand, 2018). 52 
These signals are intricately interwoven and perturbation of one may have an impact 53 
on another as well as on different physiological processes. While there are existing 54 
reports chloroplast biogenesis impairement due to alteration of TBP signals via GUN1 55 
(Martin et al., 2016; Tadini et al., 2020) and chloroplast gene expression (Liebers et 56 
al., 2020), little is known about the impact of a defective PETC signaling during 57 
seedling germination. Impaired PETC activity is often correlated with an increased 58 
production of ROS, such as hydrogen peroxide (H2O2), hydroxyl radicals (OH*) and 59 
singlet oxygen (1O2). 1O2 has been reported to act as a retrograde signal modulating 60 
the expression of nuclear genes during cotyledon greening (Page et al., 2017). Key 61 
components of singlet oxygen signaling are EXECUTER1 (EX1) and EX2 (Lee et al., 62 
2007; Wagner et al., 2004). Mutation of both EX1 and EX2 largely suppresses 63 
chloroplast 1O2 signaling and the ex1/ex2 mutant has been reported to have a defect 64 
in chloroplast biogenesis during embryo development (Kim et al., 2009). Further 65 
research revealed that the FTSH protease activates EX1-mediated signaling via EX1 66 
proteolysis (Wang et al., 2016). FTSH also participates in the photosystem II (PSII) 67 
repair mechanism, thus linking 1O2 signaling to the PETC activity (Kato et al., 2009). 68 
Furthermore, the mutation of single subunits of the FTSH protease complex leads to 69 
a variegated leaf phenotype due to the arrest of thylakoid development (Sakamoto et 70 
al., 2009). The arrest of thylakoid development has been reported to be light 71 
independent and not due to PSII photobleaching (Zaltsman et al., 2005a). 72 
Among the PETC regulators, Activity of Bc1 Complex Kinase 1 / Proton Gradient 73 
Regulation 6 (ABC1K1) has a reported role in early plant development. Its mutation 74 
caused a conditional cotyledon greening defect and hampered hypocotyl elongation 75 
by acting on downstream effectors of the PHYB/HY5 pathway under monochromatic 76 
red light (Yang et al., 2016). ABC1K1 is required for plastoquinone (PQ) homeostasis 77 
balancing PQ between the PETC (photoactive PQ pool) and the plastoglobuli reservoir 78 
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(non-photoactive PQ pool)(Pralon et al., 2020; Pralon et al., 2019). In particular, 79 
ABC1K1 is required to maintain the photoactive PQ pool when light is in excess over 80 
the PETC capacity and its mutation causes an over-reduction and depletion of 81 
photoactive PQ (Ksas et al., 2015; Pralon et al., 2019). The limitation of the photoactive 82 
PQ pool, caused by the loss of ABC1K1, results in a defect in the induction of the 83 
photoprotective thermal dissipation (non-photochemical quenching; NPQ), in an 84 
imbalance of the PETC redox equilibrium and a limitation of electron flow (Pralon et 85 
al., 2019); the effects become phenotypic under high light intensity (Martinis et al., 86 
2014). The lower level of photoactive PQ in abc1k1 indirectly affects the 87 
phosphorylation of thylakoid proteins. In particular, diminished phosphorylation was 88 
reported for the targets of the state transition kinase 7 (STN7), such as the subunits 89 
of the light harvesting complex II (LHCII). STN7-dependent phosphorylation is a key 90 
component of PETC regulation and alters the LHCII organization around the 91 
photosystems (Bellafiore et al., 2005; Fristedt and Vener, 2011). PQ levels are also 92 
affected in sps2, the mutant of the solanesyl diphosphate synthase 2 (SPS2) enzyme, 93 
which catalyzes the elongation of the PQ prenyl side chain (Block et al., 2013; Jun et 94 
al., 2004). The sps2 mutant mimics the defects in PETC activity observed in abc1k1 95 
(Pralon et al., 2019). The activity of ABC1K1 is counteracted by its homolog ABC1K3, 96 
as it was reported that both PETC activity and chloroplast biogenesis are partially 97 
restored under red light in the abc1k1/abc1k3 double mutant (Huang et al., 2015; 98 
Pralon et al., 2020). 99 
We observed that the greening defect of abc1k1 is due to a chloroplast biogenesis 100 
arrest and separable from the perturbation of the PETC also caused by this mutation. 101 
The phenotype correlates with an over-accumulation of EX1 combined with diminished 102 
accumulation of the FTSH protease. Low concentrations of DCMU to produce 1O2 103 
elicited EX1 degradation and alleviated the chloroplast biogenesis arrest in abc1k1. 104 
This study demonstrates that ABC1K1 is a component of PETC signaling and 105 
enhances FTSH-dependent degradation of EX1, thereby regulating the progression of 106 
chloroplast biogenesis. 107 
 108 

  109 



  
 

