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Abstract: FtsH metalloproteases found in eubacteria, animals, and plants are well-known for their
vital role in the maintenance and proteolysis of membrane proteins. Their location is restricted to
organelles of endosymbiotic origin, the chloroplasts, and mitochondria. In the model organism
Arabidopsis thaliana, there are 17 membrane-bound FtsH proteases containing an AAA+ (ATPase
associated with various cellular activities) and a Zn2+ metalloprotease domain. However, in five of
those, the zinc-binding motif HEXXH is either mutated (FtsHi1, 2, 4, 5) or completely missing (FtsHi3),
rendering these enzymes presumably inactive in proteolysis. Still, homozygous null mutants of
the pseudo-proteases FtsHi1, 2, 4, 5 are embryo-lethal. Homozygous ftshi3 or a weak point mutant
in FTSHi1 are affected in overall plant growth and development. This review will focus on the
findings concerning the FtsHi pseudo-proteases and their involvement in protein import, leading
to consequences in embryogenesis, seed growth, chloroplast, and leaf development and oxidative
stress management.

Keywords: AAA-type protease; Arabidopsis thaliana; FtsH metalloprotease; chloroplast; embryo
lethal; leaf variegation; plastid biogenesis; protein import; oxidative stress

1. Introduction

Cells have evolved an extensive system of molecular chaperones, folding catalysts,
and proteases that control protein quality and prevent damage. In addition to the well-
studied degradative removal of damaged or superfluous proteins [1], proteolysis is highly
important in regulating protein preprocessing, maturation, post-translational protein mod-
ifications, and signaling [2,3]. Therefore, it is is no overstatement that proteolysis is directly
or indirectly involved in most cellular processes [4].

1.1. Proteases in the Plant Chloroplast

Plant proteases associated with a particular proteolytic activity are present in various
cellular compartments and organelles constituting up to 3% of the plant proteome [5,6].
Proteases are classified according to their catalytic types. Except for glutamic acid proteases,
representatives from all protease classes (threonine, cysteine, serine, aspartic, metallopro-
teases) have been detected in the plant Arabidopsis thaliana [7]. The chloroplast is a unique
organelle of the plant cell; absorption and conversion of light energy in the photosynthetic
reaction lead to a permanent need for protein turnover (processing and degradation) to
adapt to different light conditions. Excess light adsorption further can cause the formation
of reactive oxygen species and damage proteins. Therefore, protein quality and quantity
controls are essential [8,9]. In addition to photosynthesis, several metabolic reactions hap-
pen in the chloroplast, including the biosynthesis of lipids, amino acids, chlorophylls, and
carotenoids; therefore, plastidic proteases are vital regulators [9]. More than 20 different
families of chloroplast proteases have been detected, with members localized in specific
sub-organellar compartments [3,9].
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1.2. Plant Pseudo-Proteases

In addition to the proteolytically active proteases, members with mutations in their
active site attracted the attention of researchers. Despite their putative proteolytically
inactivity, many of these pseudo-proteases have essential roles in the cell, ranging from
structural proteins via chaperones [10,11] to enzymes with a new function [12–20]. In
the chloroplast, pseudo-proteases are found in the families of serine Clp-proteases (Cl-
pRs, [21–23]) and FtsH metalloproteases (FtsHis [18,24–26]). ClpRs of the Clp protease
family lack their catalytic triad. These proteolytically inactive subunits are of structural
importance to form a tetradecameric proteolytic core together with the catalytically active
ClpP subunits [21–23]. Most ClpR proteins are essential for the proteolytic function of the
Clp core function.

This review will focus on pseudo-proteases belonging to the family of the membrane-
bound ATP-dependent FtsH metalloproteases, which are termed FtsHi (i-inactive) [23].
These presumably proteolytically inactive FtsHi enzymes are restricted to the plant chloro-
plast and, similar to the ClpR, affect chloroplast and overall plant development [17,23–25].

2. Filamentation Temperature-Sensitive Protein H (FtsH) Protease Family

The name FtsH (filamentation temperature-sensitive) erroneously originated from the
growth behavior of a Y16 Escherichia coli strain deficient in its ftsh gene. However, later, a
second, independent mutation was found to be responsible for the observed temperature-
sensitive phenotype [23].

FtsH proteases, known as zincins, belong to the MEROPS peptidase family M41,
which in turn belongs to a larger family of zinc metalloproteases [27]. Within the M41
peptidase domain, the Zn2+ ion is ligated by two histidine residues, forming the HEXXH
motif (where X is any uncharged residue) as well as a glutamic acid residue [28]. Functional
homo- or hetero-hexameric complexes are inserted into the membrane by one or more
N-terminal transmembrane domains per subunit [29–32]. The highly conserved AAA+

domain, a cassette of about 200–250 residues that contains the ATP-binding motif (Walker
A and Walker B) and the second region of homology (SRH), is situated between the trans-
membrane region and the active site (Figure 1). Unlike other well-studied ATP-dependent
proteases, FtsHs lack robust unfoldase activity [33]. Instead, ATP hydrolysis by FtsH is
used to translocate unfolded substrates sequentially into the hexameric pore [33,34]. The
AAA+ domain is required for nucleotide binding and hydrolysis [29,35] and responsible
for alternating between a closed and open state of the FGV pore motif, which is a con-
served hydrophobic area at the proteolytic chamber [29]. The substrate is pulled into the
degradation chamber via a narrow pore [36,37]. Recent cryo-electron microscopy studies
enabled the study of substrate processing of AAA+ proteins in detail (reviewed in [38]) and
revealed a conserved spiraling organization of ATPase hexamers around the translocating
protein substrate.
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Figure 1. (A) Predicted domains and motifs of AtFtsHis in comparison to the presumably active AtFtsH7, 9, and 12. TP,
transit peptide; transmembrane domains, TM1-3; Walker A B motifs are indicated as two white lines between the AAA+

ATPase and SRH; SRH, second region of homology. Active FtsH proteases contain the Zn2+-binding motif (HEXXH)
in the their peptidase M41 domain, which is substituted or absent in presumably inactive FtsHis (substitution of both
histidines indicated as XEXXX). In FtsHi3, the peptidase M41 domain is annotated as “FtsH extracellular” and is located
at the N-terminal to the ATPase; its HEXXH motif is completely missing (XXXXX). FtsH7 and FtsH9 contain an FtsH
extracellular” peptidase domain additionally to their protease domain. AtFtsHis are predicted to contain three (FtsHi1,
5), two (FtsHi2, 3), or one (FtsHi4) transmembrane domains (http://www.cbs.dtu.dk/services/TMHMM/, accessed on 3
April 2021) (Supplementary Figure S1 [26]). (B) Schematic drawing of the structure of a monomeric FtsH protease with two
membrane-spanning regions (shown in red), the proteolytic domain (in range) and the AAA+-domain (in pink). Created
with BioRender.com (accessed on 27 May 2021).

