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The Role of Non-Coding RNAs in Cytoplasmic Male Sterility in Flowering Plants
Reprinted from: Int. J. Mol. Sci. 2017, 18, 2429, doi:10.3390/ijms18112429 . . . . . . . . . . . . . . 111

Natanael Mansilla, Sofia Racca, Diana E. Gras, Daniel H. Gonzalez and Elina Welchen

The Complexity of Mitochondrial Complex IV: An Update of Cytochrome c Oxidase Biogenesis
in Plants
Reprinted from: Int. J. Mol. Sci. 2018, 19, 662, doi:10.3390/ijms19030662 . . . . . . . . . . . . . . . 124
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Preface to ”Plant Mitochondria”

The primary function of mitochondria is respiration, where the catabolism of substrates is

coupled to ATP synthesis via oxidative phosphorylation. In plants, mitochondrial composition

is relatively complex and flexible and has specific pathways to support photosynthetic processes

in illuminated leaves. Plant mitochondria also play important roles in a variety of cellular

processes associated with carbon, nitrogen, phosphorus, and sulfur metabolism. Research on

plant mitochondria has rapidly developed in the last few decades with the availability of the

genome sequences for a wide range of model and crop plants. Recent prominent themes in plant

mitochondrial research include linking mitochondrial composition to environmental stress responses,

and how this oxidative stress impacts on the plant mitochondrial function. Similarly, interest in

the signaling capacity of mitochondria, the role of reactive oxygen species, and retrograde and

anterograde signaling has revealed the transcriptional changes of stress responsive genes as a

framework to define specific signals emanating to and from the mitochondrion. There has also been

considerable interest in the unique RNA metabolic processes in plant mitochondria, including RNA

transcription, RNA editing, the splicing of group I and group II introns and RNA degradation

and translation. Despite their identification more than 100 years ago, plant mitochondria remain a

significant area of research in the plant sciences.

Nicolas L. Taylor

Special Issue Editor
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The primary function of mitochondria is respiration, where catabolism of substrates is coupled to
adenosine triphosphate (ATP) synthesis via oxidative phosphorylation (OxPhos). Organic acids such
as pyruvate and malate produced in the cytosol are oxidised in mitochondria by the tricarboxylic acid
(TCA) cycle and subsequently by the electron transport chain (ETC). Energy released by this oxidation
is used to synthesise ATP, which is then exported to the cytosol for use in biosynthesis and growth.
In plants, mitochondrial composition is relatively complex and flexible and has specific pathways to
enable continuous survival during abiotic stress exposure and to support photosynthetic processes in
illuminated leaves.

Plant mitochondria are double-membrane organelles where the inner membrane is invaginated
to form folds known as cristae to increase the surface area of the membrane. The outer membrane
contains relatively few proteins (<100) and is permeable to most small compounds (<Mr = 5 kDa)
due to the presence of the pore-forming protein VDAC (voltage dependent anion channel), which is a
member of the porin family of ion channels. The inner membrane is the main permeability barrier of
the organelle and controls the movement of molecules by means of a series of carrier proteins, many
of which are members of mitochondrial substrate carrier family (MSCF). The inner membrane also
houses the large complexes that carry out electron transfer in two inter-connected pathways that finish
with two terminal oxidases. It is also the site of oxidative phosphorylation (OxPhos) and contains a
non-phosphorylating bypass of the classical ETC. The inner membrane also encloses the soluble matrix
which contains the enzymes of the TCA cycle and many other soluble proteins involved in a myriad of
mitochondrial functions.

Mitochondria are semi-autonomous organelles with their own DNA, protein synthesis, and
degradation machinery. The proteins encoded by the mitochondrial genome undergo a range of
post-transcriptional and post-translational processing during their synthesis. The mitochondrial
genome also encodes a number of pollen abortion related genes involved in controlling plant
fertility in a process known as cytoplasmic male sterility (CMS). These CMS plants are used to
produce hybrids that benefit from hybrid vigor or heterosis, producing greater biomass and yield.
However, the mitochondrial genome encodes only a small portion of the proteins which make up the
mitochondrion; the rest are encoded by nuclear genes and synthesised in the cytosol. These proteins
are then transported into the mitochondrion by the protein import machinery and assembled with the
mitochondrially synthesised subunits to form the large respiratory complexes and other proteins.

Stress tolerance is a very complex trait, involving a multitude of developmental, physiological,
and biochemical processes. Compared to other organelles, plant mitochondria are disproportionately
involved in stress tolerance, probably because they are a convergence point between metabolism,
signaling, and cell fate [1]. Mitochondria are also the site of production of reactive oxygen species (ROS),
with the ubiquinone pool and components in Complex I and Complex III the main sites of production.
Recently, Complex II has also been shown to produce significant superoxide [2]. Under normal steady
state conditions, ROS production is controlled by a complex array of antioxidant enzymes and small
molecules that scavenge ROS and limit mitochondrial and cellular damage. However, under some
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conditions these defences can become overwhelmed and ROS accumulate, leading to damage of
proteins, lipids, and DNA.

The number of mitochondria per cell varies with tissue type, with more active cells with high
energy demands, such as those in growing meristems, generally equipped with larger numbers of
mitochondria per unit cell volume and typically these show faster respiration rates. Research on plant
mitochondria has rapidly developed in the last few decades with the availability of genome sequences
for a wide range of model and crop plants. Recent prominent themes in the plant mitochondrial
research include linking mitochondrial composition to environmental stress responses and how this
oxidative stress impacts upon mitochondrial function. Similarly, interest in the signaling capacity of
mitochondria (the role reactive oxygen species, retrograde, and anterograde signaling) has revealed the
transcriptional changes of stress responsive genes as a framework to define specific signals emanating
to and from the mitochondrion. There has also been considerable interest in RNA metabolic processes
in plant mitochondria including RNA transcription, RNA editing, the splicing of group I and group II
introns, and RNA degradation and translation. Despite their identification more than 100 years ago
plant mitochondria remain a significant area of research in the plant sciences.

In this Special Issue, “Plant Mitochondria”, a total of 19 articles were accepted with 15 original
research articles and 4 review articles broadly covering the field of plant mitochondrial research
(Table 1). Manuscripts focused on protein synthesis and degradation [3–6], abiotic stress [7–10],
OxPhos [11–14], protein import [15–17], ROS and antioxidants [18], and CMS [19,20].

Table 1. Contributors to the Special Issue “Plant Mitochondria”.

Authors Title Topics Type

Arimura et al. [7]
Cold Treatment Induces Transient Mitochondrial Fragmentation in
Arabidopsis thaliana in a Way that Requires DRP3A but not ELM1 or
an ELM1-Like Homologue, ELM2

Abiotic stress Original
Research

Robles et al. [8] The Characterization of Arabidopsis mterf6 Mutants Reveals a New
Role for mTERF6 in Tolerance to Abiotic Stress Abiotic stress Original

Research

Rurek et al. [9]
Cold and Heat Stress Diversely Alter Both Cauliflower Respiration and
Distinct Mitochondrial Proteins Including OXPHOS Components and
Matrix Enzymes

Abiotic stress Original
Research

Rurek et al. [10]

Mitochondrial Biogenesis in Diverse Cauliflower Cultivars under Mild
and Severe Drought. Impaired Coordination of Selected Transcript and
Proteomic Responses, and Regulation of Various
Multifunctional Proteins

Abiotic stress Original
Research

Reddemann et al.
[19]

Recombination Events Involving the atp9 Gene Are Associated with
Male Sterility of CMS PET2 in Sunflower

cytoplasmic
Male Sterility

Original
Research

Štorchová et al. [20]
The Role of Non-Coding RNAs in cytoplasmic Male Sterility in 
Flowering Plants

cytoplasmic
Male Sterility Review

Mansilla et al. [21] The Complexity of Mitochondrial Complex IV: An Update of
Cytochrome c Oxidase Biogenesis in Plants

Oxidative
Phosphorylation Review

Podgórska et al.
[12]

Nitrogen Source Dependent Changes in Central Sugar Metabolism
Maintain Cell Wall Assembly in Mitochondrial Complex I-Defective
frostbite1 and Secondarily Affect Programmed Cell Death

OxPhos Original
Research

Velada et al. [13]
AOX1-Subfamily Gene Members in Olea europaea cv. “Galega
Vulgar”—Gene Characterization and Expression of Transcripts during
IBA-Induced In Vitro Adventitious Rooting

OxPhos Original
Research

Wanniarachchi et al.
[14]

Alternative Respiratory Pathway Component Genes (AOX and ND) in
Rice and Barley and Their Response to Stress OxPhos Original

Research

Podgórska et al.
[11]

Suppression of External NADPH Dehydrogenase—NDB1 in
Arabidopsis thaliana Confers Improved Tolerance to Ammonium
Toxicity via Efficient Glutathione/Redox Metabolism

OxPhos Original
Research

Avelange-Macherel
et al. [15]

Decoding the Divergent Subcellular Location of Two Highly Similar
Paralogous LEA Proteins Protein Import Original

Research

Kolli et al. [16] Plant Mitochondrial Inner Membrane Protein Insertion Protein Import Review
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Table 1. Cont.

Authors Title Topics Type

Zhao et al. [17] The Roles of Mitochondrion in Intergenomic Gene Transfer in Plants:
A Source and a Pool Protein Import Original

Research

Dolzblasz et al. [3] Impairment of Meristem Proliferation in Plants Lacking the
Mitochondrial Protease AtFTSH4

Protein Synthesis
and Degradation

Original
Research

Opalińska et al. [4] Identification of Physiological Substrates and Binding Partners of the
Plant Mitochondrial Protease FTSH4 by the Trapping Approach

Protein Synthesis
and Degradation

Original
Research

Robles et al. [5] Emerging Roles of Mitochondrial Ribosomal Proteins in
Plant Development

Protein Synthesis
and Degradation Review

Zmudjak et al. [6]
Analysis of the Roles of the Arabidopsis nMAT2 and PMH2 Proteins
Provided with New Insights into the Regulation of Group II Intron
Splicing in Land-Plant Mitochondria

Protein Synthesis
and Degradation

Original
Research

Mao et al. [18] Nitric Oxide Regulates Seedling Growth and Mitochondrial Responses
in Aged Oat Seeds

ROS &
Antioxidants

Original
Research

A number of research articles in this Special Issue focused on the responses of mitochondria to
abiotic stress, with studies that examined thermal stress (both hot and cold), salinity, and drought.
Arimura et al. [7] demonstrated that cold induced mitochondrial fission (which was previously thought
to involve the action of both a dynamin-related protein) DRP3A and another plant specific factor
ELM1, only requires DRP3A in Arabidopsis. At the same time, they showed that an ELM1 paralogue
(ELM2) seemed to have only a limited role in mitochondrial fission in an elm1 mutant, suggesting
that Arabidopsis has a unique, cold induced mitochondrial fission that involves only DRP3A to
control the size and shape of mitochondria. The mitochondrial transcription termination factors
(mTERFs) which are involved in the control of organellar gene expression (OGE) with mutations in
some characterized mTERFs (resulting in plants that have altered responses to salt, high light, heat, or
osmotic stress) suggesting a role for these proteins in abiotic stress tolerance. Here Robles et al. [8]
showed that strong loss of function mutant mterf6-2 was hypersensitive to NaCl and mannitol during
seedling establishment, while mterf6-5 showed a greater sensitivity to heat later in development.
Rurek et al. presented a pair of research papers that used physiological, proteomic, and transcript
analysis approaches to examine the thermal (hot and cold) and drought responses of cauliflower
mitochondria [9,10]. In the thermal studies they identified a number of proteins that were temperature
responsive including components of OxPhos, photorespiration, porin isoforms, and the TCA cycle.
Similarly, in the drought analysis, which examines three different cauliflower cultivars, both OxPhos
components and porin isoforms were seen to change in abundance, indicating a significant differential
impact on mitochondrial biogenesis between the three cultivars, giving us new insights into the abiotic
stress responses of the Brassica genus.

Male sterility refers to the inability of a plant to make viable pollen. It can be mediated through
nuclear genes leading to genic male sterility (GMS) or through mitochondrial proteins interacting with
nuclear genes, leading to cytoplasmic male sterility (CMS). Both GMS and CMS are widely used in
agricultural production for the production of hybrid crops that benefit from heterosis. In this Special
Issue Štorchová [20] presents a comprehensive review of the role of non-coding RNA in the CMS
of flowering plants, while Reddemann and Horn [19] presented research examining the role of atp9
in the male sterility of CMS PET2 in sunflower. Here they showed that CMS PET2, which has the
potential to become an alternative CMS source for commercial breeding, has a duplicated atp9 with a
271-bp-insertion in the 5’ region of one of the atp9 genes which results in two unique open reading
frames (orf288 and orf231). The reduced anther-specific co-transcription of these open reading frames
in fertility-restored hybrids supports their involvement in male sterility in CMS PET2.

A total of five papers we submitted examining OxPhos, with two of these focused on
identifying non-phosphorylating bypasses of the classical ETC. Wanniarachchi et al. [14] identified and
characterised the alternative oxidase (AOX) and the type II NAD(P)H dehydrogenases (NDs) of rice
and barley, while Velada et al. [13] characterized the AOX1 subfamily in Olea europaea cv. Galega Vulgar
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(European olive). Podgórska et al. [12] examined the Complex 1 mutant fro1 (frostbite 1) that has a point
mutation in the 8 kDa Fe-S subunit NDUFS4 grown on different nitrogen sources. When these plants
were grown on NO3

- they showed a carbon flux towards nitrogen assimilation and energy production,
whereas cellulose integration into the cell wall was restricted. In contrast they showed improved
growth on NH4

+ and not the expected ammonium toxicity syndrome. Similarly, Podgórska et al. [11]
showed that plants with external NADPH-dehydrogenase (NDB1) knockdown were resistant to NH4

+

treatment and had milder oxidative stress symptoms with lower ROS accumulation and induction
of glutathione peroxidase-like enzymes and peroxiredoxins antoxidants. Mansilla et al. provided a
comprehensive review of the composition and biogenesis of the terminal oxygen acceptor cytochome
c oxidase (Complex IV) in yeast, mammals, and plants. This revealed that while plants retain many
biogenesis features common to other organisms, they have also developed plant specific features.

As the majority of proteins that function in mitochondria are imported from nuclear encoded
cytosolic synthesized proteins, studies understanding the process of how mitochondrial protein import
is controlled and regulated is vital to alter mitochondrial functions. Here Zhao et al. [17] examined the
intergenomic transfer (IGT) from a broad evolutionary perspective by accessing data from nuclear,
mitochondrial, and chloroplast genomes in 24 plants, and showed that mitochondrial transfer occurs
in all plants examined. Additionally, Avelange-Macherel et al. [15] used two paralogues of late
embryogenesis abundant proteins (LEA) (LEA38 (mitochondrial) and LEA2 (cytosolic)) to examine
the influence of amino acid sequence of mitochondrial targeting sequences (MTS) on subcellular
localisation. They showed that by combining substitution, charge invasion, and segment replacement,
they were able to redirect LEA2 to mitochondria, providing an explanation for the loss of mitochondrial
localistion after duplication of the ancestral gene. Kolli et al. [16] provided a complete review of unique
aspects of plant mitochondrial inner membrane protein insertion using Complex IV as a case study,
which revealed the use of Tat machinery for membrane insertion of the Rieske Fe/S protein.

Two papers examined the mitochondrial protease FTSH4, one looking at the impact of a ftsh4
mutant on meristem proliferation [3], and another identifying physiological substrates and interaction
partners using a trapping approach and mass spectrometry [4]. Dolzblasz et al. showed that plants
lacking AtFTSH4 show a cessation of growth at both the shoot and root apical meristems when grown
at 30 ◦C, and that this arrest is caused by cell cycle dysregulation and the loss of cell identity. Opalińska
et al. revealed a number of novel putative targets for FTSH4 including the mitochondrial pyruvate
carrier 4 (MPC4), presequence translocase-associated motor 18 (PAM18), and succinate dehydrogenase
(SDH) subunits. Additionally, they showed that FTSH4 is responsible for the degradation of oxidatively
damaged proteins in mitochondria. Plant mitochondria contain numerous group II introns which
reside in genes. Here Zmudjak et al. [6] showed that the nMAT2 maturase and the RNA helicase
PMH2 associate with their intron-RNA targets in large ribonucleoprotein particle in vivo and the
splicing efficiencies of the joint intron targets of nMAT2 and PMH2 are more strongly affected in a
double nmat2/pmh2 mutant-line. Together this suggests that these proteins serve as components of a
proto-spliceosomal complex in plant mitochondria. Robles et al. [5] provides a thorough review of the
phenotypic effects on plant development displayed by mutants of mitoribosomal proteins (mitoRPs)
and how they contribute to the elucidation of plant mitoRPs function, the mechanisms that control
organelle gene expression, and their contribution to plant growth and morphogenesis.