4 
 

Results 110 

The PETC defect is separable from the greening defect under 111 

red light. 112 

To assess whether the greening defect, visible in abc1k1 mutant lines germinated 113 
under red light, was caused by the PETC defect. We compared a panel of mutants 114 
affected in PETC with abc1k1: stn7 (Bellafiore et al., 2005), psaL (Plochinger et al., 115 
2016), npq1 (Niyogi et al., 1998), pgr5 (Munekage et al., 2002) and sps2 (Pralon et 116 
al., 2019). All of these mutants, including abc1k1, are unable to relieve excess 117 
excitation pressure on PSII but none of them, except abc1k1, had a visible greening 118 
defect under red light (Figure 1a). However, all of the mutants including abc1k1 had 119 
shorter hypocotyls under red light when compared to the WT (Figure 1b) while no 120 
differences were observed under white light except for stn7 and psal (Supplementary 121 
figure S1). This indicated that hypocotyl elongation and the greening defect are 122 
separable phenomena. While hypocotyl elongation appears to be linked to 123 
photosynthetic activity, the greening defect may reflect impairment of a hypothetical 124 
ABC1K1-dependent signaling pathway. 125 
 126 
To narrow down the time point at which cotyledon greening was affected in abc1k1 we 127 
germinated the plants under white light for increasing durations before transferring 128 
them to red light. abc1k1 mutant plants, germinated for 48h under white light and then 129 
shifted to red light, had greener cotyledons than those germinated under constant red 130 
light, suggesting that abc1k1 interferes with chloroplast biogenesis at a very early 131 
stage when exposed to red light. Consistently, abc1k1 mutant plants germinated under 132 
red light for 72h (to compensate for the slower germination) before transfer to white 133 
light, remained compromised in cotyledon greening and occasionally resulting in 134 
albinism (Figure 1c).  135 
 136 
Considering the early onset of this phenotype, the greening defect likely reflects a 137 
chloroplast biogenesis arrest (rather than bleaching) that is specifically induced in 138 
abc1k1 by red light. We therefore investigated the possible role of ABC1K1 in 139 
chloroplast signaling. 140 
 141 

ABC1K1 mutation increases Executer1 and decreases FTSH2 142 

accumulation under red light 143 

 144 

Affinity purification was carried out to identify potential signaling partners of ABC1K1 145 
(Supplementary Table S1). To this end, abc1k1 was complemented with a construct 146 
expressing a C-terminally YFP-HA-tagged version of ABC1K1 (ABC1K1:YFP-HA) 147 
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under the control of the 35S promoter. As a negative control we used a WT line 148 
expressing a C-terminally GFP-HA-tagged version of the N-terminus of the small 149 
subunit of RuBisCO (pSSU::GFP-HA). Extracts were prepared from plants of these 150 
two lines grown under white as well as red light. The extracts were subjected to affinity 151 
purification (Supplementary Figure S2). A list of putative interactors was obtained by 152 
subtracting proteins identified in the pSSU::GFP-HA eluate from those in the 153 
ABC1K1:YFP-HA eluate from both light conditions. The resulting list was enriched in 154 
chloroplast proteins, and notably a number of subunits of the NDH complex 155 
(supplementary table S1). Among the subset of putative interactors of ABC1K1 156 
identified only in the red light eluate, we found EX1. We considered EX1 a strong 157 
candidate as it is a known component of the 1O2 chloroplast retrograde signaling 158 
pathway. Moreover, previous studies hinted at a possible function of EX1 in chloroplast 159 
biogenesis (Kim et al., 2012; Page et al., 2017). 160 

A possible role of EX1 in ABC1K1 signaling may be reflected by its altered 161 
accumulation in the abc1k1 background. Therefore, EX1 abundance relative to 162 
wildtype (WT) was assessed by immunoblotting. Among the PETC mutants sps2 was 163 
selected as a negative control as it is the most similar to abc1k1, in terms of PETC 164 
defect, but has no greening defect under red light. Under red light, EX1 accumulated 165 
to higher levels in abc1k1 than in WT (2.68±0.28 and 2.46±0.58 for abc1k1-1 and 166 
abc1k1-2 respectively) (Figure 2). An increased accumulation of EX1 under red light 167 
was also observed in the abc1k1/abc1k3 background (2.08±0.29) while its level in 168 
sps2 was comparable to WT (0.94±0.01). No significant difference in EX1 level was 169 
observed between these genotypes grown under white light (Figure 2). A previous 170 
report showed that the FTSH2 metalloprotease is involved in the degradation of EX1 171 
and thereby contributes to the coordination of 1O2-dependent retrograde signaling 172 
(Dogra et al., 2017). Therefore, diminished accumulation of this protease could explain 173 
the higher level of EX1 observed in the abc1k1 mutants under red light. Abundance of 174 
FTSH2 and its close homolog FTSH5 were assessed by immunoblotting in abc1k1, 175 
sps2 and abc1k1/abc1k3 and compared to WT total protein extracts. Under white light, 176 
there were no major differences. However, under red light, abc1k1 mutant lines had a 177 
significantly lower level of both FTSH2 (0.37±0.11 and 0.35±0.02 for abc1k1-1 and 178 
abc1k1-2 respectively) and FTSH5 (0.33±0.06 and 0.50±0.09 for abc1k1-1 and 179 
abc1k1-2 respectively) compared to WT. 180 

Eliciting EX1 degradation by 1O2 restores chloroplast 181 

biogenesis in abc1k1 under red light 182 

 183 
1O2 has been shown to induce post-translational oxidation of Trp643 of EX1, which 184 
promotes EX1 degradation (Dogra et al., 2019b). To take advantage of this 185 
mechanism the production of 1O2 in the plants was induced by a low dose of DCMU 186 
(12.5 nM). This increases the 1O2 production from PSII without negatively affecting 187 
PETC function (Wagner et al., 2004). Measurement of the hydroxyoctadecatrienoic 188 
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acids (HOTEs) leve indicated that the DCMU treatment increased lipid peroxidation, 189 
confirming the production of 1O2, in the abc1k1 background but not in WT 190 
(Supplementary Figure S3). 191 