2.1. The FtsH Protease Family of Arabidopsis thaliana

The annual plant Arabidopsis thaliana contains 17 different FtsH proteases. Gene
comparison studies showed that of the 12 FTSH genes potentially coding for fully func-
tional proteases, ten are found in highly homologous pairs. While the pairs AtFtsH1/5,
AtFtsH2/8, and AtFtsH7/9 are targeted to the chloroplast, AtFtsH3/10 and AtFtsH4 have
been identified in mitochondria. AtFtsH11, the pair partner of AtFtsH4, was initially
reported to be dual targeted to mitochondria and the chloroplast [39]. However, Wag-
ner and coworkers confirmed its location to be only in chloroplasts [40]. AtFtsH3 and
AtFtsH10 were shown not to be crucial for growth under optimal conditions [41]. Loss of
AtFtsH4 leads to oxidative stress and the accumulation of oxidized proteins [42,43]. FtsH10
is involved in the assembly and/or stability of complexes I and V of the mitochondrial
oxidative phosphorylation system [43].

2.1.1. FtsH Proteases Located in the Thylakoid Membrane

Of the plastidic FtsHs, FtsH1, 2, 5, and 8 are localized in the thylakoid membrane.
These members are the most abundant FtsH proteases and extensively studied [44]; they
form hetero-hexameric complexes, in which FtsH1 and FtsH5 (Type A) and FtsH2 and
FtsH8 (Type B) can partially substitute for each other [45]. A threshold in the amount
of type A and B subunits was postulated to determine the proper function and develop-
ment of chloroplasts and thylakoid membrane [46–49]. This thylakoid located protease
complex plays a vital role in the degradation and assembly of the Photosystem II reaction
center protein D1 and other transmembrane subunits of the photosynthetic machinery.
Mutants lacking FtsH2/VAR2 or FtsH5/VAR1 show strongly or slightly variegated leaves,
respectively [50,51]. Functional loss of, e.g., FtsH2 results in upregulation of other FtsH
proteins in the green leaf sectors to maintain proper function and development of the
chloroplasts [47,50,52]. FtsH6 is also localized in the thylakoid membrane. It is essential for

http://www.cbs.dtu.dk/services/TMHMM/
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thermotolerance and thermomemory in seedlings [53], while no phenotype was observed
in adult plants when grown in semi-natural outdoor conditions [54].

2.1.2. FtsH Proteases Located in the Chloroplast Envelope

The other plastidic FtsH enzymes are believed to be localized in the chloroplast en-
velope [19]. Deleting FtsH7 and 9 does not result in any obvious phenotype [53], and the
proteases are not required for PSII repair [55]. FtsH11 is crucial for growth in long photope-
riods [40] and thermotolerance [56,57]. FtsH12 was co-immuno-precipitated in a complex
with FtsHi1, 2, 4, 5 and NAD-dependent malate dehydrogenase (MDH) and shown to be
involved in protein import [58,59]. In addition to FtsHi1, 2, 4, and 5, even FtsHi3 belongs
to the five plastidic FtsH homologues, which are incapable of proteolysis in Arabidopsis.
The FtsHi enzymes either have a mutation in their HEXXH motif (FtsHi1, 2, 4, and 5), or
the entire motif is missing (FtsHi3) [18,26]. Compared to AtFtsHi1, 2, 4, and 5, FtsHi3 con-
tains a very short C-terminal domain. Interestingly, FtsHi3 also has undergone a domain
swap: the whole M41 domain is located at the N-terminal instead of at the C-terminal to
the AAA+ domain [26]. Comparing the domain organization of AtFtsHi3 with AtFtsHi1,
AtFtsH7, 9, 12 (Figure 1), also AtFtsH7/9 contain this “peptidase M41 FtsH extracellular”
domain N-terminal to the AAA+ domain, which is additional to their protease domain
located in the C-terminal to the AAA+ domain. This additional domain is not present
in other FtsHs or FtsHis. Whether the N-terminal “peptidase M41 FtsH extracellular”
domain of FtsH7, FtsH9, and FtsHi3 enables these enzymes to form a common complex
with a specific function remains to be shown. Three independent pre-protein translocating
models (pSSU-TEV-protein A, pL11Flag-TEV-Protein A, pLHCP-TEV-protein A) suggested
FtsHi3 to form a 1-MD complex separate from the FtsH12/FtsHi1,2,4,5/MDH complex [58]
and different to the 1-MD TIC complex [60]. The identity of other components in this
complex is unknown. FTSHi3 is not co-expressed with the tight cluster of FTSH12/FTSHi1,
2, 4, 5, but instead with a gene encoding OTP51 [26,58,59]. This pentatricopeptide repeat
protein is required for the splicing of group IIa introns and impacts photosystem I and II
assembly [61]. The tight co-expression with FTSHi3 indicates a common function of OTP51
and FtsHi3; therefore, OTP51 is another hypothetical complex partner.

3. Pseudo-Proteases with an Important Enzymatic Activity

In addition to being pseudo-proteases, the AAA+ domain of FtsHis is intact and—
based on the seed lethality of many FtsHi mutants—highly important for their activity,
plastid, and overall plant development. Four out of the five AtFtsHi members have
been demonstrated to form an inner envelope-bound heteromeric AAA+ (ATPase as-
sociated with diverse cellular activities) ATPase complex. This complex consisting of
FtsH12/FtsHi1,2,4,5/pdNAD-MDH was found to be involved in ATP-driven protein im-
port across the chloroplast envelope [58,59,62,63]. Even Ycf2 was observed being part of
this 2 MDa complex using transgenic lines overexpressing FTSH12 [58]. Still, the protein
could not be detected in complexes isolated from wild-type and tic56-3 plastids using a
combination of native gel electrophoresis and protein quantification [64] and neither after
pull-down of FtsH12 using its native promoter [65]. Kikuchi and coworkers [57] deter-
mined the super-complex Ycf2-FtsH12-FtsHi1,2,4,5-pdNAD-MDH physically to interact
with TIC components such as Tic214 (Ycf1), Tic100, and Tic56 as well as with the pre-protein
translocation components Toc75 and Toc159 [59]. In this complex, neither pdNAD-MDH
activity [59] nor FtsH12 proteolytic activity [57] are required; an FtsH12 (H769Y) mutant
developed normal chloroplasts with functional pre-protein import abilities.

The finding of ATP-driven protein import across the chloroplast membrane by an
FtsH12/FtsHi1,2,4,5/pdNAD-MDH complex has steered an intense debate [66,67] on the
importance of the long-accepted chloroplast protein import machinery, i.e., Tic110 and
Tic40 forming a common translocon in the inner chloroplast membrane and recruiting the
stromal chaperones Hsp93/ClpC1, cpHsp70, and Hsp90C [67]. If indeed the FtsH12/FtsHi
complex plays the main role in protein import into the chloroplast [67] remains to be
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shown. The absence of this complex in most monocots (see Section 4) as well as its lower
impact in adult plants (see Section 5) rather point to a specific function during chloroplast
development in dicotyledons. We refer the reader to [66,67] and references therein for a
detailed description of the subunits involved in protein import.