Mao et al. [18] examined the application of 0.05 mM NO in aged oat seeds and saw an improvement
in seed vigor and increased H2O2 scavenging ability in mitochondria. Accompanying this were
higher activities of CAT, GR, MDHAR, and DHAR in the AsA-GSH scavenging system, enhanced
TCA cycle-related enzymes (malate dehydrogenase, succinate-CoA ligase, fumarate hydratase), and
activated alternative pathways.

Overall, the 19 contributions published in this special issue illustrate the advances in the field of
plant mitochondria and I look forward to catching up with the plant mitochondrial community at the
next biannual meeting in Ein Gedi, Israel (https://www.icpmb2019.com/).

Acknowledgments: N.L.T. was funded as an Australian Research Council ARC Future Fellow (FT13010123).
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Abbreviations

AOX Alternative Oxidase
CMS Cytoplasmic Male Sterility
ETC Electron Transfer Chain
GMS Genic Male Sterility
IGT InterGenomic Transfer
LEA Late Embryogenesis Abundant proteins
mitoRPs mitochondrial Ribosomal Proteins
MPC4 Mitochondrial Pyruvate Carrier 4
MSCF Mitochondrial Substrate Carrier Family
mTERFs mitochondrial Transcription TERmination Factors
NDs Type II NAD(P)H dehydrogenases
NDB1 external NAD(P)H dehydrogenase
OGE Organellar Gene Expression
OxPhos Oxidative Phosphorylation
PAM18 Presequence translocase-Associated Motor 18
ROS Reactive Oxygen Species
SDH Succinate DeHydrogenase
TCA Tricarboxylic Acid Cycle
VDAC Voltage Dependent Anion Channel
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Abstract: The number, size and shape of polymorphic plant mitochondria are determined at
least partially by mitochondrial fission. Arabidopsis mitochondria divide through the actions of a
dynamin-related protein, DRP3A. Another plant-specific factor, ELM1, was previously shown to
localize DRP3A to mitochondrial fission sites. Here, we report that mitochondrial fission is not
completely blocked in the Arabidopsis elm1 mutant and that it is strongly manifested in response to
cold treatment. Arabidopsis has an ELM1 paralogue (ELM2) that seems to have only a limited role in
mitochondrial fission in the elm1 mutant. Interestingly, cold-induced mitochondrial fragmentation
was also observed in the wild-type, but not in a drp3a mutant, suggesting that cold-induced transient
mitochondrial fragmentation requires DRP3A but not ELM1 or ELM2. DRP3A: GFP localized from
the cytosol to mitochondrial fission sites without ELM1 after cold treatment. Together, these results
suggest that Arabidopsis has a novel, cold-induced type of mitochondrial fission in which DRP3A
localizes to mitochondrial fission sites without the involvement of ELM1 or ELM2.

Keywords: mitochondrial fission; dynamin; plant mitochondria; mitochondrial division

1. Introduction

Mitochondria are not made de novo but are created by fission of existing mitochondria [1].
The shape and number of higher plant mitochondria change drastically in response to changing
environmental stimuli and changing developmental stages [2–4]. The shape and number of
mitochondria are determined at least partially by the balance between mitochondrial fission and
mitochondrial fusion. Frequent fission and fusion make it possible to share mitochondrial internal
proteins and small molecules in each cell [5].

Mitochondrial fission is mediated by a type of GTPase called dynamin-related proteins (DRPs),
which are well conserved in eukaryotes [6–9]. DRPs polymerize into a ring-like spiral structure
surrounding mitochondrial fission sites from the outer surface of mitochondria, and then constrict
to cleave the mitochondria by their GTPase activity [10–13]. Arabidopsis has 16 DRP genes. Two of
them, DRP3A and DRP3B (formerly known as ADL2a and ADL2b), are most similar to mitochondrial
fission-related DRPs in other eukaryotes [14,15]. DRP3A and DRP3B function redundantly and
cooperatively in mitochondrial fission [15–20]. DRP3A seems to have a bigger role in mitochondrial
fission than DRP3B. In T-DNA insertion mutants of DRP3A and DRP3B (drp3a and drp3b), mitochondria
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are longer and fewer in number than those in the wild type. Moreover, in drp3a drp3b double mutants,
mitochondria are far more elongated, forming an interconnected network in each cell, because of the
severe disruption of mitochondrial fission [19].

Arabidopsis has a plant-specific factor (ELM1) that localizes to the outer surface of mitochondria,
where it interacts with DRP3A (and probably DRP3B) to localize them to mitochondrial fission
sites [21]. In ethyl methanesulfonate (EMS)-induced and T-DNA insertion-induced elm1 mutants, the
mitochondria are elongated and fewer in number, suggesting that ELM1 is involved in mitochondrial
fission [21].

Because the mitochondrial phenotype of elm1 mutants is not as strong as that of drp3a drp3b
double mutants, we hypothesized that residual mitochondrial fission occurs in the absence of ELM1.
Arabidopsis has an ELM1 homologue of unknown function, ELM2, that is 54% identical (70% similar)
to ELM1 at the amino acid sequence level. Here, we tested whether ELM2 is responsible for the
residual mitochondrial fission in the absence of ELM1. During the course of this study, we also noticed
that mitochondrial fission without ELM1 was transiently manifested by cold treatment. Therefore, we
also examined whether transient cold-induced mitochondrial fragmentation needs ELM2 and DRP3A.

2. Results

2.1. Residual Mitochondrial Fission in the Mitochondrial Fission Mutant Elm1

The drp3a drp3b double mutant has a single interconnected mitochondrion in each cell because of
the malfunction of mitochondrial fission without interruption of mitochondrial fusion [19]. Figure 1
shows representative micrographs of mitochondria in the wild type and elm1-1 mutant. The latter has
a point mutation that puts a termination codon in the middle of the ORF (open reading frame) [21].
Mitochondria in the elm1-1 and other elm1 allele mutants are longer and fewer in number than those in
the wild type. Even in the mutants with the strongest phenotypes (elm1-1 and elm1-6), each cell still
has more than one mitochondrion and some of the mitochondria have particle shapes like those of the
wild type (mitochondria indicated by arrows in Figure 1). These results suggest that mitochondrial
fission is not completely blocked in the elm1 mutants.

Figure 1. Mitochondrial morphologies in wild-type Arabidopsis and the elm1-1 mutant. The images
show GFP-labeled mitochondria in leaf epidermal cells. Mitochondria in the elm1-1 mutant are longer
and fewer than those in the wild type, because of the disturbance of mitochondrial fission in the mutant.
However, elm1-1 cells still have many short mitochondria (arrows), suggesting that mitochondrial
fission can occur without ELM1. Scale bar, 10 μm, is applicable to the both figures.

2.2. Is Mitochondrial Fission without ELM1 due to ELM2?

The Arabidopsis genome has a single paralogue of ELM1, called ELM2 (At5g06180). Its amino
acid sequence is 54.0% identical (70% similarity, e-value 4.7 × 10−117) to that of ELM1 (Figure 2a). The
Arabidopsis genome had no other matches to ELM1 (the next closest match had an e-value >0.1). When
GFP: ELM2 was expressed under the CaMV35S promoter, the green signals seemed to surround the
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mitochondria (Figure 2b), as was the case with ELM1:GFP in our previous report [21]. This suggests
that ELM2, like ELM1, localizes on the outer surface of the outer membrane of mitochondria.

Figure 2. ELM2 encodes an ELM1-like protein and GFP-tagged ELM2, like ELM1, localizes to the
mitochondrial surface. (a) Clustal W alignment of ELM1 and ELM2 amino acids sequences. * depicts
the positions of numbers in every ten amino acids. (b) Localization of GFP-ELM2 surrounding
mitochondria. Arabidopsis cultured cells transiently expressing GFP-ELM2 with a mitochondrial
marker MitoTracker were examined by confocal laser scanning microscopy (CLSM). A part of a single
cell is shown. Left and Center are separate images obtained with the GFP and MitoTracker, respectively.
Right is the merged image. Scale bar, 5 μm, is applicable to the other two figures. Upper right insets are
X2 enlarged images.

To test the possibility that the ELM2 functions in mitochondrial fission in the same manner as
ELM1, the homozygous T-DNA insertion mutant elm2 (Figure 3a) and the elm1-1 elm2 double mutant
were analyzed. An RT-PCR analysis (Figure 3b) shows that the elm2 mutants did not accumulate
full-length ELM2 transcripts. The elm1-1 mutants grew slightly more slowly than the wild type, as
reported previously [21], but elm2 grew almost as well as the wild type and the elm1-1 elm2 double
mutant grew almost as well as the elm1-1 mutant. Similarly, the mitochondria in elm2 were as small
and numerous as those in the wild type, and the mitochondria in elm1-1 elm2 double mutant were as
long as those in the elm1-1 mutant (Figure 3d). However, the average planar areas of mitochondria in
the elm2 and elm1-1 elm2 double mutants were slightly but significantly larger than those in the wild
type and elm1-1 mutants, respectively (Figure 3e). These results suggest that ELM2 has a small effect
on mitochondrial fission in the wild type and a small effect in the absence of ELM1. To test whether
ELM2 complements ELM1, a chimeric sequence consisting of the ELM2 ORF with the ELM1 promoter
(Figure 4a) was introduced into the elm1-1 mutant. The ELM1 promoter dramatically increased the
expression of ELM2 transcripts (Figure 4b) but did not rescue the mitochondrial fission defect in the
elm1-1 mutant (Figure 4c). This suggests that expression activity of the ELM2 promoter is much weaker
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than that of the ELM1 promoter and that ELM2, although a paralogue of ELM1, has much weaker
activity than ELM1. Furthermore, cells of the elm1-1 elm2 double mutant still had more than one
mitochondrion and some of the mitochondria had particulate shapes (Figure 3d), suggesting that the
mitochondria could divide without the involvement of either ELM1 or ELM2.

 

Figure 3. Disruption of ELM2 does not appear to affect mitochondrial morphology much. (a) A T-DNA
insertion in the end of the 3rd intron in the elm2 mutant. (b) RT-PCR of full length of ELM2 ORF
(open reading frame) in the wild-type, elm1-1, elm2 and elm1-1 elm2 double mutants. (c) Comparison
of growing phenotypes of wild-type, elm1-1, elm2 and elm1-1 elm2 double mutants. 30-day-old plants.
Scale bar, 5 cm. (d) Mitochondrial morphologies in the wild-type, elm1-1, elm2 and elm1-1 elm2 double
mutants. Leaf epidermal cells in 14-day-old plants were observed by confocal laser scanning microscopy.
Scale bar, 10 μm, is applicable to the four images. (e) Average planar areas of mitochondria of wild type
and mutants. (n > 218 in each of three replications) in each mutant. Error bars show S.E. ** indicates
statistical significance at p < 0.01.
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Figure 4. Heterologous complementation test of mitochondrial morphology in the elm1 mutant by
expression of ELM2. (a) Schematic drawing of DNA constructs used in this study. ELM1, ELM2 and
GUS coding sequences are attached between the probable promoter, the 950bp upstream region of
ELM1 and the sequence of CaMV35S terminator. (b) RT-PCR of the full length of the ELM2 ORF in
the wild-type, elm1-1, and three elm1-1 mutants transformed with ELM1pro:ELM1, ELM1pro:ELM2
and ELM1pro: GUS respectively. (c) Occurrence of elongate mitochondria in leaf epidermal cells
in 14-day-old cotyledons from five Arabidopsis lines (wild-type, elm1-1, and three elm1-1 mutants
transformed with ELM1pro:ELM1, ELM1pro:ELM2 and ELM1pro: GUS). Occurrence is expressed as the
percentage of 40 confocal laser scanning microscopic images obtained from 8 leaves from each line that
were judged to have elongated mitochondria (as in the elm1-1 image in Figure 1). The experiments
were repeated three times independently and the results were averaged. Error bars show S.E.

2.3. Transient Mitochondrial Fragmentation by Cold Treatment

During the course of our observations, we noticed that cold treatment induced mitochondrial
fragmentation in elm1. One hour at 4 ◦C increased the number and reduced the size of mitochondria, so
that they became more like those of the wild type (Figure 5a). Such mitochondrial fragmentation was
observed not only in the epidermal cells of leaves, but also in the epidermal cells of stems and roots
(Figure S1). The light conditions in the cold treatment did not affect the mitochondrial fragmentation
(data not shown). A similar morphological change was observed in elm1-6, a T-DNA insertion mutant
(data not shown). Cold treatment decreased the area (Figure 5c) and increased the number (Figure 5e)
of mitochondria, indicating that mitochondrial fission without ELM1 is manifested by cold in the
elm1-1 mutant. Because mitochondrial morphology is determined by the balance between fission
and fusion, cold-induced mitochondrial fragmentation might be increased by down-regulation of
mitochondrial fusion. However, whether or not fusion activity changes, mitochondrial fragmentation
of the longer mitochondria requires mitochondrial fission. Interestingly, cold treatment also induced
mitochondrial fragmentation in the wild-type but not in the drp3a-1 mutant (Figure 5c,e). Cold
also induced mitochondrial fragmentation in the elm2 and elm1-1 elm2 double mutants (Figure 5b,d,f).
Together, these results suggest that cold-induced mitochondrial fragmentation in the wild type depends
on DRP3A but not on ELM1 or ELM2.
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Figure 5. Mitochondrial fragmentation was induced by cold treatment in the wild-type and elm mutants
but not in the drp3a-1 mutant. (a,b), Representative mitochondrial morphologies in the wild type and
mutants at room temperature before and 1 h after 4 ◦C treatment. Each scale bar is applicable to the
all images in (a,b), respectively. (c,d) Average planar areas of mitochondria in epidermal cells of wild
type and mutants before (red bars) and 1 h after (blue bars) cold-temperature treatment (n > 218 in
each of three replications). (e,f) Average number of mitochondria per 100 μm2 in leaf epidermal cells of
wild-type and mutants before (red bars) and 1 h after (blue bars) cold treatment. n = 3 Error bars show
S.E. ** indicates statistical significance at p < 0.01 and * at p < 0.05. Because data sets (a,c,e) and (b,d,f)
were collected independently in different conditions (e.g., laser strength, detector gain, etc.), they could
not be compared with each other directly.

When the cold treatment was extended to 24 h, the number and shape of the mitochondria in the
mutants reverted to their room temperature (22 ◦C) states (Figure 6), indicating that the cold-induced
mitochondrial fragmentation is a transient phenomenon.

2.4. DRP3A Could Localize to Mitochondria without ELM1 at the Cold Treatment

We previously reported that the localization of cytosolic DRP3A to the mitochondrial fission
sites required a functional ELM1 [21]. To confirm the present finding that ELM1 was not required for
mitochondrial fission following cold treatment, we examined the behavior of DRP3A following cold
treatment of elm1-6 transformed with DRP3A: GFP driven by the DRP3A promoter. Before treatment
(0 min in Figure 7), the mitochondria had an elongated network shape and the DRP3A: GFP signal
was distributed in the cytosol, in agreement with our previous study [21]. DRP3A gradually appeared
as small green particles in the cytosol and some of them localized on mitochondria at about 40 min
after treatment (Figure 7). Subsequently, the intensity of the green dots increased on the mitochondria,
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and the intensity of cytosolic green signals decreased. At some locations (an example is shown by the
arrows in Figure 7 at 40 and 50 min), the mitochondrial network divided at the green dots, suggesting
that DRP3A served to divide the mitochondria at these sites. This result clearly shows that in response
to cold treatment, DRP3A localizes from the cytosol to mitochondrial fission sites without ELM1.