DCMU treatment resulted in partial recovery of chlorophyll accumulation in abc1k1, 192 
visible as cotyledon greening under red light, while there was no measurable effect on 193 
WT, sps2 and abc1k1/abc1k3 chlorophyll content (Figure 3a, 3b). We determined 194 
whether the greening recovery in abc1k1 correlated with reduced levels of EX1: 195 
DCMU-treated abc1k1 mutant plants under red light, showed diminished EX1 196 
accumulation compared to the untreated abc1k1 plants (0.57±0.19 and 0.81±0.26 for 197 
acb1k1-1 and abc1k1-2 respectively). In contrast, the DCMU treatment did not reduce 198 
EX1 accumulation in the abc1k1/abc1k3 double mutant under red light (2.41±0.27 199 
compared to WT) (Figure 2). The levels of FTSH5 and FTSH2 proteases after DCMU 200 
treatment were also addressed: The FTSH2 protein level had increased, reaching a 201 
level close to that of WT, in abc1k1 plants treated with DCMU (0.72±0.19 and 202 
0.72±0.13 for abc1k1-1 and abc1k1-2 respectively). The levels of FTSH5 were the 203 
same as in WT in both of the abc1k1 mutant lines (1.01±0.23 and 1.07±0.38 for 204 
abc1k1-1 and abc1k1-2 respectively) (Figure 2). 205 

To exclude that the observed changes in the EX1, FTSH5 and FTSH2 protein 206 
abundance were due to changes in gene expression, quantitative RT-PCR was carried 207 
out. The expression of all of these genes under red light was lower in the abc1k1 208 
mutant lines than in WT and was not affected by the DCMU treatment (Supplementary 209 
Figure S4). This indicates that ABC1K1 is implicated in posttranslational protein 210 
regulation within the chloroplast, possibly promoting the FTSH-dependent proteolysis 211 
of EX1, rather than in the regulation of the expression of the corresponding genes.  212 

To assess the effect of the DCMU treatment on the recovery of the chloroplast 213 
biogenesis in abc1k1, the levels of thylakoid protein accumulation was determined by 214 
immunoblotting. Representative proteins for photosystem II (PsbA), photosystem I 215 
(PsaB, PsaD), cytochrome b6f (PetB, PetC) and ATP synthase (ATPC) were analyzed 216 
in 5 days old seedlings. Under red light the accumulation of all tested proteins was 217 
higher in abc1k1 seedlings treated with DCMU than in non-treated seedlings 218 
(Supplementary figure S5a). Analysis of PSII activity by chlorophyll fluorescence 219 
measurements, showed that the DCMU treatment alleviated the photosynthetic defect 220 
imposed by red light in abc1k1 mutants, while it had no significant effect on 221 
abc1k1/abc1k3 and sps2 (Supplementary figure S5b). Additional indicators for the 222 
progression of chloroplast biogenesis are the degradation of the early light-inducible 223 
proteins (ELIPs) (CRONSHAGEN and HERZFELD, 1990) and the accumulation of 224 
mono-galactosyldiacylglycerols (MGDG), which are membrane lipids almost 225 
exclusively present in the thylakoids (Pipitone et al., 2021). Both indicators support the 226 
hypothesis that DCMU treatment allows to overcome the arrest in chloroplast 227 
biogenesis: the ELIP protein accumulated in abc1k1 under red light, but decreased 228 
when the plants were treated with DCMU (Supplementary figure S5a). The 229 
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accumulation of MGDGs under red light in the abc1k1 mutants was very low (679.15 230 
± 39.22 and 688.45 ± 156.30 µg/g FW for abc1k1-1 and abc1k1-2 respectively) 231 
compared to WT (1748.12 ± 156.18 µg/g FW). Under red light the DCMU treatment 232 
led to a partial recovery of the MGDG content in the abc1k1 lines (1013.13 ± 129.96 233 
and 874.02 ± 88.78 µg/g FW for abc1k1-1 and abc1k1-2 respectively). The MGDG 234 
content of the abc1k1 lines treated with DCMU was thus similar to that of the untreated 235 
sps2 line that has no phenotype under red light (1152.40 ± 89.83 µg/g FW). 236 
Furthermore, abc1k1/abc1k3 plants under all light conditions also had a slightly lower 237 
level of MGDG compared to the WT despite the green phenotype of both lines (Figure 238 
3c). 239 

ABC1K1 genetically interacts with the executer pathway 240 

Altered levels of FTSH2 and EX1 correlated with the greening phenotype in abc1k1. 241 
To establish whether they are directly implicated, T-DNA insertion lines for the FTSH5 242 
and 2 proteases (var1 and var2) and for the EXECUTER genes (ex1 and ex2) were 243 
tested under red light. The var2 mutant, which lacks the FTSH2 protease, displayed a 244 
greening defect and a short hypocotyl, phenotypically mimicking abc1k1 under 245 
constant red light (Figure 4a).The FTSH5 mutant, var1, showed a milder greening 246 
defect. Finally, knockout mutations of EX1 or EX2 genes had no visible impact on the 247 
seedlings greening under red light. 248 
 249 
To compare the effect of var2 and abc1k1 mutations on chloroplast biogenesis 250 
progression, ELIP accumulation was assessed. Both var2 and abc1k1 had higher 251 
levels of ELIP when grown under red light (Figure 4b). Furthermore, ELIP accumulated 252 
to a higher level also when var2 and abc1k1 mutants were germinated under high light 253 
(500 µmol photons m-2 s-1). This suggests that abc1k1 and ftsh2 have related 254 
chloroplast biogenesis defects, also under other light conditions than red light. To 255 
investigate the relationship between the greening defect and EX1 accumulation, the 256 
levels of EX1 were assessed by immunoblotting. A higher level of EX1 was observed 257 
in the var2 and abc1k1 mutants compared to the WT, this effect was more evident 258 
under red light, while EX1 accumulated to a lower extent in plants germinated under 259 
high light, which correlates with a milder greening defect observed in high light for both 260 
lines (Figure 4c).  261 
 262 
To obtain genetic evidence that the chloroplast biogenesis defect in abc1k1 mutants 263 
was dependent on EX1 accumulation, the EX1 gene was knocked out by 264 
CRISPR/Cas9 targeted mutation. Using two sgRNAs a portion of the EX1 gene was 265 
deleted (Supplementary figure S6). This was detectable as a change in the fragment 266 
size of the diagnostic PCR amplicon (Supplementary figure S7a). Homozygous 267 
abc1k1/ex1 double mutant lines were isolated and verified by diagnostic PCR 268 
(Supplementary figure S7b). Homozygous double mutant lines were then challenged 269 
with red light. These double mutants partially recovered the greening phenotype when 270 
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compared to abc1k1. However, the recovery was not complete and the phenotype of 271 
the double abc1k1/ex1 mutants was similar to that of the abc1k1 plants treated with 272 
DCMU under red light (Figure 5a). To confirm this observation, the chlorophyll content 273 
of WT, abc1k1 and two abc1k1/ex1 lines grown under white as well as red light was 274 
measured. The chlorophyll content observed in the double mutant was significantly 275 
higher than that of the abc1k1 parental line in both light conditions (Figure 5b). The 276 
impact of ex1 mutation in the abc1k1 background on the accumulation of FTSH2 and 277 
LHCB1 was assessed by immunoblotting. The accumulation of these proteins 278 
correlated with the greening phenotype. Both proteins accumulated to higher levels in 279 
the abc1k1/ex1 double mutant under red light when compared to abc1k1 (Figure 5c). 280 
Consistently, the level of ELIP was lower in abc1k1/ex1 lines compared to abc1k1.  281 
 282 