4. Evolution of FtsHi Pseudo-Proteases

Orthologues of the Escherichia coli FtsH protease exist in eubacteria and eukaryotic
organelles of prokaryotic origin (chloroplasts and mitochondria) but not in Archae. While
bacterial genomes contain only one ftsh gene, multiple FTSH genes are present in photosyn-
thetic organisms, ranging from cyanobacteria to higher plants (reviewed in [18,68]). Even
FtsHi enzymes are found already in prokaryotes: the chlorophyll b containing cyanobac-
terium Prochlorococcus marinus SS120, which has a highly reduced genome, contains one
gene encoding a presumably inactive version [26]. The evolutionary origin of ftshi genes
is not resolved yet [15,26,55,58]. Kikuchi and coworkers [58] proposed a progenitor of
the chloroplast-encoded Ycf2 to be the predecessor of FtsHi members. Ycf2 has a puta-
tive AAA+ ATP-binding domain [69] and is essential for cell survival [70]. FtsH1 and
FtsH2 were found to associate with Ycf2 in cyanobacteria (Synechocystis sp. PCC 6803) and
Rhodophyta (Cyanidioschyzon and Pyropia) [58]. Alternatively, bacteria belonging to the
Firmicutes were found to have paralogs to the FtsH/FtsHi enzymes acquired via horizontal
gene transfer [55].

Based on the finding of an FtsH12/FtsHi1,2,4,5/MDH import complex, we hypoth-
esize a common evolution of multiple FtsHis together with FtsH12 [26]. The protein
sequence of AtFtsH12 was blasted against the translated genomes of various species of
cyanobacteria, green algae, and higher plants; the BLAST scores, percentage of identity
to AtFtsH12, as well as the number of FtsH and FtsHi proteins identified in each species
are shown in Figure 2. In Spirodela and eudicots, FtsH12 orthologues were identified
with an identity of more than 70%. This phylogenetic group also shows the highest copy
number of presumably proteolytically inactive FtsH enzymes. The unusually high num-
ber of FtsH/FtsHi orthologues found in Glycine max is most likely caused by the two
duplication events of its genome and several chromosome rearrangements resulting in a
palaeopolyploid genome with up to 75% of the genes present in multiple copies [71].

In eudicots, an envelope-located FtsH12–FtsHi complex seems to be necessary for
viability. However, two phylogenetic groups, gymnosperms and grasses, have replaced the
function of an FtsH12–FtsHi complex. Apart from keeping a high copy number of FtsHs for
maintenance of the photosystems and the respiratory chain, these groups contain neither
genes with high sequence similarity to FtsH12 nor multiple copies of FtsHi (Figure 2) [62].
In grasses, the FtsH12/FtsHi complex most likely was replaced by an energetically more
efficient protein import system that involves Hsp70-type molecular chaperones [66] similar
to the mitochondrial protein import system [63].

In early evolutionary plants and cyanobacteria, BLAST scores and percent of amino
acid identities to FtsH12 are low (Figure 2). In addition, FtsHi proteins in these organisms
are either absent or present in low amounts. Three of the nine FtsH enzymes found in the
green alga Chlamydomonas reinhardtii are FtsHi pseudo-enzymes [15]. Green algae might
have already utilized multiple FtsHs for maintenance and/or import through their inner
envelope (Figure 2).
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are shown at the right hand of the species tree. Furthermore, the number of proteolytic active FtsH and inactive FtsHi
in these species were determined by manually investigating the presence of an AAA-like domain and peptidase M41
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plastid-encoded Ycf2 was performed in the NCBI organelle genome resources, the chloroplast genome of Aquilegia coerulea
is not available yet (marked as n.d.). Adapted from [26], created with BioRender.com.

5. Phenotypic Consequences

While chloroplast import is a fundamental process throughout the plant´s lifespan,
it is interesting to note that reduced levels of FtsHis have a more substantial impact on
seedlings than on adult plants. FTSHi knock-down mutants display a leaf variegated
or pale seedling phenotype, while adult plants look similar to WT [26,72–74]. Therefore,
import via the FtsH12/FtsHi/MDH complex might be highly important during chloroplast
development. These phenotypic consequences further point toward a dose-dependent
threshold of single subunits in the FtsH12/FtsHi complex, as observed for FtsHi5 [75].
Studies on the strong and weak ftshi mutants may provide insights into the regulatory
processes and possible thresholds accountable for a ‘gradient’ of compromised and normal
chloroplasts during leaf and chloroplast development.

5.1. FtsHi1

Arabidopsis ARC1 (accumulation and replication of chloroplasts 1) was isolated by
map-based cloning and was found to encode FtsHi1 (At4g23940) [72]. Homozygous
ftshi1-2 knock out mutants are embryo lethal, while the missense mutant ftshi1-1/arc1
displays a pale-seedling phenotype [72]. Albino seeds in developing siliques of ftshi1-1/arc1
showed arrest at three different stages of embryo development, namely late globular,
early heart, and late heart stage [72]. Seeds harvested from field-grown ftshi1-1/arc plants
displayed a significant delay in germination compared to their respective WT [26]. The
ftshi1-1/arc1 mutant shows an increased number of chloroplasts, and the plants have smaller

https://phytozome.jgi.doe.gov/
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rosette sizes throughout their life span [72]. The chloroplast ultrastructure of ftshi1-1/arc1
showed wavy, swollen, and less organized thylakoids with starch grains accumulating,
indicating the chloroplasts still being metabolic active. While chloroplasts of the ftshi1-
1/arc1 mutant contain assembled Ycf2/FtsH12/FtsHi complexes, these plants are impaired
in in vitro protein import, which is most likely caused by miss-folding of the AAA-ATPase
domain [58]. Mutated FtsHi1 or FtsH12 might partially substitute FtsHi1 in the complex.
Gene expression of FTSH12 and the other FTSHis was significantly lower in the ftshi1-1/arc1
mutant than in WT [26]. Vice versa, the expression of FTSHi1 was down-regulated in
single FTSHi mutants [26]. The overexpression of FTSHi1 (35S: FTSHi1–YFP) generated
few recovered transgenic plants, which were mildly variegated in appearance [72]. These
overexpression plants further showed a substantial increase in chloroplast size, but fewer
chloroplasts than WT. FTSHi1 transcript levels were similar in the white and green sectors
of the variegated leaves, but in variegated tissue, the level of FtsHi1–YFP was low, while
green tissue accumulated FtsHi1–YFP similar to WT [72].