Figure 6. Mitochondrial morphology in the wild type and elm mutants after different durations of cold
treatment. Mitochondria were observed in leaf epidermal cells of 28-day-old plants grown at 22 ◦C
before and after different durations of 4 ◦C treatment. Scale bar, 10 μm, is applicable to the all images.

Figure 7. Time course observations of mitochondria and DRP3A in the elm1 mutant. Images show
a double-stained leaf epidermal cell of a 30-day-old elm1-6 Arabidopsis plant transformed with
DRP3Apro:DRP3A: GFP at different times after cold treatment. Bottom panels, mitochondrial network
stained with MitoTracker; middle panels, DRP3AGFP; top panels, merged MitoTracker and GFP images.
Cytosolic DRP3A: GFP first appeared as a hazy signal (0 and 30 min) and gradually localized and
concentrated on mitochondria (40, 50 and 110 min). Arrows indicate sites of mitochondrial fission.
Scale bar, 10 μm, is applicable to the all images.

3. Discussion

Mitochondrial fission occurs frequently to counterbalance the opposite event, mitochondrial
fusion. In addition, mitochondria divide in accordance with cell division so that they are maintained
in each of the daughter cells. In this study, we found that mitochondrial fragmentation can also be
induced by cold treatment. However, we cannot rule out the possibility that downregulation of fusion
was a contributing factor. Further studies are needed to test this possibility.
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Because the mitochondria in elm1 mutants at room temperature (~22 ◦C) are usually very
elongated (as in Figure 1), ELM1 is apparently important for mitochondrial fission in the wild type
at room temperature, in which it localizes DRP3A to mitochondrial fission sites [21]. However,
cold-induced fission does not involve either ELM1 or ELM2. ELM2 has only a limited role in
mitochondrial fission (Figures 3 and 5). This is further illustrated in the model shown in Figure 8.
The finding that the drp3a mutant has similar elongated mitochondria at room temperature and 4 ◦C
indicates that DRP3A is required for both types of mitochondrial fission. Mitochondrial fragmentation
could be achieved by increasing fission or reducing fusion (or by both). Although we did not examine
the effect of cold treatment on mitochondrial fusion, the present results confirm that cold-induced
mitochondrial fission required the localization of DRP3A to the mitochondria.

 

Figure 8. Schematic model of Arabidopsis mitochondrial fission. Two types of mitochondrial fission
are drawn. In the normal condition (left, shown as RT (room temperature) 22 ◦C), the division executor,
DRP3 localizes to mitochondria via interaction with ELM1. In the case of mitochondrial fission
transiently induced by cold treatment, DRP3 could localize to mitochondria by skipping the help of
ELM1 (and ELM2) and underwent fission.

The mechanism by which cold-treatment induced mitochondrial fission is unclear. The simplest
idea is that the affinity between DRP3A and the mitochondrial outer membrane is transiently increased
by the cold treatment. Purified DRPs in yeast and mammals bind to liposomes without any other
proteins [10,13,22], although in vivo DRPs need other proteins to localize to mitochondrial fission
sites from the cytosol. If cold treatment increases the affinity between DRP3A and the mitochondrial
outer membrane, it would suggest that ELM1 is needed to support the binding of DRP3A to the outer
membrane at room temperature but not at cold temperature due to the increased affinity of DRP3A
at cold temperature. Further studies are needed to examine the effect of temperature on the affinity
between purified DRP3A and the mitochondrial outer membrane.

Another possibility is that cold-induced mitochondrial fission involves other proteins.
Tail-anchored proteins FIS1a (BIGYIN), FIS1b, PMD1 and PMD2 were also reported to be involved
in mitochondrial division in A. thaliana [23–25]. However, none of them have been directly shown
to have roles in the localization of DRP3A or DRP3B to the fission sites. PMD1 and PMD2 were
shown to contribute to mitochondrial fission independent of DRP3/FIS1 [25]. In addition to protein
components, a mitochondrial phospholipid (cardiolipin) was recently shown to stabilize the DRP3
complex on mitochondria [26]. These and unknown other proteins and lipid factors might contribute
individually or together to the DRP3A localization and function in cold treatment or other types
of mitochondrial fission. Furthermore, in A. thaliana, mitochondrial fission is reported to involve
dynamin-related proteins other than DRP3A. These include DRP3B as well as the more distantly
related DRP5B [20,27]. The relationships between the factors involved in mitochondrial fission, the
different types of mitochondrial fission and how they are regulated appear to be more complicated
than previously thought.

DRP3A was found to be phosphorylated and dephosphorylated at different stages of the cell
cycle [28]. Proteomic analyses have predicted that DRP3A has multiple phosphorylation sites [29,30],
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but the effects of phosphorylation/dephosphorylation at these sites are unknown. Mammalian Drp1s,
which are involved in mitochondrial fission, are also regulated by post-translational modifications
other than phosphorylation, such as ubiquitination, SUMOylation and S-nitrosylation reviewed
in [31]. Such modifications might also occur in plant DRPs. The overexpression of Arabidopsis
UBP27, a mitochondrial outer membrane-bound ubiquitin protease, was recently reported to change
mitochondrial morphology by inhibiting the binding of DRP3A and DRP3B to mitochondria, although
it is unknown whether DRP3A and DRP3B are direct targets of UBP27 [32].

Plant mitochondria constantly undergo fission and fusion [5]. Such alterations appear to
be involved in several activities that are crucial to the health of cells [33,34]. It is unclear what
processes may be involved in cold-induced mitochondrial fragmentation in Arabidopsis, although
because cold adaptation affects the expression of over 2000 genes in Arabidopsis [35], there are
many candidates. Many of these genes are expressed days and weeks after cold treatment, whereas
mitochondrial fragmentation occurs within an hour, indicating that it is one of the early responses to
cold treatment. In mammalian brown adipose tissue, cold exposure induces thermogenesis, which has
been linked to mitochondrial fragmentation through activation of a DRP3A homologue [36]. However,
cold stress does not seem to induce mitochondrial thermogenesis through uncoupling proteins in
Arabidopsis [37,38]. Further studies are needed to see which of the many metabolic changes in cold
stress are responsible for mitochondrial fragmentation in Arabidopsis.

The balance between mitochondrial fission and fusion appears to vary in different tissues and in
different environmental conditions in order to change mitochondrial morphology to meet the cells’
physiological needs. The shape, distribution and number of mitochondria change in accordance
with organ development [2,4,39] and in response to environmental stimuli [3,40]. Changes of
mitochondrial morphology, numbers and distribution would affect the three-dimensional distances
and attachments between mitochondria and other organelles metabolically related to mitochondria,
causing indirect effects on cell metabolisms and physiological states [41]. Thus, a better understanding
of the mechanisms underlying the changes in mitochondrial morphology should help to clarify a
number of cellular processes in plants.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

Arabidopsis thaliana ecotype Columbia (Col-0) and its transformant with mitochondrial-targeted
GFP [42] were used as wild-type plants in this paper. The EMS mutants elm1-1 and drp3a-1 were
described previously [21]. All Arabidopsis plants were grown in growth chamber at 22 ◦C under a
14 h photoperiod at 50~100 μmol/m2s. The T-DNA insertion line GT20810 was provided by the Cold
Spring Harbor Laboratory (http://www.cshl.edu/). GT20810 was consecutively crossed with Col-0 5
times to obtain a background similar to that of Col-0. The homo-T-DNA insertion line of the BC5F2
was used as elm2. The T-DNA insertion was checked by PCR with primers 1 and 2 to detect WT DNA
and primers 1 and 3 to detect the T-DNA insertion. The homozygous and heterozygous elm1-1 point
mutations were checked by sequencing and PCR with primers 4 and 6 to detect the mutated DNA and
primers 5 and 6 to detect the wild-type DNA. The primers are shown in Table S1.

4.2. Construction of Plasmids

ELM2 ORF was obtained by RT-PCR from A. thaliana col-0 RNA with primers 3 and 15 and
cloned into pENTRTM/d-TOPO entry vector (Invitrogen). The Ti plasmid expressing GFP: ELM2
fusion protein was constructed by LR reaction of Gateway cloning technology (Invitrogen) with
pH7WGF2 destination vector, which was kindly provided from VIB [43]. An In-Fusion HD cloning
kit (TaKaRa) was used to make Ti plasmids for expressing ELM1, ELM2 and GUS under the ELM1
promoter. The promoters consisted of 950 bp of the region upstream of the ATG initiation codon of
ELM1. The promoter was amplified from genomic DNA and the ORFs were amplified by RT-PCR.
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The basal Ti-plasmid was pBGWFS7 [43]. Oligonucleotide primers are presented in Table S1 and the
combinations of primers to make constructs are presented in Table S2. All PCR for DNA construction
was carried out with high-fidelity DNA polymerases. All constructs made in this study were confirmed
by sequencing. The T-DNA insertion line elm1-6 transformed with DRP3Apro:DRP3A: GFP used in
Figure 7 was previously described [21].

4.3. Agrobacterium Mediated Transformation of Arabidopsis Plants and Cultured Cells

The Ti plasmids described above were transformed into Agrobacterium tumefaciens strain
C58C1. The Arabidopsis plants in Figure 4 were transformed with A. tumefaciens via floral
dipping [44]. Transgenic T1 plants were selected on the MS-Agar medium containing 35 mg L−1

glufosinate-ammonium (Sigma-Aldrich). The Arabidopsis transgenic cultured cells used in Figure 2b
were made as follows. The transformed Agrobacterium was cultured in LB medium containing
50 mg L−1 hygromycin and 100 mg L−1 spectinomycin (O.D. = 0.5 at 600 nm), pelleted and
re-suspended in modified MS medium and used to inoculate 10 ml culture of 2-day-old Arabidopsis
Col-0 suspension-cultured cells, called Alex. To remove Agrobacterium, 30 μL of 250 mg mL−1 claforan
was added to the culture medium at 1 day after inoculation. The Arabidopsis cells were transferred
to fresh media 5 days after the inoculation, and they were observed by microscopes 8 days after the
Agrobacterium inoculation.

4.4. MitoTracker Orange Staining

The suspension-cultured transformed cells in Figure 2 were stained with 50 μM MitoTracker
Orange (Molecular Probes) for 30 min and washed with medium three times. In the experiment in
Figure 7, small sections (10~50 mm2) were cut out from the Arabidopsis leaves with new razor blades
and stained with 50 μM MitoTracker Orange (Molecular Probes) for about 60 min.

4.5. Microscopic Observations and Image Analysis

A confocal laser scanning microscope (CLSM) (Nikon TE2000-U and C1Si) was used for all
microscopic observations of Arabidopsis leaves and cultured cells with fluorescent fusion proteins or
stained with fluorescent dyes. Fluorophores of GFP and MitoTracker Orange were excited by A 488 nm
and A 561 nm laser, respectively. Emission signals were detected through a 515/30 nm filter for GFP
and a 590/70 nm filter for MitoTracker Orange. All CLSM images were acquired in single focal planes.
The acquired images were prepared with Photoshop CS5 (Adobe Systems) and analyzed with Image
pro plus 4.0 (Media Cybernetics). The averaged mitochondrial number in every 100 μm2 microscopic
observation area and the averaged area of each mitochondrion were measured and calculated with
Image-Pro Plus ver.6.2J (Media Cybernetics) from the CLSM images before and after the cold treatment
(Figure 5c–f).

4.6. RT-PCR Analysis

Total RNA for RT-PCR analysis was extracted from about one-month-old Arabidopsis leaves by
using an RNeasy plant mini kit (Qiagen) according to the manufacturer's instructions; 400 ng of total
RNA were used for RT-PCR analysis. Reverse transcription was carried out with Oligo-dT primer and
the Super Script III reverse transcriptase (Invitrogen), and amplified with KOD FX Neo polymerase
(TOYOBO). PCR was done with the specific primers 3 and 15 for ELM2 and 16 and 17 for ACTIN8
presented in Table S1.

4.7. Cold Treatment

The plantlets and samples on glass slide were incubated in 4 ◦C incubators. The plantlets were
illuminated with a desk-top light with similar strength. To obtain the successive images of single cells
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under cold treatment in Figure 7, a small petri dish containing cold water and ice was placed on the
slide glass on an inverted microscope (Nikon TE2000-U).

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/10/2161/s1.
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Abstract: Exposure of plants to abiotic stresses, such as salinity, cold, heat, or drought, affects
their growth and development, and can significantly reduce their productivity. Plants have
developed adaptive strategies to deal with situations of abiotic stresses with guarantees of success,
which have favoured the expansion and functional diversification of different gene families.
The family of mitochondrial transcription termination factors (mTERFs), first identified in animals
and more recently in plants, is likely a good example of this. In plants, mTERFs are located in
chloroplasts and/or mitochondria, participate in the control of organellar gene expression (OGE),
and, compared with animals, the mTERF family is expanded. Furthermore, the mutations in some
of the hitherto characterised plant mTERFs result in altered responses to salt, high light, heat,
or osmotic stress, which suggests a role for these genes in plant adaptation and tolerance to adverse
environmental conditions. In this work, we investigated the effect of impaired mTERF6 function
on the tolerance of Arabidopsis to salt, osmotic and moderate heat stresses, and on the response to
the abscisic acid (ABA) hormone, required for plants to adapt to abiotic stresses. We found that the
strong loss-of-function mterf6-2 and mterf6-5 mutants, mainly the former, were hypersensitive to NaCl,
mannitol, and ABA during germination and seedling establishment. Additionally, mterf6-5 exhibited a
higher sensitivity to moderate heat stress and a lower response to NaCl and ABA later in development.
Our computational analysis revealed considerable changes in the mTERF6 transcript levels in plants
exposed to different abiotic stresses. Together, our results pinpoint a function for Arabidopsis mTERF6
in the tolerance to adverse environmental conditions, and highlight the importance of plant mTERFs,
and hence of OGE homeostasis, for proper acclimation to abiotic stress.

Keywords: Arabidopsis; mitochondrial transcription termination factor (mTERF); salt stress;
abiotic stresses; abscisic acid (ABA); organellar gene expression (OGE)

1. Introduction

The increased salt content in arable soils severely compromises plant growth and productivity.
This is due to osmotic stress, which promotes water loss and hinders its uptake by plant roots, and to
ionic stress (Na+ and Cl− in most cases), which generates toxicity and hinders the recruitment of other
ions [1]. The development of new varieties of more halotolerant crop plants requires unravelling
the genetic and molecular mechanisms that underlie tolerance to salinity. It has been proposed
that chloroplasts could act as sensors capable of sensing environmental stress, and, by retrograde
signalling (from the chloroplast to the nucleus), could coordinate the expression of nuclear genes that
allow plants to adapt to stress [2]. In line with this, Leister et al. [3] have reported that perturbed
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organellar gene expression (OGE) homeostasis activates the acclimation and tolerance responses of
plants, likely through retrograde communication. Notwithstanding, information about chloroplasts
involvement in the response to abiotic stress in general, and to salinity in particular, is still scarce.
We initiated a bioinformatics and reverse genetics approach in the plant model system Arabidopsis
thaliana to identify novel functions involved in the control of gene expression in chloroplasts. We
previously identified and characterised two genes, MDA1 [4] and mTERF9 [5], not previously
described, which belong to the family of mitochondrial transcription termination factors (mTERFs) [6].
The analysis of the mda1 and mterf9 mutants revealed a connection between chloroplast function
and the response to salt stress and ABA in Arabidopsis [4,5]. For other Arabidopsis mTERF genes
besides MDA1 and mTERF9, a role in acquiring tolerance to salinity (mTERF10 and mTERF11) [7],
heat (SHOT1 (SUPPRESSOR OF HOT1-4 1)) [8] or high light (SOLDAT10 (SINGLET OXYGEN-LINKED
DEATH ACTIVATOR10) [9]) has also been reported. Accordingly, mda1 and mterf9 are less sensitive to
NaCl than the wild type [4,5], mterf10 and mterf11 are salt-hypersensitive [7], whereas shot1 [8] and
soldat10 [9] show enhanced heat tolerance and constitutive acclimation to light, respectively. In addition
to Arabidopsis, the stm6 mutant (state transition mutant6) of the green algae Chlamydomonas reindhardtii
affected in the MOC1 (mterf-like gene of Chlamydomonas1) gene is light sensitive [10]. Along this line,
an emerging role for some mTERF genes in the response, tolerance, and/or acclimation of plants to
different abiotic stress conditions has been recently proposed, which might, at least in part, explain the
expansion and diversification of the plant mTERF family compared with that of animals [11].

mTERF proteins share the presence of a variable number of repeats of a motif called mTERF of
about 30 amino acids. In vertebrates, four subfamilies have been identified (MTERF1-4), in which
the MTERF1 protein is the first to be characterised [12]. However, plant genomes, especially those
from higher plants, contain a larger number of mTERF genes than animal genomes [13]. In metazoans,
mTERF proteins participate in the control of mitochondrial transcription, and are required for both its
initiation and termination [14]. In plants, several molecular functions have been proposed for some of
the mTERF genes hitherto characterised, all of which are related to the posttranscriptional regulation
of chloroplasts and/or mitochondria gene expression. Accordingly, Arabidopsis mTERF15 [15]
and maize Zm-mTERF4 [16] are involved in intron splicing in mitochondria, Arabidopsis BELAYA
SMERT/RUGOSA2 [17,18] is required for intron splicing in plastids, and Chlamydomonas reindhardtii
MOC1 promotes the termination of antisense mitochondrial transcription [19]. The Arabidopsis
mTERF6 protein, dually targeted to chloroplasts and mitochondria, is involved in the maturation of
the chloroplast isoleucine tRNA (trnI.2) gene and the aminoacylation of tRNA for isoleucine [20,21].