Discussion 283 

In this study, we show that the atypical kinase ABC1K1 plays a role in regulating the 284 
early phases of chloroplast biogenesis, as a potential relay between PSII activity and 285 
the regulation of the chloroplast biogenesis via the EX pathway. Under red light the 286 
loss of ABC1K1 results in an irreversible greening defect in the cotyledons and a short 287 
hypocotyl. We show here that these two phenotypes can be separated. The greening 288 
phenotype is specific for abc1k1 whereas the short hypocotyl is a common trait in a 289 
panel of mutants affected in the regulation of the PETC. The defective elongation of 290 
the hypocotyl in abc1k1 has been investigated previously and attributed to a 291 
perturbation in downstream phytochrome signaling (Yang et al., 2016). A possible 292 
explanation is that red light at 680nm overexcites PSII and that the mutants are unable 293 
to release the excitation pressure. Thereby, the PETC may generate a retrograde 294 
signal that ultimately converges with phytochrome pathway. Unlike the abc1k1 mutant, 295 
the panel of photosynthetic mutants did not show a greening defect under red light 296 
suggesting that it is, at least partially, independent from the PETC. In the abc1k1 297 
mutant the photosynthetic defect has been attributed to a lack of PQ in the PETC. In 298 
this regard the sps2 mutant, defective in PQ biosynthesis (Block et al., 2013), closely 299 
mimics the photosynthetic phenotype of abc1k1 (Pralon et al., 2019) but not the 300 
greening defect under red light. For this reason, we used sps2 as a reference, to 301 
isolate the photosynthetic defect from that of chloroplast biogenesis. Whereas SPS2 302 
is simply a biosynthetic enzyme, ABC1K1 belongs to the family of atypical kinases that 303 
may have signaling functions beyond the allocation of PQ to the PETC.  304 

Following up on potential signaling functions of ABC1K1, we identified EX1 as a 305 
potential interactor under red light in a co-isolation experiment (Supplementary table 306 
S1). In support of this notion, EX1 accumulated to higher levels in abc1k1 of under red 307 
light than in the WT (Figure 2). However, the higher level of EX1 was not due to 308 
increased transcription (Supplementary figure S4). The phenotype of abc1k1 in red 309 
light suggests that EX1 accumulation is linked to the arrest of chloroplast biogenesis 310 
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visible as the greening defect. The hypothesis that EX1 could be involved in greening 311 
has also been explored by Page and coworkers (Page et al., 2017), which showed an 312 
increase in EX1 gene expression in seedlings showing a chloroplast biogenesis arrest 313 
induced by far-red light pre-treatment. The factors promoting EX1 proteolysis in 314 
programmed cell death signaling: singlet oxygen (Wagner et al., 2004) and FTSH-315 
dependent degradation (Dogra et al., 2017; Wang et al., 2016), are potentially involved 316 
also in EX1 proteolysis in seedlings germinating under red light. When abc1k1 317 
seedlings were germinated on DCMU, a herbicide inducing singlet oxygen production 318 
from the PSII by blocking the PETC (Trebst, 1980), the level of EX1 under red light 319 
decreased (Figure 2). Furthermore, the ftsh2 mutant (var2) failed to degrade EX1 320 
under red light (Figure 4c). However, the accumulation of EX1 alone did not appear to 321 
be sufficient to cause the greening phenotype; in fact, the abc1k1/abc1k3 double 322 
mutant had no visible phenotype under red light, but still accumulated the EX1 protein 323 
(Figure 2). This suggests that the presence of ABC1K1 is required to promote EX1 324 
degradation independently from a visible greening defect.  325 

The observation that the ftsh2 mutant (var2), had a similar greening defect as abc1k1 326 
under red light points to FTSH2 as a central component in the pathway (Figure 4a). 327 
Under red light the abc1k1 mutant had a lower level of FTSH2. This would be expected 328 
to have a broader effect on chloroplast proteins than just regulating the level of EX1, 329 
as this metalloprotease has been reported to act on essential proteins of the PETC 330 
(reviewed in (Kato and Sakamoto, 2018). Our results are consistent with the FTSH 331 
threshold model, which proposes that the chloroplast biogenesis defect in the ftsh 332 
mutants is due to insufficient FTSH activity relative to the rate of protein synthesis 333 
(Chen et al., 2000; Yu et al., 2008; Zaltsman et al., 2005b). In fact, the ftsh5 mutant 334 
(var1) had a milder greening defect under red light, and the greening recovery in the 335 
double abc1k1/ex1 and abc1k1/abc1k3 mutant correlates with higher accumulation of 336 
the FTSH metalloproteases (Figure 5c, figure 2). 337 