The FtsHi enzymes of the chloroplast envelope have been suggested to respond to
photo-oxidative stress [72]. During de-etiolation in white light at intensities of 15, 100, or
300 µmol m−2 s−1, ftshi1-1/arc1 mutant seedlings accumulated only half of the chlorophyll
amount compared to WT controls. Low light (1 µmol m−2 s−1) irradiance with 40% blue or
60% red (BR) light led to a significant increase in the mutant’s chlorophyll accumulation.
The authors concluded that ftshi1-1/arc1 at low irradiance still can attenuate chloroplast
biogenesis without causing photo-oxidative stress. At normal growth conditions, ftshi1-
1/arc1 displayed lower non-photochemical quenching (NPQ) values than WT. However,
during exposure to various stresses (continuous light, long day/high light, short day/4 ◦C,
and long day/30 ◦C), the mutant sustained similar to WT [26], protection mechanisms
might have been triggered [76,77]

5.2. FtsHi2

During embryogenesis in plants, a fertilized ovule develops into a plant embryo [78].
Large-scale screens for mutants with altered gametophyte development [75] displayed
EMBRYO-DEFECTIVE (EMB) genes that are essential for the growth and overall de-
velopment of Arabidopsis [75,79]. FTSHi2, along with FTSHi4 and 5, are listed at http:
//seedgenes.org/index.html (accessed on 16 August 2020) for being EMBRYO-DEFECTIVE
(EMB) genes [75,79]. emb2083-1, emb2083-2, and emb2083-4 (or ftshi2-1, ftshi2-2, and ftshi2-3,
respectively) were investigated by Lu and coworkers [73], and 25% of the ovules in those
heterozygous lines were found to be albinos with an embryo-lethal phenotype. Heterozy-
gous ftshi2 mutants exhibited no evident defects before the globular stage, but then, ≈80%
(n ≥ 60) were arrested at the globular stage, and the remaining 20% reached the heart-
shaped stage with an abnormal division pattern [73]. Consistent with the finding of the
FtsH12/FtsHi complex [58,59], FtsHi2 and FtsHi4 were found to interact with each other
in vitro [73] and in silico co-expression and qPCR analysis [26]. FTSH12 and all FTSHis
co-express with genes encoding enzymes involved in plastid translation, division, and
positioning and—with the exception of FTSHi3—involved in amino acid metabolism [80].

5.3. FtsHi3

FtsHi3 is not associated with the FtsH12/FtsHi1,2,4,5 import complex but instead
seems to form a 1-MD complex with unknown partners [58,64]. Further investigations
are required to identify its role in the chloroplast envelope. ftshi3-KO plants showed
residual albino growth in young leaves [58]. The homozygous ftshi3-2 mutant displays a
pale-seedling phenotype when grown for eight days on agar plates, indicating delayed
chloroplast and thylakoid membrane development. Six-week-old ftshi3-2 mutant plants are
pale compared to WT when grown in cold stress under short-day conditions [26]. ftshi3-2
plants displayed reduced Darwinian fitness in comparison to WT [26]. After stress exposure
for some days, ftshi3-2 mutants showed a significant drop in NPQ values than WT but later
recovered. After exposure to stress for 6 weeks, the mutant displayed higher NPQ values
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than the control. Therefore, loss of FtsHi3 might enhance tolerance to photo-oxidative
stress and photo-protection [81]. Another homozygous AtFTSHi3 knock-down mutant
(ftshi3-1(kd)) displayed a significant delay in seed germination compared to WT (Mishra
and Funk, unpublished results). This phenotype was attributed to over-accumulation of
ABA, while ftshi3-1 (kd) seedlings showed partial sensitivity to exogenous ABA. ftshi3-1
(kd) plants were drought-tolerant up to 20 days after the irrigation was stopped, whereas
wild-type plants wilted after 12 days. Although ftshi3-1(kd) displayed a drought-tolerant
phenotype in aboveground tissue, its root-associated bacterial community responded to
drought (Mishra and Funk, unpublished results).

5.4. FtsHi4

In addition to its suborganellar location in the chloroplast envelope [19,58,59], FtsHi4
was also identified as a thylakoid membrane-associated protein [73]. If FtsHi4 indeed
is dual-targeted to the envelope and the thylakoid membrane or if this result is due to
antibody cross-reaction (as shown for FtsH11 [40]) or impurity of the preparation (in
the study, no envelope marker protein was used to examine the purity of the thylakoid
fraction [73]) remains to be shown. Ubiquitous transcript levels of FTSHi4 were detected in
all organs of 40-day-old wild-type plants. The lowest FTSHi4 transcripts were present in
roots; transcripts were most abundant in young leaves [73]. A. thaliana mutants depleted
of FtsHi4 display embryo lethality and disrupted thylakoid formation. Heterozygous
ftshi4/FTSHi4 plants exhibit abnormal division pattern within the same silique, with 80%
wild-type embryos reaching maturity and 20% arresting at the heart-shaped stage. Then,
albino and green seeds are distributed in developing siliques [73]. These results imply that
even FtsHi4 can be substituted in the FtsH12/FtsHi complex. Gene expression of FTSHi2
and FTSHi3 was enhanced in homozygous ftshi4-2 mutants compared to WT [26], while on
the protein level, the amount of FtsH12 was slightly diminished in the mutant [65].

Significantly lower numbers of seeds per siliques were observed in ftshi4/FTSHi4-
1 mutants grown under semi-natural conditions. These heterozygous ftshi4/FTSHi4-1
plants [26] and RNAi-FtsHi4 mutant plants [69] are smaller than WT; their cotyledons have
white and yellowish leaves. Six-week-old ftshi4-2 mutant plants exhibited pale phenotypes
compared to WT when exposed to cold stress under short-day conditions [26].

5.5. FtsHi5

Similar to the other FTSHi mutants, ftshi5 has a chlorotic seedling phenotype. Under
ambient CO2 conditions 14-day-old ftshi5 mutant plants displayed partially impaired
thylakoid morphology with reduced density, while the chloroplasts developed normally
in high CO2 conditions [74]. Using a dexamethasone (DEX)-inducible RNA-interference
transgene in FTSHi5 (DEX: RNAi-FtsHi5), Wang and coworkers could induce a dose-
dependent albino phenotype in new leaves of A. thaliana [74]. Thylakoids in DEX: RNAi-
FtsHi5 plants looked wavy, swollen, and less organized upon DEX induction [74]. RNAi-
FtsHi5 mutant plants also exhibited pale-green leaves upon DEX induction [74].

Transcripts of FTSHi5 were detected in pre-mature seeds, inflorescences, and young
leaves [74]. FTSHi5pro::GUS transgenic reporter lines showed the highest FTSHi5 expres-
sion in developing seeds, leaves, and pistils. FTSHi5 transcription exhibits a circadian
rhythm with elevated transcript levels at midday and lower levels at night. Transcription
also increased after exposure to high light, while high CO2 concentrations had no noticeable
effect [74]. Lowered FTSHi5 expression altered the expression of senescence-related genes
and genes encoding enzymes of the oxidation-reduction process. Additionally, ftshi5-1
plants produced higher levels of H2O2 and higher amounts of antioxidants to maintain the
cellular redox balance [74].
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6. Conclusions

Early plastid differentiation occurs at the globular-to-heart transition stage during
plant embryogenesis [82,83]. The accumulation of chlorophyll in embryos begins at the
heart-shaped stage. Therefore, chloroplast biogenesis is associated with embryo devel-
opment and seedling growth [82,83]. Lack of the plastidic FtsHi proteins affects embryo-
genesis at the globular–heart transition [72,73,75,79]; therefore, the role of these enzymes
is critical during chloroplast biogenesis. While most of the phenotypic characteristics
observed in FTSHi single mutants can be explained by impaired protein import into the
chloroplast, the strong impact during early development is intriguing and should be stud-
ied further. Chloroplast development is known to proceed differently in the cotyledons and
true leaves in dicotyledonous plants [84,85]. The FtsH12/FtsHi1,2,4,5 complex is absent
in grasses, and chloroplast development also proceeds differently in monocotyledonous
and dicotyledonous species [84,85]. Whether the role of FtsHi is restricted to import via the
FtsH12/Ftshi1,2,4,5 complex or has broader impact remains to be shown. Critical evalu-
ation of all available data is necessary to review or extend our current models. Modern
techniques, e.g., cryo-EM, should elucidate the comprehensive molecular structures and
underlying mechanisms of the TOC-TIC-Ycf2/FtsHi motor complexes. The various weak
and strong FtsHi protease mutants might be perfect tools to answer open questions.
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13. Klemenčič, M.; Asplund-Samuelsson, J.; Dolinar, M.; Funk, C. Phylogenetic distribution and diversity of bacterial pseudo-
orthocaspases underline their putative role in photosynthesis. Front. Plant Sci. 2019, 10, 293. [CrossRef]