We previously identified and morphologically characterized a new mutant allele of the
Arabidopsis AT4G38160 (mTERF6) gene which we dubbed mterf6-5 after finding it to be allelic
of the previously described mterf6-2 mutant [20,22]. mterf6-2 and mterf6-5 are insertional alleles
of the SAIL and SALK collection of T-DNA lines (SAIL_360_H09 and SALK_116335 respectively).
mTERF6 transcripts were undetectable in mterf6-2 plants [20], and significantly reduced in the mterf6-5
mutant [22]. This caused a substantial delay in plant growth, smaller size than the wild type, and loss
of pigmentation in cotyledons, leaves, stems, sepals, and fruits in both mutants. In our growth
conditions, these phenotypic traits were much more marked in mterf6-2 than in mterf6-5 [22]. Altogether,
the data suggest that mterf6-2 and mterf6-5 are null and strong hypomorphic alleles respectively,
of the mTERF6 gene [20,22]. Furthermore, the mterf6-5 mutation enhanced the leaf polarity defects
of the asymmetric leaves1 mutant, and revealed a role for the mTERF6 gene in adaxial-abaxial leaf
patterning [22]. Nevertheless, whether this gene plays a role in tolerance to abiotic stress as reported
for other mTERF genes remains to be evaluated. To investigate this, we report herein the study of
the response of the wild-type Col-0 and the strong loss-of-function mterf6-2 and mterf6-5 alleles to
the ionic and osmotic stresses caused by the presence of high concentrations of NaCl or mannitol in
culture media, respectively. We also evaluated the sensitivity of mterf6-2 and mterf6-5 to the abscisic
acid (ABA) hormone, involved in plant adaptations to environmental stress. Our results revealed an
altered response of the mterf6 mutants to the stress conditions assayed, which is consistent with the
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substantial changes in mTERF6 expression we found in silico after exposing the wild-type to different
abiotic stresses.

2. Results

2.1. The mterf6-2 and mterf6-5 Mutants Are Hypersensitive to NaCl and Mannitol

In order to assess whether the mterf6-5 mutant that we previously identified [22] exhibited altered
sensitivity to abiotic stresses, we first analysed its sensitivity, and that of the wild-type Col-0, to the
ionic stress produced by NaCl and osmotic stress due to mannitol. We also included the mterf6-2
mutant, allelic of mterf6-5, in the analysis (see above). For this purpose, we first examined the ability
of mterf6-2, mterf6-5 and Col-0 seeds to germinate and to form fully expanded green cotyledons
(seedling establishment) in the first 2 weeks after seed stratification in the presence of 0, 150, or 200 mM
of NaCl or 350 mM of mannitol. In the non-supplemented culture medium, mutants mterf6-2 and
mterf6-5 respectively yielded, to some extent, lower and similar seed germination ratios than Col-0
(we considered germinated those seeds in which radicle emergence through the seed coat was observed)
(Figure 1a). The supplementation of growth medium with NaCl (150 mM) or mannitol (350 mM)
did not affect wild-type seed germination, but lowered the mterf6-2 and mterf6-5 germination rates,
especially those of the former, and the effect was more pronounced from 1 to 5 DAS (days after
stratification; Figure 1c,e).

Consistent with the stunted growth of the mterf6-2 and mterf6-5 individuals [20,22], the seedling
establishment of both mutants was delayed compared with Col-0 (e.g., at 6 DAS in the MS control
medium, 10%, 37%, and 99% of the mterf6-2, mterf6-5 and Col-0 seeds yielded seedlings with fully
expanded green cotyledons, respectively (Figure 1b)). However, at 10 DAS, 93% and 100% of seedling
establishments were achieved for the mterf6-5 and the wild type, respectively, whereas mterf6-2 reached
a maximum value of 77% at 11 DAS (Figure 1b). The mterf6-2 and mterf6-5 seeds yielded substantially
lower seedling establishment rates than those of Col-0 in the presence of 150 mM of NaCl or 350 mM
of mannitol (Figure 1d,f). Accordingly, the presence of the mterf6-2 and mterf6-5 seedlings with green
expanded cotyledons could be scored only from 10 DAS in the presence of NaCl or mannitol, while the
seedling establishment for Col-0 was observed from 4–5 DAS under the same conditions (Figure 1d,f).
Notwithstanding, the mterf6-2 mutant was more sensitive than mterf6-5 to NaCl. In line with this,
the maximum seedling establishment values for mterf6-2 and mterf6-5 in 150 mM NaCl were 14% and
62%, respectively, which were reached at 13 DAS, whereas Col-0 yielded ~100% (Figure 1d). However,
a similar strong hypersensitive response to mannitol was found for both mutants throughout the study
period (Figure 1f).

We also investigated the response of Col-0 and mterf6-5 to a higher salt concentration by
supplementing the culture medium with 200 mM of NaCl. We found that this condition significantly
delayed mutant germination (e.g., at 5 and 10 DAS, 98% and 99% of the wild type and 12% and 80% of
the mterf6-5 seeds germinated, respectively, in 200 mM of NaCl; Table S1), and completely abolished
the Col-0 and mterf6-5 seedling establishments, as we were unable to identify any individual that
displayed green expanded cotyledons.

Taken together, our results revealed enhanced sensitivity to salt and osmotic stress during
germination, and mainly in the cotyledon greening stage, for the studied mterf6 mutants.

We evaluated the response of mterf6-5 to salinity by exposing plants to stress after germination and
seedling establishment. To this end, 5 DAS wild-type and mutant seedlings were transferred from the
non-supplemented medium to the media supplemented with NaCl (125 or 150 mM), and root length
was determined 8 days after transfer (13 DAS; see Materials and Methods; Table S2). The mterf6-5
plants were significantly less sensitive than the wild-type ones to the inhibition of root growth caused
by the presence of either 125 mM of NaCl or 150 mM of NaCl (Table 1; Table S2).
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Figure 1. Effects of NaCl, mannitol and ABA on germination and seedling establishment in the
wild-type Col-0 and the mterf6-2 and mterf6-5 mutants. Each value corresponds to the mean ± standard
deviation (SD) of the percentage of germination (a,c,e,g) and seedling establishment (b,d,f,h) in the
growth media either without supplementation (a,b) or supplemented with 150 mM of NaCl (c,d),
350 mM of mannitol (e,f) or 3 μM of ABA (g,h) of four replicates of at least 50 seeds each per genotype.
DAS: days after stratification.
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Table 1. Tolerance of the mterf6-5 mutant to NaCl and abscisic acid (ABA).

Genotype

Inhibition of Root Length (%)

NaCl (mM) ABA (μM)

125 150 5 10

Col-0 64.6 ± 7.2 77.2 ± 4.3 19.4 ± 7.2 29.0 ± 4.5
mterf6-5 55.8 ± 6.0 ** 63.5 ± 4.6 ** 9.4 ± 13.1 ** 23.2 ± 14.7

The values correspond to the root length inhibition percentages of the plants transferred
5 DAS to the media supplemented with either 125 or 150 mM of NaCl or 5 or 10 μM of
ABA, which refers to those of plants of the same genotype, which were transferred to the
non-supplemented media. Eight days after transfer (13 DAS), the main root length was
determined per plant to evaluate their tolerance to these stress conditions (see Materials
and Methods). Each value is the mean ± SD of the main root length of at least 20 plants per
genotype and condition. The values significantly differed from the Col-0 at ** p < 0.01 according
to a Student’s t-test.

To study whether a low mTERF6 expression altered tolerance to moderate heat stress, the wild-type
Col-0 and mterf6-5 mutant seedlings were exposed 13 days to a higher (28 ◦C) than normal culture
temperature (20 ◦C). We also compared the response of mterf6-5 with that of mterf mutants mda1-1 and
mterf9. The mterf6-5 mutant was hypersensitive to heat stress because paleness markedly increased
and seedling growth was severely impaired, and even arrested, when grown at 28 ◦C (Figure S1).
In contrast, the growth of mda1-1 and mterf9 was enhanced at 28 ◦C, but to a lesser extent than in Col-0
(Figure S1).

2.2. Knock-Down of mTERF6 Alters the Response to ABA

The abscisic acid (ABA) hormone plays a fundamental role in seed germination and in the
responses of plants to abiotic stresses [23]. The Arabidopsis mutants deficient in ABA signalling or
biosynthesis also exhibited enhanced tolerance to salt stress [24–26]. Therefore, given the enhanced
sensitivity of mterf6-2 and mterf6-5 to salt and osmotic stress, we investigated whether they also
exhibited an altered response to ABA by growing the mterf6 mutant and Col-0 seedlings in the
presence of ABA. As shown in Figure 1a,g, 3 μM of ABA substantially delayed mterf6-2, mterf6-5
and Col-0 germination, but from 3 to 5 DAS both mutant seeds exhibited higher levels of radicle
emergence through the seed coat than those of the wild-type. However, when the mterf6-5 and Col-0
individuals were grown on 6 μM of ABA, seed germination was greater in mterf6-5 than in Col-0 only
at 5 DAS, but both genotypes yielded very low germination values (6% and 3%, respectively; Table S3).
In contrast, we found that mterf6-5 was hypersensitive to ABA from 6–13 DAS. Accordingly at 6, 7, 10,
and 13 DAS, 44%, 62%, 99%, and 100% of the Col-0 seeds, and 22%, 36%, 60%, and 82% of the mterf6-5
seeds germinated, respectively (Table S3).

As regards seedling establishment, exposure to 3 μM ABA considerably reduced it in Col-0
(e.g., up to 48% of the wild-type seedlings under the control condition at 13 DAS), and completely
abolished it in mterf6-2, while only 2% was found for mterf6-5 (Figure 1h). When grown on 6 μM ABA,
18% and 42% of the Col-0 seeds yielded seedlings with green expanded cotyledons at 10 and 13 DAS,
respectively. As expected, no mterf6-5 seedlings showing green expanded cotyledons were found from
3 to 13 DAS (Table S3).

We allowed the Col-0 and mterf6-5 seedlings to grow on the ABA-supplemented medium.
At 17 DAS, 6.4% and 1.4% of the mutant seeds (n = 150) yielded individuals that displayed two
very tiny leaves in 3 and 6 μM of ABA, respectively. In contrast, 27.7% and 16.2% of the Col-0 seedlings
(n = 150) displayed two small leaves in 3 and 6 μM of ABA, respectively.

Taken together, these results indicate that the mterf6-2 and mterf6-5 mutants are hypersensitive to
ABA principally during seedling establishment.

As we did for NaCl (see Section 2.1), we also investigated the sensitivity of mterf6-5 to ABA
after germination and seedling establishment. To this end, 5 DAS wild-type and mutant plants were
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transferred from the non-supplemented medium to the media supplemented with ABA (5 or 10 μM).
Root length was determined 8 days after transfer (13 DAS; Table S2). As well as for NaCl, the root
growth of the mterf6-5 individuals was significantly more tolerant than that of the Col-0 plants to 5 μM
of ABA, whereas inhibition of root length only slightly decreased in 10 μM of ABA (Table 1).

2.3. The Expression of the mTERF6 Gene Changes in Response to Abiotic Stresses

Given the altered sensitivity of the mterf6 mutants to NaCl, mannitol and ABA, we decided to
perform an in silico analysis of the expression of the mTERF6 gene in response to different abiotic
stress conditions. Hence we studied the stress-induced changes in the transcript levels of mTERF6 with
the Arabidopsis AtGenExpress Visualization Tool ([27]; available online: http://weigelworld.org/
resources.html) in the roots and aerial parts of the Col-0 seedlings under NaCl, osmotic and drought
stresses. The expression values were plotted over time (0, 0.5, 1, 3, 6, 12, and 24 h after treatment
started) to obtain a graphical representation of the response of mTERF6 to these conditions (Figure S2).
Compared with the untreated plants, mTERF6 expression was down-regulated in the green parts of
seedlings after 3 h of NaCl (150 mM), mannitol (300 mM) and drought treatments, and mostly in the
presence of NaCl and mannitol from 6 to 24 h. This repression peaked 24 h after treatment when the
mTERF6 transcript levels lowered to 16% and 42% of the control plants in response to mannitol and
NaCl, respectively (Figure S2a). As regards roots, mTERF6 expression was down-regulated by salt
stress from 1 to 24 h after treatment started. The difference to the control plants was maximum at 6 h
(38.6% of the control plants), whereas mannitol slightly increased the mTERF6 transcript levels at 3 h
(28% more than in the control plants), but lowered them from 6 to 24 h, especially at 6 h (63% of the
control plants) (Figure S2b). Drought reduced mTERF6 expression at 1 and 6 h after exposure (77% and
74% of the control plants), but no appreciable differences were found for the remaining time points.
As regards the effect of ABA, mTERF6 expression was down-regulated to 53.4% of the control plants by
10 μM ABA after 3 h, but no noticeable differences were found after 0.5 and 1 h. We also investigated
the transcript levels of mTERF6 using the online data from the At-TAX Arabidopsis whole genome
tilling array [28]. Consistently with the AtGenExpress results, we found that the 12-h exposure of
the 10-day-old Col-0 seedlings to 200 mM of NaCl, 300 mM of mannitol or 100 μM of ABA markedly
reduced mTERF6 transcript abundance to 30.4%, 45.5% and 45.2% of those of the untreated seedlings,
respectively. Slighter differences between the treated and untreated plants were detected after 1 h of
exposure under the same conditions.

We experimentally tested by qRT-PCR whether mTERF6 expression may change in response
to NaCl. To this end, RNA was extracted from Col-0 seedlings collected 10 DAS and grown in
GM medium supplemented with 100 mM NaCl or in non-supplemented medium. The RNA was
retro-transcribed and the cDNAs analyzed by qPCR. Though this condition was different from those
used by the Arabidopsis AtGenExpress consortium (see above; [27]), we previously found that it
delayed Col-0 growth [4]. We included as a positive control the RD29A gene which is induced by
salinity [29]. In response to this moderate salt stress, RD29A was significantly upregulated (1.7 ± 0.3;
p = 10−3) whereas mTERF6 was slightly downregulated (0.8 ± 0.4; p = 0.2).