To rationalize these results, we propose a model in which ABC1K1 enhances the 338 
proteolysis of EX1 by FTSH (Figure 6) potentially as a transient component of the 339 
signalosome proposed by (Dogra et al., 2019b). As ABC1K1 is also involved in the 340 
regulation of the PQ homeostasis (Pralon et al., 2019), it is tempting to suggest that 341 
the redox status of the photosynthetic PQ pool, and/or the concentration of photoactive 342 
PQ, may be factors regulating ABC1K1 signaling activity and/or its interaction with 343 
EX1. Thereby, ABC1K1 provides a link between the PETC and the executor pathway. 344 
The contribution of ABC1K1 during chloroplast biogenesis would thus act 345 
synergistically with the FTSH complex; both are involved in maintaining the PETC 346 
homeostasis, FTSH by acting on the PETC proteins (Järvi et al., 2016) and ABC1K1 347 
on the photoactive PQ pool, and both are implicated in the chloroplast retrograde 348 
signaling via EX1. The complementation of abc1k1 greening phenotype by the 349 
mutation of ABC1K3 would act by alleviating the PETC defect (Pralon et al., 2020) and 350 
thus the retrograde signals generated by a damaged PETC (Dogra et al., 2019a; 351 
Zaltsman et al., 2005a), rather than on the EX pathway. Therefore, the greening defect 352 
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of abc1k1 is the result of the combination of the PETC defect with the executor 353 
pathway defect.  354 

In conclusion, we show that the abc1k1 defect, as well as that of other PETC mutants, 355 
results in a suppression of the hypocotyl elongation under red light. However, ABC1K1 356 
is also implicated in a separate signaling pathway that contributes to the regulation of 357 
the protein homeostasis during chloroplast biogenesis by the FTSH metalloprotease. 358 
The ABC1K1-dependent signals elicit the degradation of EX1 by the FTSH 359 
metalloprotease. This signaling pathway is light dependent and becomes essential for 360 
chloroplast biogenesis in challenging light conditions. 361 

 362 

Materials and methods 363 

Plant materials, growth conditions and treatments 364 

Arabidopsis thaliana wild-type plant refers to var. Columbia-0 (Col-0). To analyze the 365 
effect of ABC1K1 knock-down, two T-DNA insertion lines (SALK_068628, 366 
SALK_130499C) were obtained from the Nottingham Arabidopsis Stock Centre 367 
(NASC, http://arabidopsis.info). The abc1k1/abc1k3 double mutant was previously 368 
obtained by crossing (Pralon et al., 2020), the  sps2 mutant was a kind gift from Gilles 369 
Basset. The  mutants used in this reports : stn7 (N69602), npq1 (N3771), psaL 370 
(N626585), var1 (ftsh5, N271),  ex1(N502088) and ex2 (N521694) were obtained from 371 
NASC.The pgr5 mutant was isolated as CE11-1-1 in a screen for high fluorescence 372 
mutants (Shikanai et al., 1999). The var2 (ftsh2) mutant was a generous gift from 373 
Wataru Sakamoto. To generate the abc1k1-1/ex1 double mutant, we introduced, by 374 
Agrobacterium-mediated nuclear transformation, a T-DNA construct containing two 375 
synthetic gRNAs (sgRNA) under the control of the U6 promoter, and the Cas9 gene 376 
under the control of the synthetic EC1 promoter that confers expression in the egg 377 
cells (Durr et al., 2018). The binary vector and the cloning method to insert two sgRNA 378 
were developed and described by Xing and coworkers (Xing et al., 2014). The chop 379 
chop software was used to design the sgRNA sequences targeting the EX1 coding 380 
sequence (Montague et al., 2014). The highest ranking sgRNA sequences were 381 
further analyzed with E-CRISP, and the two sequences with the highest efficacy score 382 
were chosen for the cloning (Heigwer et al., 2014). 383 

The abc1k1 mutant was complemented with 35S:ABC1K1-YFP-HA. The ABC1K1 384 
coding sequence was synthetized directly in the pEarleyGate101 plant expression 385 
vector (Earley et al. 2006) by GeneCust (Boynes, France) between the constitutive 386 
35S promoter and the YFP-HA tag resulting in pEarlyGate101-ABC1K1. The 387 
pEarlyGate101-ABC1K1 plasmid was introduced by electroporation into the 388 
Agrobacterium tumefaciens C58 strain. The resulting strain was used to transform 389 
abc1k1-1 by floral dipping (Clough and Bent, 1998). Transgenic plants were selected 390 
on ½ MS agar medium supplemented with 30 mg/L glufosinate ammonium. 391 
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Homozygous 35S:ABC1K1-YFP-HA lines with a single insertion of the transgene were 392 
selected by segregation analyses. Complemented plants, in which the protein 393 
expression was confirmed by immunoblot, were used for the following pull-down 394 
experiment. As a control, we produced a pSSU::YFP-HA line which overexpressed the 395 
YFP-HA-tag fused to the transit peptide of the Rubisco small subunit.To target the 396 
YFP-HA fusion to the chloroplast stroma, the chloroplast transit peptide (cTP) of the 397 
small subunit of Rubisco (SSU, At5g38430) was PCR-amplified with the primers list in 398 
table S2. The PCR product was inserted into the plant expression vector pEarleyGate 399 
101, containing a C-terminal YFP-HA tag, using the Gateway recombination cloning 400 
system (Invitrogen) (Earley et al., 2006) 401 