14. Reynolds, S.L.; Fischer, K. Pseudoproteases: Mechanisms and function. Biochem. J. 2015, 468, 17–24. [CrossRef]

http://doi.org/10.1146/annurev.genet.38.072902.093416
http://www.ncbi.nlm.nih.gov/pubmed/15568990
http://doi.org/10.1146/annurev-arplant-043014-115547
http://www.ncbi.nlm.nih.gov/pubmed/25580835
http://doi.org/10.1074/jbc.R800035200
http://doi.org/10.1186/1471-2229-6-30
http://www.ncbi.nlm.nih.gov/pubmed/17181860
http://doi.org/10.1007/s00425-004-1407-2
http://doi.org/10.1104/pp.16.00330
http://doi.org/10.1126/science.274.5284.103
http://doi.org/10.3390/biom10020253
http://www.ncbi.nlm.nih.gov/pubmed/32046155
http://doi.org/10.1096/fj.201901624RR
http://doi.org/10.3389/fpls.2019.00293
http://doi.org/10.1042/BJ20141506


Int. J. Mol. Sci. 2021, 22, 5917 10 of 12

15. Malnoe, A.; Wang, F.; Girard-Bascou, J.; Wollman, F.A.; de Vitry, C. Thylakoid FtsH protease contributes to photosystem II and
cytochrome b6f remodeling in Chlamydomonas reinhardtii under stress conditions. Plant Cell 2014, 26, 373–390. [CrossRef]
[PubMed]

16. Pulido, P.; Toledo-Ortiz, G.; Phillips, M.A.; Wright, L.P.; Rodriguez-Concepcion, M. Arabidopsis J-protein J20 delivers the first
enzyme of the plastidial isoprenoid pathway to protein quality control. Plant Cell 2013, 25, 4183–4194. [CrossRef]

17. Pulido, P.; Llamas, E.; Llorente, B.; Ventura, S.; Wright, L.P.; Rodriguez-Concepcion, M. Specific Hsp100 Chaperones Determine
the Fate of the First Enzyme of the Plastidial Isoprenoid Pathway for Either Refolding or Degradation by the Stromal Clp Protease
in Arabidopsis. PLoS Genet. 2016, 12, e1005824. [CrossRef]

18. Wagner, R.; Aigner, H.; Funk, C. FtsH proteases located in the plant chloroplast. Physiol. Plant. 2012, 145, 203–214. [CrossRef]
[PubMed]

19. Ferro, M.; Brugiere, S.; Salvi, D.; Seigneurin-Berny, D.; Court, M.; Moyet, L.; Ramus, C.; Miras, S.; Mellal, M.; Le Gall, S.; et al.
AT_CHLORO, a comprehensive chloroplast proteome database with subplastidial localization and curated information on
envelope proteins. Mol. Cell Proteom. 2010, 9, 1063–1084. [CrossRef]

20. Wu, J.; Jin, Y.; Zhong, S.; Chen, R.; Zhu, S.; Wang, W.; Lu, Q.; Xiong, Y. A unique group of inactive serine protease homologues
from snake venom. Toxicon 2008, 52, 277–284. [CrossRef]

21. Nishimura, K.; Apitz, J.; Friso, G.; Kim, J.; Ponnala, L.; Grimm, B.; van Wijk, K.J. Discovery of a Unique Clp Component, ClpF, in
Chloroplasts: A Proposed Binary ClpF-ClpS1 Adaptor Complex Functions in Substrate Recognition and Delivery. Plant Cell 2015,
27, 2677–2691. [CrossRef]

22. Nishimura, K.; van Wijk, K.J. Organization, function and substrates of the essential Clp protease system in plastids. Biochim.
Biophys. Acta 2015, 1847, 915–930. [CrossRef]

23. Andersson, F.I.; Tryggvesson, A.; Sharon, M.; Diemand, A.V.; Classen, M.; Best, C.; Schmidt, R.; Schelin, J.; Stanne, T.M.; Bukau, B.;
et al. Structure and function of a novel type of ATP-dependent Clp protease. J. Biol. Chem. 2009, 284, 13519–13532. [CrossRef]

24. Sokolenko, A.; Pojidaeva, E.; Zinchenko, V.; Panichkin, V.; Glaser, V.M.; Herrmann, R.G.; Shestakov, S.V. The gene complement
for proteolysis in the cyanobacterium Synechocystis sp. PCC 6803 and Arabidopsis thaliana chloroplasts. Curr. Genet. 2002, 41,
291–310. [CrossRef] [PubMed]

25. Janska, H.; Kwasniak, M.; Szczepanowska, J. Protein quality control in organelles—AAA/FtsH story. Biochim. Biophys. Acta Mol.
Cell Res. 2013, 1833, 381–387. [CrossRef]

26. Mishra, L.S.; Mielke, K.; Wagner, R.; Funk, C. Reduced expression of the proteolytically inactive FtsH members has impacts on
the Darwinian fitness of Arabidopsis thaliana. J. Exp. Bot. 2019, 70, 2173–2184. [CrossRef] [PubMed]

27. Rawlings, N.D.; Waller, M.; Barrett, A.J.; Bateman, A. MEROPS: The database of proteolytic enzymes, their substrates and
inhibitors. Nucleic Acids Res. 2013, 42, D503–D509. [CrossRef]

28. Saikawa, N.; Ito, K.; Akiyama, Y. Identification of glutamic acid 479 as the gluzincin coordinator of zinc in FtsH (HflB). Biochemistry
2002, 41, 1861–1868. [CrossRef]

29. Bieniossek, C.; Niederhauser, B.; Baumann, U.M. The crystal structure of apo-FtsH reveals domain movements necessary for
substrate unfolding and translocation. Proc. Natl. Acad. Sci. USA 2009, 106, 21579–21584. [CrossRef]

30. Bieniossek, C.; Schalch, T.; Bumann, M.; Meister, M.; Meier, R.; Baumann, U. The molecular architecture of the metalloprotease
FtsH. Proc. Natl. Acad. Sci. USA 2006, 103, 3066–3071. [CrossRef] [PubMed]

31. Ogura, T.; Wilkinson, A.J. AAA+ superfamily ATPases: Common structure—Diverse function. Genes Cells 2001, 6, 575–597.
[CrossRef]