3. Discussion

In this work, we analysed the response of the mterf6-2 and mterf6-5 mutants to different abiotic
stresses during germination, seedling establishment and for mterf6-5 later in development. We found
that the mterf6 mutants displayed altered sensitivity to salt, osmotic stress, ABA, and moderate
heat stress. Unlike the results obtained with other mterf -deficient mutants, such as mda1 and
mterf9, which are more insensitive than the wild type to such stresses [4,5], mterf6-2 and mterf6-5
were hypersensitive to the inhibition exerted on germination and seedling establishment by high
concentrations of NaCl, mannitol, or ABA. mterf6-2 was always more sensitive than mterf6-5 to the
different abiotic stress conditions studied, which is consistent with its more severe morphological
phenotype [22]. The susceptibility of mterf6 mutants to NaCl was similar to that of mterf10 and
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mterf11 [7], but unlike these mutants, which were as sensitive as the wild type was to ABA, mterf6-2
and mterf6-5 were also hypersensitive to this hormone, mainly during seedling establishment.

In line with this, the knock-down of mTERF6 also reduced seedling tolerance to moderate heat
stress and led to impaired growth and development, whereas mda1-1 and mterf9 (this work), and mterf10
and mterf11 [7], did not show a significantly different response from that of the wild type under this
condition. mTERF6 seemed to play a different role further in vegetative development because the
deficient mTERF6 function significantly reduced the sensitivity of roots to the presence of NaCl or ABA
in the growth medium. A different susceptibility to salt and ABA during germination and vegetative
growth has been previously reported for mutants mda1 and mterf9 [4,5].

We extracted the mTERF6 transcript levels from AtGenExpress [27] by selecting “AtGE Abiostress”
as a data source. Consistent with altered tolerance to abiotic stresses, we found that mTERF6
expression was markedly down-regulated in response to salt, osmotic stress (mannitol) and drought,
especially after prolonged exposure (12–24 h) to 150 mM NaCl and 300 mM mannitol. Interestingly,
ABA treatment also repressed mTERF6 expression. We experimentally tested by qRT-PCR mTERF6
expression in 10 DAS plants grown in mild salt stress conditions (100 mM NaCl), and found that it was
slightly but not significantly downregulated, which is likely due to the different stress conditions used
to study mTERF6 expression. Together, our results suggest that the altered tolerance of mterf6-2
and mterf6-5 to the tested abiotic stresses could be attributed to its different sensitivity to ABA
compared with the wild type, because this hormone plays a fundamental role in plants’ response
and adaptation to abiotic stress conditions. The involvement of mTERF6, MDA1 (affected in the
mTERF5 gene), and mTERF9 (the mda1 and mterf9 mutants are less sensitive to ABA than the wild
type) [4,5], and possibly of mTERF10 (since a modest overexpression of this gene leads to enhanced
germination and growth in the presence of ABA) [7] in abiotic stress tolerance could take place through
ABA signalling. Accordingly, several pieces of experimental evidence indicate a role for ABA in
plastid-to-nucleus signalling (reviewed in [3]). Therefore, the impaired plastid gene expression may be
due to a defective mTERF function perturbing the retrograde communication (from plastids to the
nucleus) mediated by ABA under salt or other abiotic stress conditions. As a result, this would alter
nuclear gene expression, and hence, tolerance to these environmental conditions. Similarly, Leister and
Kleine [21] found that levels of the nuclear transcripts, which encode the chloroplast proteins involved
in organellar gene expression (OGE), were affected in the weak mterf6-1 mutant. Notwithstanding,
while some mTERF proteins (e.g., mTERF5, mTERF9 and mTERF10) would negatively modulate
Arabidopsis salt tolerance as their down-regulation diminishes sensitivity to ABA and abiotic stresses,
mTERF6 would play the opposite role by promoting such tolerance, at least during germination and
seedling establishment. Consequently, it could be hypothesised that the outcome of the activity
of different mTERF proteins, which act during germination and early vegetative development,
might contribute to responses to abiotic stress in these developmental stages. The mTERF6 function
in abiotic responses might be conserved in other plant species because the expression of the maize
mTERF12 gene, the orthologue of Arabidopsis mTERF6, is substantially altered after NaCl or ABA
treatments [30]. Interestingly, the transcript levels of other maize mTERF genes also change after
exposing maize plants to light/dark treatments, salt, ABA or 1-Naphthaleneacetic acid exposure [30].
The altered levels of the mTERF6 transcripts after abiotic stress treatments found in silico might be
interpreted as being necessary for plants to adapt to adverse environmental conditions. Nevertheless
given currently available molecular information, we cannot rule out the notion that changes in the
expression of mTERF6 and other mTERF genes under different abiotic stress conditions might result
from the perturbation of certain biological processes. Chloroplast homeostasis is likely to be one of
these processes altered in mterf -deficient mutants, because all the mTERFs involved in the response to
salt stresses described to date are targeted to chloroplasts; they also belong to the “chloroplast cluster”
(mTERF5, mTERF6 and mTERF9) or to the “chloroplast associated-cluster” (mTERF10 and mTERF11)
of proteins by functioning in organelle gene expression, embryogenesis, gene expression, and/or
protein catabolism in plants [13]. The altered OGE, and hence chloroplast homeostasis, would account
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for the delayed growth and greening of the cotyledons of the mterf6 individuals in relation to Col-0,
even in the absence of abiotic stress. However, differences with Col-0 considerably increased when
the mterf6 mutants were exposed to salt, mannitol, or ABA, which indicates that mterf6-2 and mterf6-5
sensitivity to abiotic stresses cannot be attributed solely to its defective growth.

The involvement of the mTERF family of genes in the acclimation and tolerance of plants
to different abiotic stresses conditions [11,14] is further supported by recent findings in cotton
(Gossypium barbadense). Accordingly, multiple stress responsive genes have been identified in
G. barbadense using a normalised cDNA library, constructed after exposure to various abiotic (heat, cold,
salt, drought, potassium, and phosphorous deficit) and biotic (Verticillium dahlia infection) stress
conditions [31]. Remarkably, the mRNAs of 464 transcription factors (TF) have been enriched in this
library, and mTERFs are one of the most abundant TF families to have been identified (3.7%) [31].

4. Materials and Methods

4.1. Plant Material and Growth Conditions

Plant cultures and crosses were performed as previously described [4]. The seeds of the
Arabidopsis thaliana (L.) Heynh. wild-type (WT) accession Columbia-0 (Col-0) were obtained from
the Nottingham Arabidopsis Stock Centre (NASC). Seeds of the transferred DNA (T-DNA) insertion
lines SAIL_360_H09 (mterf6-2), SALK_116335 (mterf6-5), SALK_597243 (mda1-1) and WiscDsLox474E07
(mterf9) were provided by the NASC and are described on the SIGnAL website (available online:
http://signal.salk.edu).

4.2. Germination and Growth Sensitivity Assays

For the germination assays, sowings were carried out as described in [4] on Petri dishes filled
with GM agar medium (Murashige and Skoog (MS) medium containing 1% sucrose), supplemented
with NaCl (150 and 200 mM), mannitol (350 mM) or ABA (3 and 6 μM). The seeds in which radicle
emergence was observed were considered to be germinated, whereas seedling establishment was
determined as those seedlings that exhibited green and fully expanded cotyledons. Seed germination
and seedling establishment were scored from 1 to 13 DAS or from 1 to 24 DAS on Petri dishes, kept at
20 ± 1 ◦C with 72 μmol·m−2·s−1 of continuous light.

To determine the salt and ABA responses during vegetative growth after seedling establishment,
seeds were sown on non-supplemented GM agar medium, and seedlings were transferred on 5 DAS to
new Petri dishes supplemented with NaCl (125 or 150 mM) or ABA (5 or 10 μM), and vertically grown.
Plant root length was determined after 8 days of NaCl or ABA treatment to evaluate their tolerance
to these stress conditions by referring the values to those of the individuals transferred to the control
(non-supplemented) media.

For the heat-sensitivity assays, the Col-0, mda1-1, mterf9, and mterf6-5 plants were grown on Petri
dishes at 28 ± 1 ◦C and 20 ± 1 ◦C for 14 DAS.

4.3. Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted from 80 mg 10 DAS wild-type Col-0 plants grown in the presence or
absence of 100 mM NaCl in the GM agar medium. The RNA was resuspended in 40 μL of RNase-free
water and DNA removed using the TURBO DNAfree kit (Invitrogen, Waltham, MA, USA) following
the manufacturer’s instructions. The cDNA preparations and qPCR amplifications were carried out
in an ABI PRISM 7000 Sequence Detection System (Applied Biosystems, Waltham, MA, USA) as
described in [4] using the oligonucleotides listed on Table S4. Each reaction mix of 20-μL contained
7.5 μL of the SYBR-Green/ROX qPCR Master Kit (Fermentas, Waltham, MA, USA), 0.4 μM of primers,
and 1 μL of the cDNA solution. Relative quantification of gene expression data was performed by
the 2−ΔΔCt method as described in [4]. Each reaction was done in three replicates, and three different
biological replicates were used. The expression levels were normalised to the CT values obtained
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for the housekeeping ACTIN2 gene [32], and a Mann–Whitney U-test was applied to the relative
expression data obtained.

4.4. Computational Analyses

The expression responses of the mTERF6 gene under ABA, salt, osmotic, and drought stress were
obtained from the AtGenExpress Visualization Tool (available online: http://jsp.weigelworld.org/
expviz/expviz.jsp) [27] by selecting the “AtGE Abiostress” as the data source and mean-normalised
values. The mTERF6 expression in response to ABA was also visualised by extracting the tilling array
data from TileViz (available online: http://jsp.weigelworld.org/tileviz/tileviz.jsp) [28] by selecting
the “Abiotic Stress Dataset” and the mean-normalised values.

5. Conclusions

In summary, the results reported herein reveal a new function for the mTERF6 gene related to
the emerging roles that have been recently proposed for the mTERF family in plants’ response and
adaptation to different environmental stress conditions. In the plant mterf mutants characterised to date
which have exhibited altered sensitivity to abiotic stresses, the affected mTERF proteins are involved
in OGE [11,13,14]. Hence, this pinpoints an important function for OGE and plastid homeostasis,
likely by acting throughout retrograde signalling, in tolerance to adverse environmental conditions,
as recently proposed [3]. Further molecular research on the effect of abiotic stresses on the mTERF6
function, and by extension on the remaining mTERFs, is required to shed more light on the contribution
of this scarcely known family of genes for plants to cope with abiotic stresses.
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mTERF mitochondrial transcription termination factor
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ABA abscisic acid
DAS days after stratification
mda1 mterf defective in Arabidopsis1
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Abstract: Complex proteomic and physiological approaches for studying cold and heat stress
responses in plant mitochondria are still limited. Variations in the mitochondrial proteome of
cauliflower (Brassica oleracea var. botrytis) curds after cold and heat and after stress recovery
were assayed by two-dimensional polyacrylamide gel electrophoresis (2D PAGE) in relation to
mRNA abundance and respiratory parameters. Quantitative analysis of the mitochondrial proteome
revealed numerous stress-affected protein spots. In cold, major downregulations in the level
of photorespiratory enzymes, porine isoforms, oxidative phosphorylation (OXPHOS) and some
low-abundant proteins were observed. In contrast, carbohydrate metabolism enzymes, heat-shock
proteins, translation, protein import, and OXPHOS components were involved in heat response
and recovery. Several transcriptomic and metabolic regulation mechanisms are also suggested.
Cauliflower plants appeared less susceptible to heat; closed stomata in heat stress resulted in moderate
photosynthetic, but only minor respiratory impairments, however, photosystem II performance was
unaffected. Decreased photorespiration corresponded with proteomic alterations in cold. Our results
show that cold and heat stress not only operate in diverse modes (exemplified by cold-specific
accumulation of some heat shock proteins), but exert some associations at molecular and physiological
levels. This implies a more complex model of action of investigated stresses on plant mitochondria.

Keywords: cold stress; heat stress; stress recovery; mitochondria; proteomics; respiration;
Brassica; angiosperms

1. Introduction

Abiotic stress, including excessive cold or heat, cause failure in the cultivation of many plant
species. Such conditions may significantly reduce the yield of most major crops. Plants have various
physiological and metabolic response mechanisms, which act within the complex network to avoid
harm due to unfavorable environmental stimuli [1–3]. Understanding these mechanisms improves our
knowledge of stress resistance and will allow the breeding of more appropriate plant varieties.

Numerous aspects of plant responses to cold and heat have been studied. They may differ between
plant species [4–6]. Both low and high temperatures can decrease chlorophyll biosynthesis, significantly
impeding chloroplast development and potentially resulting in photosystem II (PSII) damage [7–11].
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Cold-grown plants generate a vast number of reactive oxygen species (ROS) [12]. Armstrong et al. [13]
analyzed temperature-dependent sensitivity of leaf respiration in Arabidopsis during cold acclimation and
suggested the importance of an alternative oxidation pathway in this process. Moreover, Talts et al. [14]
observed that cold-treated plants often display higher rates of respiration. However, heat stress (depending
on its intensity and duration) can exert particularly diverse effects on the photosynthetic apparatus [15],
including increased cyclic electron flow around PSI [9,16–19].

Despite reports concerning evident alterations in plant physiological parameters during stress
response, data on the correlation of those changes with mitochondrial proteomes are quite limited.
Organellar proteomic analyses, including mitochondrial ones, may help to reveal the intrinsic
mechanisms of stress response by elucidating the relationship between protein variations and general
plant tolerance to environmental factors [20]. Nowadays, characterization of total proteomes or
sub-proteomes of important crop and vegetable plants, including cauliflower (Brassica oleracea var.
botrytis), appears to be very important [21–26].

The plant mitochondrial proteome is a very dynamic entity which can be remodeled in a plethora
of environmental conditions and developmental signals [27,28]. It is known that dozens of nuclear
genes encoding mitochondrial proteins respond to stress conditions form a functional network [29].
Using an integrative approach, Cui et al. [30] found 503 Arabidopsis mitochondrial proteins
participating in a stress protein interaction network. This suggests the general dependence of plant
mitochondria on other plant cell compartments during stress response. Furthermore, Taylor et al. [31]
estimated that only 22% of total Arabidopsis organellar proteins that are stress-responsive comprise
mitochondrial proteins. It seems that the number of mitochondrial proteins involved in stress response
is still underestimated, due to limited complexity of some reports and the fact that a significant number
of results came from analyses of total plant proteomes and main metabolic pathways only [25,32–34].
It should be mentioned that the number of low-abundant mitochondrial proteins responsive to
temperature stress is still far from being understood [31]. Recently, these issues were improved by
the application of isobaric tags for the absolute quantification (iTRAQ) or label-free peptide counting
coupled with liquid chromatography-tandem mass spectrometry (LC-MS/MS) [35–38]. Using a
gel-free approach, Tan et al. [39] found that cold stress led to a concerted decrease in respiratory
protein level, accompanied by an increase in abundance of some import/export protein machinery
components. However, the overall amount of cold-responsive proteins was smaller, when compared
to other suboptimal stimuli.

Although it is known that temperature stress modulates mitochondrial protein activity, level,
biogenesis and interactions [40–42], crucial steps of achieving appropriate coordination during
mitochondrial biogenesis in stress need to be further investigated. For instance, Giegé et al. [43]
showed that regulation of mitochondrial biogenesis in Arabidopsis cell cultures during sugar
starvation seems to be rather coordinated at the complex assembly. Approaches linking molecular
and physiological data dealing with temperature stress impact on mitochondria are still welcomed.
Some mitochondrial proteins (e.g., alternative oxidase [AOX]) are ‘classical’ modulators of stress
response among plants [44–46]. Regulation of diverse AOX genes varies between monocots and dicots.
In a number of plant species, the alterations of AOX protein are less pronounced [47,48]. In addition,
AOX may not to be increased in abundance by certain stress treatments, for example chilling [49,50].
The latter phenomenon was also confirmed in our previous study [41]; we reported a significant
decline in AOX level in cauliflower mitochondria under cold stress and recovery. Overall AOX gene
family responses on proteomic and transcriptomic levels were only partially associated and AOX
was a suggested target of translational regulation in diverse temperature treatments. In tobacco
(Nicotiana tabacum) leaves, abundance of this protein reached a maximum after 48 h of cold stress and
slowly decreased afterwards [51]. This highlights the importance of the length of cold stress treatment
for the plant to gain acclimation, presumably by the induction of regular changes in the transcriptome
first [52].
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Assuming limitations of the deposited data, this work was undertaken to gain a comprehensive
view about the influence of cold and heat treatment (as well as cold and heat recovery) on the
cauliflower mitochondrial proteome in relation to leaf transpiration and respiration rate, stomatal
conductance, rate of leaf photosynthesis, photorespiration as well as chlorophyll content and
fluorescence. The current study extends our previous complexomic and functional data [41].
To determine mitochondrial proteome response in relation to plant respiration, we aimed to
(1) investigate the dynamic nature of the mitochondrial proteome under cold and heat treatment
and stress recovery; (2) identify the most variable proteins in cauliflower inflorescence mitochondrial
extracts; and (3) link proteomic and discussed metabolic/functional aspects with alterations of analyzed
physiological parameters. On the whole, the broader set of identified proteins responding to cold/heat
stress and after stress recovery, which correlate with alterations in plant respiration and some general
metabolic demands, was able to be characterized in cauliflower mitochondria.