Sterilized seeds were spread on 0.5x MS plates with or without 12.5 nM of DCMU ( 3-402 
(3,4-dichlorophenyl)-1, 1-dimethylurea),  and were placed in the dark for 24 hours at 403 
4°C. Seeds were moved to 22-24°C and exposed for 1 hour to white light (80 µmol 404 
m−2 s−1), afterwards were kept for 5 days under continuous white light (80 µmol m−2 405 
s−1) or moved to continuous red light (60 µmol m−2 s−1). 5 days old seedling were then 406 
collected under the light, immediately frozen in liquid nitrogen and stored at -20°C.  407 

Chlorophyll quantification 408 

Total chlorophyll was extracted from a minimum of 20 mg of fresh weight (FW) of 5 409 
days old seedlings by adding 10 µl per mg FW of DMF (Dimethylformamide). Samples 410 
were centrifuged 1 minute at 16,000 g and stored overnight at 4°C in the dark. Extracts 411 
were further centrifuged 3 minutes at 16,000 g and the absorbance at 664 nm and 647 412 
nm was measured with a Nanodrop spectrophotometer (NanoDrop ND-1000 413 
spectrophotometer,Witec AG). Total chlorophyll, chlorophyll a and chlorophyll b 414 
concentrations were calculated according to (Porra et al., 1989). 415 

Immunoblot analyses 416 

Frozen 5 days old seedlings were ground in lysis buffer (100 mM Tris-HCl pH 8.5, 2% 417 
SDS, 10 mM NaF, 0.05% of protease inhibitor cocktail for plants (Sigma)) with a micro-418 
pestle in a 1.7 ml microtubes. Samples were incubated at 37°C for 30 min and 419 
centrifuged for 15 minutes at 16,000 g at room temperature. Protein concentration was 420 
determined using the Pierce BCA protein assay kit (Thermo Scientific, cat. No. 23225) 421 
following manufacturer instructions.  Proteins were precipitated using chloroform-422 
methanol and resuspended in sample buffer (50 mM Tris-HCl pH 6.8, 100 mM 423 
Dithiothreitol, 2% SDS, 0.1% Bromophenol Blue, 10% Glycerol) at a final 424 
concentration of 1 µg/µl.; after denaturation for 10 minutes at 65°C, an aliquot of 5 µl 425 
was loaded on a 12% polyacrylamide SDS gel and proteins were separated by 426 
electrophoresis. Proteins were transferred to a nitrocellulose membrane for 427 
immunoanalysis using the following antibodies: anti-Lhcb2 (Agrisera, AS01 003), anti-428 
Lhcb1 (Agrisera, AS01 004), anti-Lhcb2-P (Agrisera, AS13 2705), anti-Lhcb1-P 429 
(Agrisera , AS13 2704) anti-D1 (PsbA) (Agrisera, AS05 084), anti-Lhca1 (Agrisera, 430 
AS01005),  anti-PsaB (Agrisera, AS10 695), anti-PsaD (Agrisera, AS09 461), anti-431 
PetB (Agrisera, AS18 4169), anti-PetC (Agrisera, AS08 330), anti-AtpC (Agrisera , 432 
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AS08 312), anti-Elip (Agrisera , AS03 036), anti-Ftsh2-8 (Agrisera , AS16 3929), anti-433 
Ftsh1-5 (Agrisera , AS16 3930), anti-Ex1 ( Phytoab, PHY1693S). Primary antibodies 434 
were detected with horseradish peroxidase-conjugated anti-rabbit (Merck, AP132P) or 435 
anti-mouse (Sigma, A5278) antibodies. Chemiluminescent signals were generated by 436 
home-made reaction mixture (Luminol 1.25 mM, cumaric acid 0.20 mM, mixed with 437 
0.01% H2O2 just before the reaction). Signals were revealed with a CCD camera 438 
(Amersham Imager 600, AmershamBiosciences, Inc.). 439 

Real-time PCR analysis 440 

Total RNA was extracted from multiple 5-days old seedlings using the RNeasy plant 441 
mini kit (Qiagen, cat. no. 74904) and cDNAs were synthetized from 1 µg of total RNA 442 
using GoScriptTM Reverse Transcriptase kit (Promega, cat. no. A5001). Quantitative 443 
RT-PCR reactions were performed using the LightCycler 480 SYBR Green I Master 444 
mix (Roche, cat. no. 04887352001) and a LightCycler® 480 Instrument. The specific 445 
primers for each gene are listed in the supplementary table S2. The gene expression 446 
level was quantified using the 2-ΔΔCt method (Livak and Schmittgen, 2001). The relative 447 
expression level of each gene was assessed using the Actin 2 gene (ACT2) as 448 
reference. All the reactions were performed in technical duplicates and the data shown 449 
come from two independent biological replicates. 450 

Photosynthetic parameters 451 

The chlorophyll fluorescence signal was measured with a Fluorcam MF800 (Photon 452 
System Instrument, Czech Republic, http://www.psi.cz). The actinic light for the light 453 
curve induction was provided by blue LEDs (470nm). At the beginning of the protocol, 454 
the maximum yield of PSII was measured: Φmax = (FM–FO)/FM where FM is the maximal 455 
fluorescence in dark acclimated plants, measured during a saturating light pulse, and 456 
FO the fluorescence recorded in the dark.  For each light intensity step we estimated 457 
the fraction of open PS II centers based on a “lake” model by qL = [(FM'–FS)/ (FM'–458 
FO')]* (FO'–FS) (Kramer et al., 2004), the quantum yield of PSII ΦPSII = (FM'–FS)/FM' and 459 
the non-photochemical quenching NPQ = (FM – FM')/FM'. FM' is the maximal 460 
fluorescence at the end of each light intensity step, FS the steady state fluorescence 461 
at the end of each light step and FO' the fluorescence in the dark measured after 2 462 
seconds of exposition to far-red light at the end of each light phase. The experiment 463 
was repeated on four independent biological replicates composed by 9 to 12, 5-days 464 
old seedlings per genotype. 465 