32. Tomoyasu, T.; Gamer, J.; Bukau, B.; Kanemori, M.; Mori, H.; Rutman, A.J.; Oppenheim, A.B.; Yura, T.; Yamanaka, K.; Niki, H.;
et al. Escherichia-Coli Ftsh Is a Membrane-Bound, Atp-Dependent Protease Which Degrades the Heat-Shock Transcription Factor
Sigma(32). EMBO J. 1995, 14, 2551–2560. [CrossRef]

33. Herman, C.; Prakash, S.; Lu, C.Z.; Matouschek, A.; Gross, C.A. Lack of a robust unfoldase activity confers a unique level of
substrate specificity to the universal AAA protease FtsH. Mol. Cell 2003, 11, 659–669. [CrossRef]

34. Asahara, Y.; Atsuta, K.; Motohashi, K.; Taguchi, H.; Yohda, M.; Yoshida, M. FtsH recognizes proteins with unfolded structure and
hydrolyzes the carboxyl side of hydrophobic residues. J. Biochem. 2000, 127, 931–937. [CrossRef]

35. Karata, K.; Inagawa, T.; Wilkinson, A.J.; Tatsuta, T.; Ogura, T. Dissecting the role of a conserved motif (the second region of
homology) in the AAA family of ATPases. Site-directed mutagenesis of the ATP-dependent protease FtsH. J. Biol. Chem. 1999,
274, 26225–26232. [CrossRef]

36. Hinnerwisch, J.; Fenton, W.A.; Furtak, K.J.; Farr, G.W.; Horwich, A.L. Loops in the central channel of ClpA chaperone mediate
protein binding, unfolding, and translocation. Cell 2005, 121, 1029–1041. [CrossRef]

37. Park, E.; Rho, Y.M.; Koh, O.J.; Ahn, S.W.; Seong, I.S.; Song, J.J.; Bang, O.; Seol, J.H.; Wang, J.; Eom, S.H.; et al. Role of the GYVG
pore motif of HslU ATPase in protein unfolding and translocation for degradation by HslV peptidase. J. Biol. Chem. 2005, 280,
22892–22898. [CrossRef] [PubMed]

38. Puchades, C.; Sandate, C.R.; Lander, G.C. The molecular principles governing the activity and functional diversity of AAA+
proteins. Nat. Rev. Mol. Cell Biol. 2020, 21, 43–58. [CrossRef]

39. Urantowka, A.; Knorpp, C.; Olczak, T.; Kolodziejczak, M.; Janska, H. Plant mitochondria contain at least two i-AAA-like
complexes. Plant Mol. Biol. 2005, 59, 239–252. [CrossRef] [PubMed]

http://doi.org/10.1105/tpc.113.120113
http://www.ncbi.nlm.nih.gov/pubmed/24449688
http://doi.org/10.1105/tpc.113.113001
http://doi.org/10.1371/journal.pgen.1005824
http://doi.org/10.1111/j.1399-3054.2011.01548.x
http://www.ncbi.nlm.nih.gov/pubmed/22121866
http://doi.org/10.1074/mcp.M900325-MCP200
http://doi.org/10.1016/j.toxicon.2008.05.013
http://doi.org/10.1105/tpc.15.00574
http://doi.org/10.1016/j.bbabio.2014.11.012
http://doi.org/10.1074/jbc.M809588200
http://doi.org/10.1007/s00294-002-0309-8
http://www.ncbi.nlm.nih.gov/pubmed/12185496
http://doi.org/10.1016/j.bbamcr.2012.03.016
http://doi.org/10.1093/jxb/erz004
http://www.ncbi.nlm.nih.gov/pubmed/30721974
http://doi.org/10.1093/nar/gkt953
http://doi.org/10.1021/bi015748o
http://doi.org/10.1073/pnas.0910708106
http://doi.org/10.1073/pnas.0600031103
http://www.ncbi.nlm.nih.gov/pubmed/16484367
http://doi.org/10.1046/j.1365-2443.2001.00447.x
http://doi.org/10.1002/j.1460-2075.1995.tb07253.x
http://doi.org/10.1016/S1097-2765(03)00068-6
http://doi.org/10.1093/oxfordjournals.jbchem.a022689
http://doi.org/10.1074/jbc.274.37.26225
http://doi.org/10.1016/j.cell.2005.04.012
http://doi.org/10.1074/jbc.M500035200
http://www.ncbi.nlm.nih.gov/pubmed/15849200
http://doi.org/10.1038/s41580-019-0183-6
http://doi.org/10.1007/s11103-005-8766-3
http://www.ncbi.nlm.nih.gov/pubmed/16247555


Int. J. Mol. Sci. 2021, 22, 5917 11 of 12

40. Wagner, R.; Von Sydow, L.; Aigner, H.; Netotea, S.; Brugière, S.; Sjögren, L.; Ferro, M.; Clarke, A.; Funk, C. Deletion of FtsH11
protease has impact on chloroplast structure and function in Arabidopsis thaliana when grown under continuous light. Plant Cell
Environ. 2016, 39, 2530–2544. [CrossRef]

41. Kolodziejczak, M.; Skibior-Blaszczyk, R.; Janska, H. m-AAA Complexes Are Not Crucial for the Survival of Arabidopsis under
Optimal Growth Conditions Despite Their Importance for Mitochondrial Translation. Plant Cell Physiol. 2018, 59, 1006–1016.
[CrossRef]

42. Gibala, M.; Kicia, M.; Sakamoto, W.; Gola, E.M.; Kubrakiewicz, J.; Smakowska, E.; Janska, H. The lack of mitochondrial AtFtsH4
protease alters Arabidopsis leaf morphology at the late stage of rosette development under short-day photoperiod. Plant J. 2009,
59, 685–699. [CrossRef]

43. Marta, K.; Marta, G.; Adam, U.; Hanna, J. The significance of Arabidopsis AAA proteases for activity and assembly/stability of
mitochondrial OXPHOS complexes. Physiol. Plant. 2007, 129, 135–142. [CrossRef]

44. Kato, Y.; Sakamoto, W. FtsH Protease in the Thylakoid Membrane: Physiological Functions and the Regulation of Protease
Activity. Front. Plant Sci. 2018, 9, 855. [CrossRef]

45. Zaltsman, A.; Ori, N.; Adam, Z. Two types of FtsH protease subunits are required for chloroplast biogenesis and Photosystem II
repair in Arabidopsis. Plant Cell 2005, 17, 2782–2790. [CrossRef]

46. Chen, M.; Choi, Y.D.; Voytas, D.F.; Rodermel, S. Mutations in the Arabidopsis VAR2 locus cause leaf variegation due to the loss of
a chloroplast FtsH protease. Plant J. 2000, 22, 303–313. [CrossRef]

47. Miura, E.; Kato, Y.; Matsushima, R.; Albrecht, V.; Laalami, S.; Sakamoto, W. The balance between protein synthesis and
degradation in chloroplasts determines leaf variegation in Arabidopsis yellow variegated mutants. Plant Cell 2007, 19, 1313–1328.
[CrossRef]

48. Takechi, K.; Sodmergen; Murata, M.; Motoyoshi, F.; Sakamoto, W. The Yellow Variegated (VAR2) locus encodes a homologue of
FtsH, an ATP-dependent protease in Arabidopsis. Plant Cell Physiol. 2000, 41, 1334–1346. [CrossRef]