2. Results

2.1. Proteome Maps of Cauliflower Mitochondria under Stress Conditions

Mitochondrial proteins isolated from curds of control plants and from plants submitted to cold or
heat treatment were resolved by two-dimensional gel electrophoresis (2D PAGE). We also examined
the mitochondrial proteomes from curds of stress-recovered cauliflower plants with the idea to study
the impact of stress on the mitochondrial proteome under stress recovery (Figure S1). 2D gels for
investigated variants, including control, were run in triplicate. Individual gel replicates are shown in
Figure S2. In order to create master gel, we chose the image of control variant as the reference and
then we added the specific spots detected on the gels of remaining variants. The number of spots on
silver-stained 2D gels varied from 347 to 511 between all analyzed variants, including the control one.
Thus, 694 different spots were taken into account for the building of a synthetic silver-stained master
gel (Figure 1). Contrary to silver-stained gels, the number of protein spots on colloidal Coomassie
Brilliant Blue (CBB)-stained 2D gels was lower. Finally, for the analysis of spot variation, only 413 spots
representing highly abundant proteins from silver-stained gels were taken into account.

Figure 1. Position of varying spots on 2D silver-stained master gel of cauliflower curd mitochondrial
proteome (in total 100 μg of mitochondrial proteins pooled from all experimental variants), including
694 repeatable spots. 24-cm immobilised pH gradient strips (linear pH 3–10) for the first dimension
and precast Ettan DALT 12.5% SDS-polyacrylamide gels for the second dimension were used. It shows
the position of the 22 variable spots that were mapped and identified (they appear also in Figure 1,
Figure S1 and S2 and Table 1). Protein molecular mass standards (Thermo Scientific, Gdańsk, Polska) sizes
are given in kilodaltons (kDa); pI-isoelectric point. Further experimental details in Materials and Methods.
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2.2. Identification of Variable Protein Spots

Twenty two spots (3.2% on the silver-stained master gel) were significantly variable (verified by
the analysis of variance [ANOVA] and Tukey’s honest significant difference [HSD] test) as detected
using Image Master 7 Platinum software. Spot positions depicted in Figure 1, Figure S1 and S2 were
calculated from three biological replicates. All spots were successfully identified by LC-MS/MS.
The obtained data were used for searching Mascot against the National Centre for Biotechnology
Information (NCBI) database (version 20100203). Cauliflower stress-responsive mitochondrial proteins
were identified by using the Viridiplantae section of the database (with the aid of Arabidopsis and
B. oleracea nuclear and mitochondrial [53] genomes). To avoid possible misidentifications resulting from
large datasets, as pointed out by Schmidt et al. [24], we were able to set the false positive rate threshold
to 5%. Identifications of protein spots are presented in Table 1 and properties of individual peptides
for each protein spot are given in Table S1. As illustrated, all 22 spots represented 16 non-redundant
stress-responsive proteins. We did not exclude spots with multiple protein identification from the
analyses, however, we focused on protein identifications (for all stress-responsive spots) confirmed
by sufficient parameter quality (highest MOWSE score, emPAI, peptide number and coverage).
The disproportion between the quality of mentioned parameters for the initial and remaining records in
the MASCOT search list allowed us to do so. The percentage of sequence coverage ranged from 14% to
42% and the total number of identified peptides varied from 12 to 301. Among all spots, mitochondrial
proteins in all but one spot (spot No. 13 corresponding to Brassica napus protein sequence) were
identified based on their high similarity to Arabidopsis sequences. In addition, 17 Arabidopsis
proteins also showed a very high or 100% sequence identity with B. oleracea var. oleracea records
(Table S2). The experimental molecular mass corresponded roughly to the theoretical value for the
majority of spots. Some proteins including phosphoglycerate kinase isoform 1 (PGK1; spots No. 4, 10;
Table 1), mitochondrial elongation factor Tu (mtEF-Tu; spots No. 16, 17), isocitrate dehydrogenase
(IDH; spot No. 18) and citrate synthase (CS; spots No. 19, 20) showed a few kDa decrease in molecular
mass between theoretical and gel values. We are rather convinced that this did not result from the
excessive proteolysis in cauliflower mitochondria.

Seven spots (approximately 1% of all) displayed significant variations in their abundance after cold
stress and cold recovery. According to Tukey’s HSD test, four proteins, including three members of the
heat shock protein (HSP) family (spots No. 1, 6, 7) and 3-phosphoglycerate dehydrogenase (PGDH)–like
protein (spot No. 3) were increased in abundance during cold treatment. After cold recovery another
three proteins were significantly increased in abundance, namely pyruvate dehydrogenase subunit β
(PDHβ; spot No. 2), PGK1 (spot No. 4) as well as NAD+-dependent malate dehydrogenase (MDH;
spot No. 5; Table 1).

After heat stress and heat recovery, 15 responsive spots (representing 11 non-redundant
proteins) were identified (approximately 2.2% of all spots; Table 1). Four proteins PGDH-like protein,
Δ-1-pyrroline-5-carboxylate dehydrogenase (P5CDH), mtEF-Tu as well as CS were represented by double
spots (No. 8/9, 14/15, 16/17 and 19/20, respectively) displaying slightly different molecular mass and
pI values. According to Tukey’s HSD test, it appeared that three proteins significantly raised their
level during heat treatment: PGDH–like protein (spots No. 8), mtEF-Tu (spots No. 17), as well as
mitochondrial ATP synthase subunit d (ATPQ; spot No. 22), but two proteins: P5CDH (spot No. 15)
and CS (spots No. 19/20) were decreased in abundance.

Some variations were also observed after heat recovery. Here, we detected a more intense
accumulation of a broad set of proteins, namely PGDH-like protein (spots No. 8, 9), PGK1 (spot No. 10,
succinyl-CoA ligase subunit β (SCLβ; spot No. 11), chaperonin 10 (CPN10; spot No. 21), and ATPQ
(spot No. 22). Notably, CPN10 extensively increased in abundance. In those conditions, we also noticed
a significant decline of the ATP synthase subunit α (ATP1; spot No. 13), mitochondrial processing
peptidase subunit β (MPPβ; spot No. 12), P5CDH (spots No. 14, 15), mtEF-Tu (spots No. 16/17), IDH
(spot No. 18) and CS level (spots No. 19/20; Table 1). In addition, with the help of polyclonal antibodies,
we verified the abundance of ATP1 (the only protein from our data encoded by the mitochondrial
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genome) after heat recovery on 2D immunoblots. As illustrated in Figure 2 (all 2D immunoblot
replicates are shown in Figure S2), the respective variations of this protein assayed by immunoblotting
roughly followed the protein variations on the silver stained 2D gels. Notably, four proteins that were
identified as double spots showed very similar response after heat and heat recovery, which is in
favour for the correctness of their assignments (Table 1).

Full peptide data from the error-tolerant MASCOT search (Table S3a) allow to get a general view
on the extent posttranslational protein modifications (PTMs) within proteins (listed in Table 1) from
double spots (No. 8/9, 14/15, 16/17 and 19/20). As was shown, different proteins were identified
in each spot pair. Protein multi-spotting frequently accompanies 2D gel data, however, we only
investigated stress-responsive double spots (Table 1). We wanted to check whether the presence of
unknown PTMs could be associated with protein multi-spotting (Table S3b). We estimated a number of
modified residues from spectra of tryptic peptides as well as expected molecular mass difference from
the extent of given PTM between compared spots. We focused on phosphorylations, deamidations,
methylations, formylations and ethylations. Because no phosphoprotein enrichment was performed,
we were unable to further characterize the phosphoproteome in cauliflower mitochondria, despite
phosphorylated residues accounting mostly for total theoretical molecular mass difference between
double spots. However, only limited correlation was found between this value and the experimental
molecular mass difference for double spots. Therefore, multi-spotting of some analysed proteins came
rather from non-investigated modifications and/or from the expression of gene family members.

Figure 2. Immunoblotting of ATP1 on 2D blots containing cauliflower curd mitochondrial proteins
from control grown plants (K) and from heat-recovered plants (HA). 100 μg of mitochondrial proteins
were loaded onto all gels. 24-cm immobilized pH gradient strips (linear pH 3–10) for the first
dimension and precast Ettan DALT 12.5% SDS-polyacrylamide gels for the second dimension were used.
For protein transfer onto Immobilone membrane, a semidry system was applied. Blots were probed
with polyclonal antibodies raised against mitochondrial ATP synthase subunit α (ATP1). Detection was
carried with chemiluminescence assays after incubation with HRP-conjugated secondary antibody.
Representative results (from triplicates) are shown. For the comparison, panels showing fragments of
silver-stained 2D gels that contains spots for ATP1 are displayed. Arrows (indicated in each blot) show
the position of ATP1 on immunoblots and 2D gels. Protein molecular mass standard (Thermo Scientific,
Gdańsk, Polska) sizes are given in kilodaltons (kDa); pI-isoelectric point. Further experimental details in
the text.
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2.3. Functional Categorization of Identified Proteins

Based on Arabidopsis protein orthologues, we used a functional categorization (FunCat)
scheme at the Munich Information Center for Protein Sequences database (Available online:
http://ibis.helmholtz-muenchen.de/funcatDB/) for clustering of stress-responsive proteins resolved
on 2D gels into five functional categories (Figure 3 and Table 1).

Figure 3. Functional categorization of cauliflower stress-responsive protein spots, analysed by 2D
PAGE. Spots were analysed both according to their number (upper) as well as densitometrical
volume (abundance; below) calculated for each of functional groups in control grown plants, cold- or
heat-stressed plants (C or H, respectively) and cold- or heat-recovered plants (CA or HA, respectively).
Bar legend of categories: CM—carbohydrate metabolism, PrF—protein fate, AM—amino acid
metabolism, RC—respiration (respiratory chain components), PrS—protein synthesis.

Counting the number of spots within each category (Figure 3, panel: protein spots by number),
it appeared that the majority of cauliflower mitochondrial protein spots responsive to cold and heat
stress belonged to the class participating in carbohydrate metabolism, including tricarboxylic acid
(TCA) cycle components (about 36% spots) as well as amino acid metabolism and protein fate (each
of approximately 23%). The next ones were represented by respiratory chain (RC) components and
protein synthesis apparatus (each of approximately 9%). Interestingly, eight spots (36%) representing
six proteins were already annotated as stress responsive in the MIPS database.

Spots linked to RC components increased in abundance after heat stress, as well as after heat
recovery, however, the ones linked to amino acid metabolism were upregulated after cold and heat
stress. In contrast, spots linked with carbohydrate metabolism decreased in abundance after cold and
heat, but markedly upregulated in cold- and heat-recovered plants (Figure 3, panel: protein spots
by abundance), Interestingly, the total abundance of spots related to the protein fate showed some
increase after cold, but neither after heat stress (where it was decreased), nor after recovery phase.
It seems that the majority of identified protein spots that belonged to the protein fate class appeared
responsive in cold stress and cold recovery, which indicates its overall importance in low temperature
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response in cauliflower mitochondria. Many protein functional classes, however, were regulated by
heat and heat recovery (Figure 3, panel: protein spots by abundance, at the bottom).

2.4. Effect of Cold Stress on Abundance of Additional Mitochondrial Proteins

Due to the fact that the number of cold-regulated proteins was lower than those regulated by heat
stress in cauliflower mitochondria, we decided to verify our analyses by additional immunoblotting
assays (Figure 4). All immunoblot replicates are shown in Figure S2. The level of selected
proteins was monitored in mitochondria isolated from curds of cauliflower plants grown either
in control conditions or submitted to cold, or from cold-recovered plants. To verify protein loading,
blots were Coomassie-stained.

Figure 4. Immunoblotting of proteins from control grown plants (K), cold-stressed plants (C) and from
cold-recovered plants (CA). About 10 μg of mitochondrial proteins from cauliflower curds were loaded
onto SDS-polyacrylamide gels. Proteins were transferred onto an Immobilone membrane using a
semidry system. All assays were performed using specific primary antibodies raised against heat shock
protein 17.6C class I (Hsp17.6), glycine decarboxylase subunit H (GDC-H), NADH dehydrogenase
(CI) subunit 9 (NAD9), cyt. c oxidase (CIV) subunit 2 (COXII), cyt. c1, cyt. c maturation proteins
(CCMA, CcmFN1, CcmFN2), serine hydroxymethyltransferase 1 (SHMT) and voltage-dependent anion
channel 1 (VDAC-1). Detection was carried out with chemiluminescence assays after incubation with
HRP-conjugated secondary antibody. Representative results from triplicates are shown. The relative
abundance of bands is given below each panel. The abundance in stress conditions (value ± SD) is
standardized to 1.00 in control variants. For the loading control, blot staining with Coomassie Brilliant
Blue is additionally shown. Protein molecular mass standard (Thermo Scientific, Gdańsk, Polska) sizes
are given in kilodaltons (kDa). Further experimental details in Materials and Methods.
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We assayed the level of glycine decarboxylase subunit-H (GDC-H), serine hydroxymethyltransferase
1 (SHMT), mitochondrial porine isoform 1 (VDAC-1), some OXPHOS proteins, including complex I (CI)
subunit 9 (NAD9), cytochrome c1, complex IV (CIV) subunit 2 (COXII) as well as proteins engaged
in cytochrome c (cyt. c) maturation in plant mitochondria, particularly ABC transporter I family
member 1 (CCMA) and CcmF N-terminal-like mitochondrial proteins 1 and 2 (CcmFN1 and CcmFN2,
respectively). With the application of specific antibodies, we also investigated the level of cytoplasmic
small Hsp17.6 of class I (sHsp17.6C-CI), that interacts with mitochondria under temperature stress [54].
It appeared, that the level of Hsp17.6C-CI associated with mitochondrial membranes increased
extensively after cold stress and remained quite high after cold recovery (Figure 4). The abundance of
GDC-H showed almost a three-fold change decrease after cold recovery, but only slightly after cold
stress. A similar decrease in the level of CcmFN1 and CcmFN2 proteins was observed in cold and cold
recovery conditions (up to two- and three-fold change, respectively). In contrast, the accumulation of
the CCMA transporter protein was not affected by cold; however, it was decreased (by almost 50%)
after cold recovery. In the tested conditions, the relative abundance of SHMT and VDAC-1 was also
decreased. Regarding RC proteins, we detected a small upregulation of NAD9 subunit of CI after cold
stress and a subsequent major decline under cold recovery as well as a small downregulation of COXII
and cyt. c1 in stress (Figure 4).

2.5. Association between Protein and Transcript Level

Besides analyses of cauliflower mitochondrial proteome, we studied how proteomic response
is accompanied by transcript alterations. For the rapid assessment of both patterns, we employed
RT-semiqPCR and the level of five mitochondrial and 11 nuclear messengers was assayed (Figure S3)
and compared with the abundance of some OXPHOS proteins encoded by mitochondrial genome and
proteins coded by nuclear genome investigated in this study (Sections 2.2 and 2.4).