Lipid profile analysis 466 

Extraction of total lipids was performed on pools of 5-days old seedlings for each 467 
genotype obtained from three independent experiments. In brief, after grinding, the 468 
lipids were extracted with 10 μl of tetrahydrofuran:methanol 50:50 (v/v) per mg of FW, 469 
the debris were separated by centrifugation (3 min, 14,000 g), and the supernatant 470 
transferred to an HPLC vial. 2.5 μl of the sample were loaded on a reverse-phase 471 
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Acquity BEH C18 column (50 × 2.1 mm, 1.7 μm) maintained at 60°C, and analysed by 472 
ultra-high pressure liquid chromatography coupled to atmospheric pressure chemical 473 
ionization-quadrupole time-of-flight mass spectrometry (UHPLC-APCI-QTOF-MS) as 474 
previously described (Spicher et al., 2016). Data were acquired using MassLynx 475 
version 4.1 (Waters) and further processed with TargetLynx (Waters). Compound 476 
identity was determined based on reference standards that were also used for the 477 
quantification curve (Spicher et al., 2016). For the identification of the galactolipids a 478 
commercial MGDG mix (Avanti Polar Lipids) was used as a standard, the linearity of 479 
the detection was assessed as previously reported (Sattari Vayghan et al., 2020).  480 
 481 
Lipid peroxidation analysis  482 
 483 
Lipid peroxidation was measured by quantifying HOTEs (hydroxyoctadecatrienoic 484 
acids, C18:3-OH), oxidation products of linolenic acid (C18:3), the major fatty acid in 485 
Arabidopsis, as described elsewhere (D'Alessandro et al., 2018; Montillet et al., 2004). 486 
Lipids were extracted from about 0.3 g of frozen Arabidopsis seedlings. The samples were 487 
ground in an equivolume of methanol/chloroform solution containing 5 mM triphenyl 488 
phosphine, 1 mM 2,6-tert-butyl-p-cresol (5 mL g-1 fresh weight), and citric acid (2.5 mL 489 
g-1 fresh weight), using an Ultra-Turrax blender. Internal standard 15-HEDE was 490 
added to a final concentration 100 nmol g-1 fresh weight. After centrifugation at 1000 491 
g and 4 °C for 5 min, the lower organic phase was carefully taken out with the help of 492 
a glass syringe into a glass tube. The solvent was evaporated under N2 gas at 40 °C. 493 
The residues were recovered in 1.25 mL of absolute ethanol and 1.25 mL of 3.5 N 494 
NaOH and hydrolyzed at 80 °C for 30 min. The ethanol was evaporated under N2 gas 495 
at 40 °C for 10 min. After cooling to 25 °C, pH was adjusted between 4 and 5 with citric 496 
acid. Hydroxy fatty acids were extracted with hexane/ether (v/v). The organic phase 497 
was analyzed by straight phase HPLC-UV, as previously described (Montillet et al., 498 
2004). HOTE isomers (9-, 12-, 13-, and 16-HOTE) were quantified based on the 15-499 
HEDE internal standard. 500 

Affinity purification 501 

Affinity isolation of ABC1K1 interactors was performed using the 35S:ABC1K1-YFP-502 
HA line. As control, we used the pSSU::YFP-HA line. The pull down was performed 503 
using the µMACS HA Tagged protein isolation kit (Miltenyi Biotec, cat. no. 130-091-504 
122). Briefly, 1 g of  5 days old seedlings grown under white light (80 µE) or pure red 505 
light (60 µE) were ground in 2 ml of lysis buffer and centrifuged 10 min at 16 000 g to 506 
remove the cell debris. Then, 50 µl of HA-beads were added to the supernatant and 507 
incubated for 45 min at 4°C. The samples were loaded on a µ column, Miltenyi Biotec, 508 
cat. no. 130-042-701). The column was washed and proteins eluted. Eluates were 509 
analyzed by mass spectrometry at the Protein Analysis Facility, Center for Integrative 510 
Genomics, Faculty of Biology and Medecine, University of Lausanne, Switzerland. The 511 
obtained peptides were identified using the MASCOT/SCAFFOLD algorithm. The 512 
peptides corresponding to proteins identified only in the eluates from ABC1K1-YFP-513 
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HA extracts and not in the pSSU::YFP-HA control are listed in the supplementary table 514 
S1. The mass spectrometry proteomics data have been deposited to the 515 
ProteomeXchange Consortium via the PRIDE(Perez-Riverol et al., 2019) partner 516 
repository with the dataset identifier PXD030243 and 10.6019/PXD030243. 517 

Statistical Analysis 518 

The normal distribution of the residuals of each data set was tested before any other 519 
statistical analysis. If this assumption was met, an ANOVA model was utilized; 520 
otherwise, a Kruskal–Wallis rank sum test was performed to assess statistically 521 
significant differences between the data groups. If the result was significant, we used 522 
post hoc Tukey’s HSD test for multiple comparisons. The reported p-values, corrected 523 
by the false discovery rate (Benjamini and Hochberg, 1995), were obtained with the 524 
latter, the classes in the figures were defined as distinct by an alpha score of 0.05, 525 
unless otherwise specified. The calculations were performed with RStudio with the 526 
package agricola (Version 1.2.5019 RStudio Inc). 527 

  528 



  
 