49. Yu, F.; Liu, X.; Alsheikh, M.; Park, S.; Rodermel, S. Mutations in Suppressor of Variegation1, a factor required for normal
chloroplast translation, suppress var2-mediated leaf variegation in Arabidopsis. Plant Cell 2008, 20, 1786–1804. [CrossRef]

50. Yu, F.; Park, S.; Rodermel, S.R. The Arabidopsis FtsH metalloprotease gene family: Interchangeability of subunits in chloroplast
oligomeric complexes. Plant J. 2004, 37, 864–876. [CrossRef]

51. Sakamoto, W.; Zaltsman, A.; Adam, Z.; Takahashi, Y. Coordinated regulation and complex formation of yellow variegated1 and
yellow variegated2, chloroplastic FtsH metalloproteases involved in the repair cycle of photosystem II in Arabidopsis thylakoid
membranes. Plant Cell 2003, 15, 2843–2855. [CrossRef]

52. Zaltsman, A.; Feder, A.; Adam, Z. Developmental and light effects on the accumulation of FtsH protease in Arabidopsis
chloroplasts—Implications for thylakoid formation and photosystem II maintenance. Plant J. 2005, 42, 609–617. [CrossRef]

53. Sedaghatmehr, M.; Mueller-Roeber, B.; Balazadeh, S. The plastid metalloprotease FtsH6 and small heat shock protein HSP21
jointly regulate thermomemory in Arabidopsis. Nat. Commun. 2016, 7, 12439. [CrossRef] [PubMed]

54. Wagner, R.; Aigner, H.; Pruzinska, A.; Jankanpaa, H.J.; Jansson, S.; Funk, C. Fitness analyses of Arabidopsis thaliana mutants
depleted of FtsH metalloproteases and characterization of three FtsH6 deletion mutants exposed to high light stress, senescence
and chilling. New Phytol. 2011, 191, 449–458. [CrossRef]

55. Shao, S.; Cardona, T.; Nixon, P.J. Early emergence of the FtsH proteases involved in photosystem II repair. Photosynthetica 2018,
56, 163–177. [CrossRef]

56. Adam, Z.; Aviv-Sharon, E.; Keren-Paz, A.; Naveh, L.; Rozenberg, M.; Savidor, A.; Chen, J.P. The Chloroplast Envelope Protease
FTSH11-Interaction With CPN60 and Identification of Potential Substrates. Front. Plant Sci. 2019, 10, 428. [CrossRef]

57. Chen, J.; Burke, J.J.; Velten, J.; Xin, Z. FtsH11 protease plays a critical role in Arabidopsis thermotolerance. Plant J. 2006, 48, 73–84.
[CrossRef]

58. Kikuchi, S.; Asakura, Y.; Imai, M.; Nakahira, Y.; Kotani, Y.; Hashiguchi, Y.; Nakai, Y.; Takafuji, K.; Bedard, J.; Hirabayashi-Ishioka,
Y.; et al. A Ycf2-FtsHi Heteromeric AAA-ATPase Complex Is Required for Chloroplast Protein Import. Plant Cell 2018, 30,
2677–2703. [CrossRef]

59. Schreier, T.B.; Clery, A.; Schlafli, M.; Galbier, F.; Stadler, M.; Demarsy, E.; Albertini, D.; Maier, B.A.; Kessler, F.; Hortensteiner, S.;
et al. Plastidial NAD-Dependent Malate Dehydrogenase: A Moonlighting Protein Involved in Early Chloroplast Development
through Its Interaction with an FtsH12-FtsHi Protease Complex. Plant Cell 2018, 30, 1745–1769. [CrossRef]

60. Kikuchi, S.; Bedard, J.; Hirano, M.; Hirabayashi, Y.; Oishi, M.; Imai, M.; Takase, M.; Ide, T.; Nakai, M. Uncovering the Protein
Translocon at the Chloroplast Inner Envelope Membrane. Science 2013, 339, 571–574. [CrossRef]

61. De Longevialle, A.F.; Hendrickson, L.; Taylor, N.L.; Delannoy, E.; Lurin, C.; Badger, M.; Millar, A.H.; Small, I. The pentatricopeptide
repeat gene OTP51 with two LAGLIDADG motifs is required for the cis-splicing of plastid ycf3 intron 2 in Arabidopsis thaliana.
Plant J. 2008, 56, 157–168. [CrossRef]

62. Nakai, M. New Perspectives on Chloroplast Protein Import. Plant Cell Physiol. 2018, 59, 1111–1119. [CrossRef]
63. Herrmann, J.M. A Force-Generating Machine in the Plant’s Powerhouse: A Pulling AAA-ATPase Motor Drives Protein Transloca-

tion into Chloroplasts. Plant Cell 2018, 30, 2646–2647. [CrossRef]
64. Schafer, P.; Helm, S.; Kohler, D.; Agne, B.; Baginsky, S. Consequences of impaired 1-MDa TIC complex assembly for the abundance

and composition of chloroplast high-molecular mass protein complexes. PLoS ONE 2019, 14, e0213364. [CrossRef]

http://doi.org/10.1111/pce.12808
http://doi.org/10.1093/pcp/pcy041
http://doi.org/10.1111/j.1365-313X.2009.03907.x
http://doi.org/10.1111/j.1399-3054.2006.00835.x
http://doi.org/10.3389/fpls.2018.00855
http://doi.org/10.1105/tpc.105.035071
http://doi.org/10.1046/j.1365-313x.2000.00738.x
http://doi.org/10.1105/tpc.106.049270
http://doi.org/10.1093/pcp/pcd067
http://doi.org/10.1105/tpc.107.054965
http://doi.org/10.1111/j.1365-313X.2003.02014.x
http://doi.org/10.1105/tpc.017319
http://doi.org/10.1111/j.1365-313X.2005.02401.x
http://doi.org/10.1038/ncomms12439
http://www.ncbi.nlm.nih.gov/pubmed/27561243
http://doi.org/10.1111/j.1469-8137.2011.03684.x
http://doi.org/10.1007/s11099-018-0769-9
http://doi.org/10.3389/fpls.2019.00428
http://doi.org/10.1111/j.1365-313X.2006.02855.x
http://doi.org/10.1105/tpc.18.00357
http://doi.org/10.1105/tpc.18.00121
http://doi.org/10.1126/science.1229262
http://doi.org/10.1111/j.1365-313X.2008.03581.x
http://doi.org/10.1093/pcp/pcy083
http://doi.org/10.1105/tpc.18.00751
http://doi.org/10.1371/journal.pone.0213364


Int. J. Mol. Sci. 2021, 22, 5917 12 of 12

65. Mielke, K.; Wagner, R.; Mishra, L.S.; Demir, F.; Perrar, A.; Huesgen, P.F.; Funk, C. Abundance of metalloprotease FtsH12 modulates
chloroplast development in Arabidopsis thaliana. J. Exp. Bot. 2020, 72, 3455–3473. [CrossRef] [PubMed]

66. Nakai, M. Reply: The Revised Model for Chloroplast Protein Import. Plant Cell 2020, 32, 543–546. [CrossRef]
67. Li, H.M.; Schnell, D.; Theg, S.M. Protein Import Motors in Chloroplasts: On the Role of Chaperones. Plant Cell 2020, 32, 536–542.