None of the mitochondrial mRNAs showed alterations in their abundance associated with the
protein level. nad9 and coxII messengers (coding for CI subunit 9 and CIV subunit 2) were regulated
inversely compared with the respective proteomic data in cold and cold recovery. atp1 transcripts
(coding for ATP synthase subunit 1) responded only in cold recovery. Furthermore, expression profiles
of genes coding for subunits of the same protein complexes (e.g., nad genes for CI and atp/ATP genes
for ATP synthase) were largely un-associated. This is true both for selected mitochondrial as well
as nuclear genes. The level of ATP2 nuclear transcripts was slightly decreased in cold and heat,
and decreased furthermore in stress recovery.

Parallel RNA/protein accumulation patterns were noted in case of the only three nuclear genes
coding for HSP70 isoform 1 (HSP70-1) in cold and cold recovery, mitochondrial processing peptidase
subunit (MPPβ) as well as for Δ-1-pyrroline-5-carboxylate dehydrogenase (P5CDH) in heat recovery.
However, those variations were quite minor. In case of the remaining regulations, we can see that the
decreased mRNA level (particularly for some transcripts, e.g., Hsp17.6 in cold and cold recovery and
SCLβ together with CPN10 in heat recovery) did not correlate with the increased protein abundance
in stress and recovery. Our results indicate also for the down-regulation of transcripts coding for
two enzymes of Pro catabolism: proline dehydrogenase (PRODH) and Δ-1-pyrroline-5-carboxylate
dehydrogenase (PRODH and P5CDH, respectively) in cold and heat recovery (Figure S3).

2.6. Cauliflower Physiological Responses to Cold and Heat Stress, and after Stress Recovery

We also studied how leaf respiration was affected after cessation of cold and heat treatment as well
as after post-stress plant recovery. By using an appropriate assay [55], we determined mitochondrial
respiration in the light (non-photorespiratory intracellular decarboxylation; Rd) in gas phase as the
rate of CO2 release. In addition, we also measured the rate of respiration of darkened leaves (Rn).
It appeared, that the respiratory production of CO2 in illuminated leaves was lowered in cold-stressed
plants; however, under cold recovery, a significant burst of Rd was observed. Rn rate was also lowered
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after cold treatment and remained so after cold recovery. In contrast, both Rd and Rn rates significantly
increased in heat stress and decreased almost to control stage values after heat recovery (Figure 5).

To gain a more complete view of cauliflower plant physiological status, we also assayed the impact
of stress conditions and stress recovery on leaf transpiration (E) rate, stomatal conductance (gs) as well
as essential photosynthetic parameters. We detected a decrease in E rate as well as lower gs value
under cold and heat stress, but not after cold recovery. However, after heat recovery, leaf transpiration
was slightly elevated (Figure 6).

 

Figure 5. Changes in cauliflower leaf light (Rd), dark (Rn) respiration as well as total
light (RT) respiration and (PhR) photorespiration (all expressed in μmol·CO2·m−2·s−1) at 200
(RT200 and PhR200), 400 (RT400 and PhR400) and 600 (RT600 and PhR600) μmol·m−2·s−1

illumination rate in control grown (K), heat-stressed (H), heat-recovered (HA), cold-stressed (C)
and cold-recovered (CA) plants. All parameters were measured on 3-month-old plants with fully
developed leaves with the application of an infrared gas analyser. Data were recorded after at least
2 h of illumination. During the experiment, each of the analysed leaves were placed into a 6-cm2

chamber of the analyser. Results were recorded after initial leaf acclimation to the desired light and
CO2 concentration, relative humidity and temperature. The Rd rate was determined according to the
Laisk [55] method. The photorespiration rate for each PPFD value was determined as the difference
between RT and Rd values. Error bars denote ± S.D. Asterisks indicate significantly different curves at
p = 0.05 (Student’s t-test). Further experimental details in Materials and Methods.
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Figure 6. Changes in cauliflower leaf transpiration, stomatal conductance to water vapour and net
CO2 assimilation rate at 400 μmol·m−2·s−1 illumination in control grown (K), cold-stressed (C),
heat-stressed (H), cold-recovered (CA) and heat-recovered (HA) plants. All parameters were measured
on 3-month-old plants with fully developed leaves with the application of an infrared gas analyser.
Data were recorded after at least 2 h of illumination. During the experiment, each of the analysed leaves
were placed into a 6-cm2 chamber of the analyser. Results were recorded after initial leaf acclimation
to the desired light and CO2 concentration, relative humidity and temperature. Bars are means ± SD
(n > 3) and asterisks indicate significant differences (p < 0.05; Student’s t-test) from the control (K).
Further experimental details in Materials and Methods.

To investigate whether all those responses were also accompanied by impaired photosynthetic
performance, we also measured the rate of net CO2 assimilation at three photosynthetic photon
flux densities (PPFDs)—200, 400 and 600 μmol·m−2·s−1. Here, the net photosynthesis intensity was
presented only for 400 μmol·m−2·s−1 (An400), which appeared the most optimal PPFD; the respective
net CO2 assimilation rate values at the remaining photon flux densities (An200, An600) followed similar
to An400 trends in stress response. The rate of An400 was markedly decreased after cold, heat and
also after heat recovery and, generally, it accompanied similar variations in stomatal closure and leaf
transpiration (Figure 6).

Notably, all those parameters did not correlate with alterations in variable (Fv) to maximal (Fm)
chlorophyll fluorescence ratio, which appeared relatively constant for all investigated stress conditions.
However, Fv and Fm significantly decreased both after heat and cold stress as well as after heat
recovery. The relative chlorophyll content (assayed by chlorophyll meter) was affected only after cold
stress and cold recovery (Figure 7). Due to the fact that in cauliflower curds, which are not involved in
CO2 assimilation, the decrease in abundance of two main photorespiratory enzymes (GDC and SHMT)
was noticed (Figure 4), we also aimed to investigate photorespiration (PhR) in photosynthetically active
organs in fully expanded leaves. Using Laisk’s [55] method, we determined the ratio of photosynthetic
rate under three investigated PPFDs between ambient and low CO2 concentration. It appeared that
PhR at all PPFDs markedly increased in cold-stressed plants; however, after cold recovery it was
severely impaired. In contrast, heat stress and heat recovery resulted only in the slight decline of
PhR200 and PhR400 values, whereas PhR600 was more affected at heat stress, but it was recovered
after heat recovery (Figure 5).

Overall, we showed that cauliflower plants, besides mitochondrial proteome plasticity at
the physiological level, display only partial but diverse alterations in various photosynthetic and
respiratory parameters.
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Figure 7. Changes in cauliflower leaf chlorophyll content minimal (Fo), maximal (Fm) and
variable (Fv) fluorescence and Fv/Fm ratio in control grown (K), cold-stressed (C), heat-stressed (H),
cold-recovered (CA) and heat-recovered (HA) plants. Chlorophyll content measured with a chlorophyll
meter was expressed in relative units. Chlorophyll fluorescence was measured using a portable
fluorometer. Before measurement, leaves were dark adapted for 30 min. Photochemical efficiency of
PSII could be estimated from the Fv/Fm ratio, where Fv is the difference between Fm and Fo. Bars are
means ± SD (n > 3) and asterisks indicate significant differences (p < 0.05; Student’s t-test) from the
control (K). Further experimental details in ‘Materials and Methods’.

3. Discussion

3.1. Identification of Cauliflower Stress-Responsive Proteins by MS Analysis

In order to obtain a more general view of the impact of cold and heat stress on the functioning
of cauliflower mitochondria, we began our study by their proteome analysis. Using 2D PAGE,
22 stress-responsive spots representing 19 non-redundant proteins were selected. Although some
proteins belong to the general components of the abiotic stress response [40], in this study the list
of cauliflower mitochondrial proteins responsive to temperature stress was broadened by stress
recovery data showing new candidates (Table 1). Our previous studies suggested that stress recovery
is associated with the possible acquiring of stress tolerance by cauliflower displaying some alterations
within the mitochondrial OXPHOS and dehydrin-like proteins [41,56]. We would like to complement
the study of mitochondrial complexome [57] by extended physiological and proteomic analyses and to
follow the importance of stress recovery conditions in such assays.

Cauliflower is closely genetically related with other Brassica species and the identification of
mitochondrial proteins was conducted based on protein sequence similarity between Brassicaceae
members. Schmidt et al. [24] and Zhu et al. [36] have identified some proteins (e.g., ATPQ, CPN10,
MDH, PDHβ and HSP81-1) that appeared to be stress-responsive in our study. The presence of
protein spots containing glycolytic enzymes (for instance PGK1) (Table 1) was not curious, because
this enzyme was reported to be associated with outer mitochondrial membrane [58,59]. Such a finding
was concluded mainly from the measurements of its enzymatic activity in mitochondrial extracts,
however, the cytosolic member of this enzyme family (At1g79550), distinct to the Arabidopsis homolog
(At3g12780) of cauliflower protein, was also identified in a large protein complex associated with
mitochondrial membranes [58,60]. Interestingly, Arabidopsis PGK1 ortholog from plastid proteome
showed cold response [61], whereas cauliflower mitochondrial protein was affected after heat recovery.

Four cauliflower mitochondrial proteins (3-PGDH, P5CDH, mtEF-Tu and CS) were represented
as double spots. The presence of multiple spots on 2D gels was reported in numerous proteomic
analyses, also including proteins analysed in this study (Figure S1) [21,22,32,50,62–67]. Consequently,
we determined the extent to which posttranslational modifications might be responsible for the
presence of multiple spots for the investigated proteins. Due to the lack of quantitative analysis
including laborious enrichment of protein extracts in modified proteins and technical limitations of
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our protein separation methods, we were not able to accurately analyse majority of PTMs. Instead,
we focused on a few selected modifications only (Tables S3a and S3b). However, various algorithms
used for the PTM prediction among Arabidopsis emphasize that our data is largely novel and also
significantly broadens deposited records. Among investigated modifications, many phosphorylated
and methylated peptides were detected. Phosphorylation, together with oxidation, belong to the most
important PTMs, regulating the activity of many stress-responsive proteins; in plant mitochondria,
phosphorylation has particularly been studied in detail [34,68–71]. Energy and transport proteins,
HSPs and even RC components were identified as potent phosphorylation targets [71]. Among proteins
that were present in multiple spots in our study, it was shown that rice (Oryza sativa) CS can
be phosphorylated [72] and mtEF-Tu was subjected to oxidation [73]. Overall, multi-spotting of
cauliflower mitochondrial protein may depend not only on the presence of different PTMs, but largely
on multigenic families coding novel protein isoforms, which resulted from the complex evolution of
Brassica nuclear genomes as they underwent numerous chromosomal doublings, hybridizations and
rearrangements [74]. More sensitive and quantitative proteomic assays should be implemented in the
future for the better characterization of PTMs in cauliflower mitochondrial proteome.

We also noticed minor differences in molecular mass between nominal and observed values
of some cauliflower mitochondrial proteins (Table 1). However, such discrepancies may be even
more evident due to protein degradation [75]. Taylor et al. [50] and Imin et al. [76] have shown that
abiotic stress could induce accumulation of protein degradation products. We routinely used protease
inhibitors for the preparation of mitochondria, therefore, we think that extensive proteolysis could not
account for major molecular mass discrepancies. Overall, despite the general similarity of 2D maps,
it seems that numerous mitochondrial proteins may slightly differ in some physicochemical properties
between Arabidopsis and cauliflower. We expected this from our previous analyses [23].

3.2. Variations in Pattern of Cauliflower Mitochondrial Proteome in Stress and Stress Recovery, and Their
Metabolic Relevance

From the identified 16 stress-responsive proteins, at least an ca. two-fold change in variations in
protein abundance were shown for most of them (Table 1). Under heat stress and heat recovery more
proteins which varied in abundance were identified, compared to cold/cold recovery. From our data,
only four stress-responsive proteins (ATP1, NAD9, COXII, CcmFNI, CcmFNII) are encoded in the plant
mitochondrial genome (Table 1, Figure 4). Such a discrepancy may be due to the fact that the proteomic
data allow the estimation of only a limited amount of mitochondrial proteins participating in various
stress responses [31], therefore, literature inventories of those proteins are still far from complete.
Rurek [40] lists almost 82 cold- and 52 heat-responsive plant mitochondrial proteins and only five
proteins encoded by mitochondrial genome within them. In the up-dated Heidarvand et al. [42] review,
only four proteins encoded in mitochondria contrast with the 44 nuclear-encoded cold responsive
proteins. However, the modulation of plant mitochondrial biogenesis may rather depend on the
regulation of the level of nuclear-encoded proteins governing assembly of macromolecular complexes,
as has been speculated for sucrose-starved Arabidopsis cell cultures [43]. Overall, temperature stress
response seems to involve no more than ca. 5% mitochondrial proteins encoded by mtDNA.

Some proteins detected in our study were previously shown to vary under diverse abiotic stress
conditions. PDH participates in regulation of carbon flux from glycolysis to TCA cycle. In the published
data, upregulations of PDH subunits prevail; in pea (Pisum sativum) mitochondria, PDHβ proteolytic
products accumulate [50,77,78]. In rice leaves, however, contrasting PDHα responses (similarly to HSP90,
see below) were noted under diverse cold conditions [37]. It is known that also other components of
PDH complex including dehydrolipoamide dehydrogenase, may be upregulated during heat stress [79].
In contrast, we showed extensive accumulation of PDHβ after cold recovery, but not after heat
treatment. In rice, PDHβ was downregulated during hypoxia [80], however, subunit-α of this enzyme
increased during heat treatment and decreased in abundance after stress cessation [81]. Our results
suggest that despite the overall number of major cold-responsive mitochondrial proteins being lower
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than those regulated by heat, it seems that carbon transfer from glycolysis to TCA cycle is increased
in cauliflower cold response. Nonetheless, stress can regulate plant energetic and metabolic demands,
including ATP/ADP intracellular and intramitochondrial ratio and the need for carbon skeletons [82].

Mitochondrial NAD+-dependent MDH, which was increased in abundance after cold recovery in
cauliflower mitochondria, in Arabidopsis was accumulated in response to different environmental
stimuli including cold de-acclimation (but not cold acclimation) [32,33,83,84]. Arabidopsis MDH1 was
suggested to belong to translational regulation targets [85]. The level of this enzyme (together
with CS) was diversely modulated by various chilling conditions; generally, MDH abundance
increased in cold-sensitive plant species [26,37,50,78,86,87]. Dumont et al. [88] investigating alterations
in MDH abundance in diverse pea genotypes submitted to the combined cold and frost action
and obtained contrasting results depending on the stress treatment and duration, similarly to the
Yin et al. [89] and Cheng et al. [90] studies on MDH1 level in soybean (Glycine max) embryonic axes.
Interestingly, CS responses depend on the severity of the temperature treatment (e.g., in the severe
chilling the abundance of this enzyme declined), whereas under moderate treatment it increased [91].
During 2-day-long heat stress, MDH was also diversely downregulated in two Agrostis species
depending on their thermotolerance [92]. Such a decrease in abundance was also reported for soybean
MDH [89]. The significant up-regulation of cauliflower MDH only to cold recovery suggests that it
may be the cold recovery marker [93]. However, heat recovery appeared detrimental for the level
of this enzyme in cauliflower mitochondria [41]; cauliflower IDH and CS markedly declined after a
2-day-long heat recovery. Similar changes were reported for CS in heat adapted Populus euphratica [79].
In general, heat (which may lead to intramitochondrial oxidative damage) results in TCA enzymes,
mitochondrial NADH pool and ATP synthesis impairments [94] and cold stress results in general
stimulation of respiratory metabolism.