15 
 

Figures 529 

 530 

Figure 1: The photosynthetic defect of abc1k1 mutants does not explain the pale green 531 
phenotype. WT, abc1k1-1, stn7, psal, pgr5, npq1 and sps2 seedlings grown on 0.5 X MS 532 
medium for 5 days under continuous white light (80 µE) or continuous red light (60 µE). a) 533 
Visible phenotype. b) Length of the hypocotyl by genotype of seedlings grown under 534 
continuous red light (60 µE). The whiskers and box plot shows the minimum, first quartile, 535 
median, average, third quartile and maximum of each dataset, points indicate individual 536 
samples, outliers are indicated by a bigger point (WT n=13, abc1k1-1 n=14, stn7 n=17, psal 537 
n=18, pgr5 n=23, npq1 n=18 and sps2 n=19). The letters identify statistically different groups 538 
obtained by a Tukey-HSD post-hoc test (alpha =0.01). c) Phenotype of WT and abc1k1 539 
seedlings exposed to red light (left) or white light (right) until radicle emergence and then 540 
moved to the opposite light condition. 541 

 542 

a 

b 

c 
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 543 

Figure 2: Changes in accumulation of protein EX1 and chloroplast FTSH proteases 544 
depending on genotype and light condition. Total protein extracts from five days old 545 
seedlings grown under constant white light (80 µE) or red light (60 µE) with or 546 
without  12.5 nM of DCMU were probed for the accumulation of Executer1 (EX1), and two 547 
different FTSH proteases, FTSH1-5 and FTSH2-8. The numbers below the immunoblot image 548 
show the average protein signal intensity compared to WT under white light ± the standard 549 
error between biological replicates (n=2 for EX1, n=3 for FTSH1-5 and FTSH2-8). In red are 550 
marked the samples showing a statistically significant difference from WT white light from a  551 
Tukey HSD post-hoc test following a Kruskal-Wallis test (p<0.05). 552 

 553 

 554 

 555 
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 556 

Figure 3: Effect of DCMU treatment on seedlings under white and red light. WT, abc1k1-557 
1, abc1k1-2, abc1k1/abc1k3 and sps2 seedlings were grown under constant white light (80 558 
µE) or constant red light (60 µE, peak 680nm) on standard 0.5x MS media or the same media 559 
supplemented with 12.5 nM DCMU.  a) Representative image of the phenotype of the 560 
seedlings 5 and 10 days after germination. b) Chlorophyll levels in seedlings 5 days after 561 
germination, the bar plot shows the total chlorophyll concentration. Error bars indicate ± SD 562 
(n=3). c) MGDG content in seedlings 5 days after germination, the bar plot shows total MGDG 563 
and error bars indicate ± SD (n=3). The letters in b and c identify statistically different groups 564 
obtained by a post-hoc Fisher's analysis (alpha =0.05).  565 
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 566 

Figure 4: abc1k1 and ftsh2 have a similar defect in chloroplast biogenesis under light-567 
induced stress. WT, abc1k1-1, var2, var1, ex1 and ex2 seeds were germinated under 568 
constant white (80 µE), constant red light (60 µE) or constant high light (500 µE). a) Visible 569 
phenotype of 5 days old seedlings for all the genotypes. b) representative  image of 570 
immunoblot showing the levels of accumulation of ELIP and c) EX1 in 571 
WT, abc1k1 and var2 genotypes. The numbers below the band represents the signal intensity 572 
compared to WT for each light condition ± the standard error SE ( n= 3 biologicallyindependent 573 
replicates). In red are marked the samples showing a statistically significant difference from 574 
WT red light from a post-hoc test following a Kruskal-Wallis test (p<0.05). 575 
 576 
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 577 
Figure 5: Mutation of the EX1 gene partially restores the abc1k1 greening defect under 578 
red light. 579 
a) Visible phenotype of 5 days old seedlings of WT, abc1k1, and two independent abc1k1/ex1 580 
lines grown under constant red light (60 µE). b) Relative total chlorophyll levels of 5 days old 581 
WT, abc1k1, and abc1k1/ex1 A, abc1k1/ex1 B seedlings grown under constant white light (80 582 
µE) or constant red light (60 µE). The whiskers and box plot shows the minimum, first quartile, 583 
median, average, third quartile and maximum of each dataset, points indicate individual 584 
samples, outliers are indicated by a bigger point (n=7). The letters identify statistically different 585 
groups obtained by a post-hoc Fisher's analysis (alpha =0.05) c) Level of FTSH2-8, LHCB1 586 
and ELIP protein analyzed by immunoblot in 5 days old seedlings of WT, abc1k1 and 587 
abc1k1/ex1 A, abc1k1/ex1 B grown under constant white light (80 µE) or constant red light 588 
(60 µE).  589 
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 590 

Figure 6: ABC1K1 interacts with EX1 signaling during chloroplast biogenesis. Under red 591 
light the pressure on the photosystem II (PSII) is increased leading to the production of singlet 592 
oxygen. This signal leads to the degradation of EX1 by FTSH and is integrated by the ABC1K1 593 
dependent signal, the contribution of both signals leads to the degradation of EX1 that allows 594 
the progression of chloroplast biogenesis. In the absence of ABC1K1 a combination of multiple 595 
factors leads to the arrest of the chloroplast biogenesis. First, EX1 cannot be efficiently 596 
degraded and its accumulation is a first factor arresting the chloroplast biogenesis. Second, 597 
the photosynthetic electron transport is impaired, and its damage leads to a negative 598 
retrograde signaling, blocking the chloroplast biogenesis. Third, the FTSH protease is less 599 
accumulated, possibly damaged by the impaired PETC activity, leading to an imbalance in the 600 
chloroplast protein homeostasis and contributing to arrest the chloroplast biogenesis. 601 

WT 

abc1k1 
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