[CrossRef]
68. García-Lorenzo, M.; Pružinská, A.; Funk, C. ATP-dependent proteases in the chloroplast. In ATP-Dependent Proteases; Kutejova,

E., Ed.; Research Signpost: Kerala, India, 2008; pp. 145–176.
69. Wolfe, K.H. Similarity between Putative Atp-Binding Sites in Land Plant Plastid Orf2280 Proteins and the Ftsh/Cdc48 Family of

Atpases. Curr. Genet. 1994, 25, 379–383. [CrossRef]
70. Drescher, A.; Ruf, S.; Calsa, T., Jr.; Carrer, H.; Bock, R. The two largest chloroplast genome-encoded open reading frames of higher

plants are essential genes. Plant J. 2000, 22, 97–104. [CrossRef] [PubMed]
71. Schmutz, J.; Cannon, S.B.; Schlueter, J.; Ma, J.; Mitros, T.; Nelson, W.; Hyten, D.L.; Song, Q.; Thelen, J.J.; Cheng, J.; et al. Genome

sequence of the palaeopolyploid soybean. Nature 2010, 463, 178–183. [CrossRef]
72. Kadirjan-Kalbach, D.K.; Yoder, D.W.; Ruckle, M.E.; Larkin, R.M.; Osteryoung, K.W. FtsHi1/ARC1 is an essential gene in

Arabidopsis that links chloroplast biogenesis and division. Plant J. 2012, 72, 856–867. [CrossRef] [PubMed]
73. Lu, X.D.; Zhang, D.Y.; Li, S.P.; Su, Y.P.; Liang, Q.J.; Meng, H.Y.; Shen, S.D.; Fan, Y.L.; Liu, C.M.; Zhang, C.Y. FtsHi4 Is Essential for

Embryogenesis Due to Its Influence on Chloroplast Development in Arabidopsis. PLoS ONE 2014, 9, e99741. [CrossRef]
74. Wang, T.; Li, S.; Chen, D.; Xi, Y.; Xu, X.; Ye, N.; Zhang, J.; Peng, X.; Zhu, G. Impairment of FtsHi5 function affects cellular redox

balance and photorespiratory metabolism in Arabidopsis. Plant Cell Physiol. 2018, 59, 2526–2535. [CrossRef]
75. Meinke, D.; Muralla, R.; Sweeney, C.; Dickerman, A. Identifying essential genes in Arabidopsis thaliana. Trends Plant Sci. 2008, 13,

483–491. [CrossRef]
76. Juvany, M.; Muller, M.; Munne-Bosch, S. Photo-oxidative stress in emerging and senescing leaves: A mirror image? J. Exp. Bot.

2013, 64, 3087–3098. [CrossRef]
77. Matsubara, S.; Schneider, T.; Maurino, V.G. Dissecting Long-Term Adjustments of Photoprotective and Photo-Oxidative Stress

Acclimation Occurring in Dynamic Light Environments. Front. Plant Sci. 2016, 7, 1690. [CrossRef]
78. de Vries, S.C.; Weijers, D. Plant embryogenesis. Curr. Biol. 2017, 27, R870–R873. [CrossRef] [PubMed]
79. Meinke, D.W. Genome-wide identification of Embryo-Defective (EMB) genes required for growth and development in Arabidopsis.

New Phytol. 2020, 226, 306–325. [CrossRef]
80. Majsec, K.; Bhuiyan, N.H.; Sun, Q.; Kumari, S.; Kumar, V.; Ware, D.; van Wijk, K.J. The Plastid and Mitochondrial Peptidase

Network in Arabidopsis thaliana: A Foundation for Testing Genetic Interactions and Functions in Organellar Proteostasis. Plant
Cell 2017, 29, 2687–2710. [CrossRef]

81. Muller, P.; Li, X.P.; Niyogi, K.K. Non-photochemical quenching. A response to excess light energy. Plant Physiol. 2001, 125,
1558–1566. [CrossRef]

82. Mansfield, S.; Briarty, L. Early embryogenesis in Arabidopsis thaliana. II. The developing embryo. Can. J. Bot. 1991, 69, 461–476.
[CrossRef]

83. Tejos, R.I.; Mercado, A.V.; Meisel, L.A. Analysis of chlorophyll fluorescence reveals stage specific patterns of chloroplast-containing
cells during Arabidopsis embryogenesis. Biol. Res. 2010, 43, 99–111. [CrossRef]

84. Pogson, B.J.; Albrecht, V. Genetic Dissection of Chloroplast Biogenesis and Development: An Overview. Plant Physiol. 2011, 155,
1545–1551. [CrossRef] [PubMed]

85. Pogson, B.J.; Ganguly, D.; Albrecht-Borth, V. Insights into chloroplast biogenesis and development. Biochim. Biophys. Acta 2015,
1847, 1017–1024. [CrossRef] [PubMed]

http://doi.org/10.1093/jxb/eraa550
http://www.ncbi.nlm.nih.gov/pubmed/33216923
http://doi.org/10.1105/tpc.19.00821
http://doi.org/10.1105/tpc.19.00300
http://doi.org/10.1007/BF00351493
http://doi.org/10.1046/j.1365-313x.2000.00722.x
http://www.ncbi.nlm.nih.gov/pubmed/10792825
http://doi.org/10.1038/nature08670
http://doi.org/10.1111/tpj.12001
http://www.ncbi.nlm.nih.gov/pubmed/22900897
http://doi.org/10.1371/journal.pone.0099741
http://doi.org/10.1093/pcp/pcy174
http://doi.org/10.1016/j.tplants.2008.06.003
http://doi.org/10.1093/jxb/ert174
http://doi.org/10.3389/fpls.2016.01690
http://doi.org/10.1016/j.cub.2017.05.026
http://www.ncbi.nlm.nih.gov/pubmed/28898655
http://doi.org/10.1111/nph.16071
http://doi.org/10.1105/tpc.17.00481
http://doi.org/10.1104/pp.125.4.1558
http://doi.org/10.1139/b91-063
http://doi.org/10.4067/S0716-97602010000100012
http://doi.org/10.1104/pp.110.170365
http://www.ncbi.nlm.nih.gov/pubmed/21330494
http://doi.org/10.1016/j.bbabio.2015.02.003
http://www.ncbi.nlm.nih.gov/pubmed/25667967

	Introduction 
	Proteases in the Plant Chloroplast 
	Plant Pseudo-Proteases 

	Filamentation Temperature-Sensitive Protein H (FtsH) Protease Family 
	The FtsH Protease Family of Arabidopsis thaliana 
	FtsH Proteases Located in the Thylakoid Membrane 
	FtsH Proteases Located in the Chloroplast Envelope 


	Pseudo-Proteases with an Important Enzymatic Activity 
	Evolution of FtsHi Pseudo-Proteases 
	Phenotypic Consequences 
	FtsHi1 
	FtsHi2 
	FtsHi3 
	FtsHi4 
	FtsHi5 

	Conclusions 
	References