It appeared that cold stress causes an increase in the level of cauliflower HSPs; interestingly,
in our study HSP70 and HSP90 increased more than in pea (Pea sativum) and rice leaves and peach
(Prunus persica) barks [38,50,95]. A similar trend was observed in rice during salinity [96] and heat
action in Arabidopsis [97]. However, mitochondrial HSP70 declined in abundance in stored or detached
peach fruits submitted to prolonged cold [77,98]. Van Aken et al. [29] reported that Arabidopsis
mitochondrial heat shock proteins responded only slightly to some forms of abiotic stress, for example
HSP70 in the case of Cd treatment [83]. Another protein, HSP81-2, appeared to be cold-responsive in
cauliflower mitochondria, contrary to the Arabidopsis ortholog, which was regulated by heat [31,97].
Notably, the regulation of HSP90 level in rice leaves depended on cold duration [38]. CPN10 remained
unaffected after cold stress in pea [50], but in cauliflower mitochondria this protein accumulated very
extensively under heat recovery. Also, mitochondrial sHsp22 was induced preferentially by heat
(but not by cold) in soybean seedlings [25]. Together with FunCat data, all those findings suggest
that the accumulation of some HSPs in cauliflower mitochondria may be specific for the preferential
temperature stress conditions. Some HSPs can also diversely participate in various stress conditions,
leading to distinct stress responses. It should also be noted, that the expression of two proteins (HSP70 and
MDH1) regulated by low-temperature treatment, as well as additional proteins (mtEF-Tu, CS) responded
to heat/heat recovery in our study and is known to be modulated by the specific glycine-rich protein
(displaying RNA chaperone activity) under cold adaptation in Arabidopsis plants [99].

Cauliflower mtEF-Tu increased in abundance mainly after heat stress and did not last after heat
recovery; overall, this may imply that the mitochondrial translation apparatus is impaired after heat
cessation and rapid shift to control growth conditions of cauliflower, which was also observed for
instance in chilled soybean embryo axes [89]. mtEF-Tu together with β-subunit of succinyl-CoA
ligase increased in abundance in drought and partially in flood and MPP and ATP1 by salinity in
Arabidopsis [32,84]. Curiously, β-subunit of succinyl-CoA ligase showed heat duration-dependent
responses in soybean roots and rice leaves [25,37]. The major downregulation of succinyl-CoA ligase
β-subunit in cauliflower mitochondria followed alterations of other TCA cycle components (IDH, CS)
after heat stress [37,79], but not after heat recovery. Therefore, we can speculate that succinyl-CoA
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ligase may be preferentially accumulated in cauliflower during heat recovery in order to adjust the
mitochondrial metabolism to control conditions.

ATP1 belongs to the proteins with level alterations dependent on the given species as well as
stress intensity and duration [42]. In our study, ATP1 was declined in abundance after heat recovery.
Similar trends were noted for pea, Arabidopsis, and Zea mays in a course of chilling, prolonged heat,
CuCl or H2O2 treatment [39,50,100,101]. In contrast, cauliflower ATP1 abundance slightly increased in
heat, similarly to the unassembled subunit b of ATP synthase [41]. We also found that heat caused a
vast increase in abundance of ATP synthase d-subunit, contrary to its major downregulation reported
by Gammulla et al. [37] and Tan et al. [39] for cold-stressed Arabidopsis cell cultures and heat-treated
rice leaves, respectively. During oat (Avena sativa) seed storage, ATP1 level consistently declined as
temperature increased from 35 to 50 ◦C, whereas subunit d of ATP synthase initially increased and
then decreased in abundance under the same treatment; notably, subunits d and α were differentially
accumulated at 10% and 16% moisture content, respectively [102]. Overall, those findings suggest
that demand for ATP synthesis during heat treatment increases and the excess of de novo synthesized
diverse ATP synthase subunits (e.g., mitochondrially encoded ATP1 or nuclear-encoded ATP7 proteins)
is likely to be assembled into novel ATP synthase holocomplexes, labile in heat recovery [41].

Regarding the decrease in the level of MPPβ after heat recovery, we think that this may reflect the
impairment of the import machinery, which may not be fully restored after stress recovery: according to
our previous study [41], another subunit—MPPα appeared also to be down-regulated in heat recovery.
Gammulla et al. [37] and Neilson et al. [38] noticed contrasting changes in the level of MPP subunits
in rice leaves under low temperature and overall downregulations under heat. The level of MPP
subunits underwent major changes in flood, indicating mitochondrial damage [84]. The influence of
abiotic stresses on the efficiency of protein import into plant mitochondria was investigated, inter alia,
by Taylor et al. [103] and Giegé et al. [43]. Taylor et al. [103] observed import inhibition of all tested
pre-proteins into pea mitochondria during thermal stress. In turn, Giegé et al. [43] reported that the
capacity for in vitro mitochondrial protein import is not affected after sucrose starvation in Arabidopsis
cell cultures. Owing to our present and previous results [41], the pattern of protein import into
cauliflower mitochondria under temperature stress should be investigated.

Another down-regulated cauliflower mitochondrial protein in heat was P5CDH, an enzyme
involved in the proline degradation pathway of the Pro/P5C cycle [104]. Enzymes of this cycle,
including P5C synthetase and proline dehydrogenase (ProDH) could be reciprocally expressed under
stress. Moreover, ProDH closely associates with the OXPHOS system [42,105]; it was suggested that
P5CDH prevents oxidative stress and electron run-off within the mitochondrial respiratory chain
during Pro metabolism [106]. Free Pro accumulated in leaves of cold-treated cauliflower of wild type
and mutant clones selected on hydroxyproline-containing medium, however, after salinity stress in
mutated populations [107,108]. Interestingly, the level of P5CDH messengers significantly decreased in
Arabidopsis plants expressing ectopically P5C synthetase 1 in response to heat stress. Pro accumulation
impeded Arabidopsis seedlings growth in heat stress and may not serve as a protective osmolyte [109].
Therefore, it would be important to determine whether the decrease in abundance of P5CDH in
cauliflower curds is associated with the increased Pro level after heat stress and heat recovery.

To extend our knowledge regarding cauliflower cold-responsive proteins, we carried out
immunoblotting using antisera against dedicated proteins (Figure 3). We observed accumulation of
cytosolic Hsp17.6C-CI after cold stress and recovery, indicating interaction of small HSPs with cauliflower
mitochondrial membranes under prolonged cold treatment (as speculated by Rikhvanov et al. [54] for
heat-stressed Arabidopsis cell cultures) and the importance of stress recovery phase in gaining stress
resistance. Overall, HSPs are known to form oligomeric complexes with stress-affected proteins [110].
Important photorespiratory enzymes, GDC and SHMT, were decreased in abundance after cold recovery,
similarly to Agrostis scabra, A. stolonifera, Arabidopsis, pea, P. cathayana, rice and wheat (Triticum aestivum)
proteins in cold, heat and drought [37,38,50,92,111–113]. This observation is consistent with the reported
declined levels of those enzymes in plant mitochondria under unfavourable conditions, leading to
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photorespiratory impairments [111]. However, under microspore development in rice plants submitted
to cold, GDC-H was upregulated [114]. Interestingly, such up-regulation of GDC-H was also reported
in pea leaves under frost and independently to cold tolerance and in the case of SHMT- in cold and
salinity [37,88,115]. GDC-H slightly increases in abundance also in the early stages of low temperature
action [116]. In accordance with that observation, as a part of protective mechanisms, significant
accumulation of GDC-H transcripts in Arabidopsis leaves in response to short cold treatment was also
reported [117].

We also determined variations in the level of some proteins engaged in maturation of cyt. c.
Interestingly, major level downregulations of CcmFN1 and CcmFN2 proteins suggest that components of
cyt. c maturation apparatus, including putative heme lyase components, may be sensitive to temperature
stress. Generally, evidence for alterations of the level of those proteins in plant mitochondria during stress
conditions are quite scarce. However, Naydenov et al. [118] found that CcmFN messengers responded
during three-day-long cold exposure in maize embryos.

Regarding the level of other mitochondrial proteins during cold stress and cold recovery,
VDAC-1 was downregulated in cauliflower mitochondria, which is generally in accordance with
previously published results [37,77,94,119]. Interestingly, according to our previous study [41],
we found the affected level of another VDAC isoform (VDAC-2) under heat recovery only. In addition,
we detected some level of regulation of selected RC components, such as NAD9, COXII and cyt. c1.
Despite Tan et al. [39] having found cyt. c1 abundance alterations (roughly followed by our data)
among a number of Arabidopsis proteins in terms of their decline in cold, they did not identify COXII
among them. However, those authors also reported the increased level of NAD9 protein in chilled
Arabidopsis cell cultures. Longer cold acclimation led to the downregulation of this protein in wheat
crowns, which is similar to our data [112], but 72 h-long cold stress resulted in NAD9 increase [37].
Selected CIV subunits [e.g., 6b-1 in chickpea (Cicer arietinum)] could also decline in abundance in cold,
which suggests that overall respiratory activity decreased [120]. In most of the investigated plants,
the level of COXII increased under low temperature and the overall changes in NAD9 abundance
seem to be species-specific under temperature stress [5,121,122]. OXPHOS components are heat action
sites in cauliflower [41]. It should be underlined that cold/cold recovery responses in cauliflower
mitochondria also resulted in few protein upregulations, as was evident from 2D PAGE.

Finally, immunoblotting results extended the 2D PAGE data for cold-regulated proteins and the
current study has also broadened knowledge on temperature stress responsive mitochondrial proteins,
compared to our previous complexomic data [41]. Obtained data indicate for the variations of the
same mitochondrial proteins in analysed stress conditions between cauliflower and other plant species.
Few novel proteins, representing various pathways of mitochondrial metabolism, were discovered as
responsive ones in thermal stress in cauliflower mitochondria. Therefore, one could speculate that
numerous signalling pathways may be induced during action of cold or heat stress to alter the pattern
of mitochondrial proteome. Various metabolic pathways (e.g., TCA cycle) may diversely participate in
a particular stress response, which results in a plethora of various proteomic effects for cold, heat stress
conditions and for stress recovery. In addition, the imbalance between proteomic and transcriptomic
responses investigated in this study suggest that messengers accumulated at lowered levels have to
be more efficiently used for translation, presumably by adaptive alterations in transcript/ribosome
associations. Moreover, lack of coordination of expression profiles of diverse genes coding for subunits
of the same complexes (CI, ATP synthase) in diverse temperature treatments points to the putative
aberrations in the biogenesis of OXPHOS complexes also in cold and cold recovery and extends our
previous data [41].

3.3. Cauliflower Leaf Respiratory Responses to Cold and Heat Stress

Temperature belongs to the critical factors controlling plant growth and development.
Understanding both molecular, physiological as well as metabolic responses of crop and vegetable
species to temperature stress in order to improve their tolerance and sustain high field yields is
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crucial [123]. However, the data regarding physiological functioning of Brassica species, including
cauliflower, in cold and heat treatment [15,124] is still insufficient, contrary to some other environmental
conditions, such as salinity or cadmium treatment [125–129].

Cauliflower is one of the most agriculturally important vegetable crops worldwide [107]. Notably,
cauliflower and kale (B. oleracea var. acephala) belong to species better cold- and frost-adapted than
Arabidopsis [107,130]. In our study, cold or heat stress was applied to cauliflower plants at the early
stage of curd development, which enabled us to study the stress response of plants both at the molecular
and physiological level. Previously, we used polarographic assays for investigating physiological
properties and the activity of alternative pathway under temperature stress and recovery in isolated
cauliflower mitochondria [41]. For physiological measurements in the current report, fully developed
cauliflower leaves instead of curds were chosen; leaves, contrary to other plant organs, appeared more
cold sensitive, which makes them most suitable for physiological assays [131]. We determined leaf
respiration rate (by gas-exchange measurements on illuminated and darkened leaves), transpiration,
stomatal opening, net CO2 assimilation rate as well as chlorophyll level and fluorescence parameters
which appeared to be affected by the same treatments to various extents (Figures 5–7), complementing
our previous data.

In our study, the increase of Rn and Rd after heat stress and their subsequent decrease to the
level of control variant during heat recovery suggest that adaptive forces of respiratory metabolism of
cauliflower leaves to thermal treatment depends on stress duration. The increase of respiration after
heat stress was also assayed in a number of plants [e.g., pepper (Capsicum annuum) leaves], which is a
thermotolerant species with effective energy dissipation and ROS scavenging systems [132]. Due to
the fact that cold stress acted for a longer period and appeared even more detrimental than heat,
we did not observe Rn return to the level of control variant after cold recovery. This indicates for some
irreversible effects in the cold, contrary to heat response (Figure 5). Such temperature recovery is
expected to control energetic needs during acclimation, because of larger maintenance costs due to the
increased activity of numerous enzymes [14].

The rate of respiration belongs to the first processes affected in plants also subjected to the
low temperature treatments [27]. In the illuminated cauliflower leaves, Rd burst after cold recovery
was evident; also for cold-acclimated Arabidopsis plants light respiration increased [14]. In some
plants, however, the increase in respiration rate is visible at the early stage of cold treatment and it
declines afterwards [42]. Overall, the importance of Rd in thermal adaptation is suggested. In addition,
Talts et al. [14] showed that Rn of Arabidopsis leaves was more sensitive to cold stress than Rd.
We noticed a more evident decrease in Rd rather than in Rn after cold treatment (Figure 5). However,
in various winter and spring wheat and rye (Secale cereale) cultivars, chilling also resulted in a small
Rn increase [133]. Apart from the known various temperature treatments, species-specific respiratory
responses are suggested between various plant species.

In our study, cold, heat and heat recovery resulted in a significant decrease of net photosynthesis
rate, which was partially accompanied by decreased stomatal conductance [14,132,134,135]. Similarly,
to cauliflower data, the post-cold plant acclimation resulted in recovery of photosynthesis [134].
Copolovici et al. [135] pointed out the relevance of various cold/heat treatments for different
photosynthesis and stomatal conductance decrease in tomato (Solanum lycopersicum) leaves, which is
also important in our case (Figure 6). Dahal et al. [133] showed that in some wheat and rye cultivars,
cold resulted in a decrease of both net CO2 assimilation and as well as leaf transpiration and stomatal
conductance. Leaf transpiration, stomatal conductance, chlorophyll content and photosynthesis
also responded to cold in P. cathayana [136]. The decreased photosynthetic CO2 assimilation rate in
cauliflower leaves also correlated with an apparent decrease in stomatal conductance and transpiration
rate after cold stress; however, in heat stress, stomata were closed to an even greater extent (Figure 6).
Similarly, heat stress affected photosynthetic parameters and decreased stomatal conductance in
grapevine (Vitis amurensis) and tobacco leaves [137,138]; in cauliflower leaves after heat recovery,
despite rapid stomatal opening, the net photosynthetic rate remained decreased (Figure 6).
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Under temperature stress, chlorophyll level and fluorescence as well as PS performance could be
affected to various extents [10,124,137,139]. In our case, the decrease of Fm and Fv was accompanied
by lower amounts of chlorophyll in cauliflower leaves only after cold treatment, and chlorophyll
fluorescence parameters were not restored only after heat recovery. The lower chlorophyll content
in leaves of cold stressed plants may suggest some damage in photosynthetic apparatus because
photosynthetic rate was decreased. Generally, heat stress may result in the decrease of Fv/Fm [132].
However, in our study, PSII performance was largely unaffected due to the overall stable Fv/Fm ratio
in all stress conditions investigated (Figure 7). It is known that the heat damage of PSII, accompanied
by a decrease of CO2 assimilation rate, occurs when severe stress conditions (exceeded 42 ◦C) were
applied on illuminated leaves; however, this damage could be restored either in cases when a ‘point
of no return’ is not exceeded or when exogenous Ca is applied for stomatal opening [138,140,141].
We conclude that despite our heat treatment conditions bordered with this threshold between mild and
severe conditions, closed stomata in heat stress resulted in overall photosynthetic, but not respiratory
decrease (Figures 5 and 6) and overall less susceptibility of cauliflower to heat than cold treatment.

We also noticed an association between decreased photorespiration rate and GDC-H and SHMT
levels in cold recovery (Figures 4 and 5). Photorespiratory decline under temperature stress may result
from GDC and SHMT downregulations in abundance and/or activity [50,92,111,117]. In our study,
photorespiratory impairment was observed after heat treatment and heat recovery. Here, decreased
photorespiration corresponded with decreased photosynthetic activity (due to over-reduction of
the photosynthetic chain) and appeared irreparable after heat recovery. Also, in pepper leaves,
heat treatment decreased both net photosynthetic as well as photorespiratory rate [132]. Interestingly,
in cauliflower mitochondrial proteome, the increased level of MDH was associated with GDC-H
and SHMT downregulation in cold stress and cold recovery. Mitochondrial MDH, which assists in
metabolic flux through the TCA cycle, could operate in a reverse manner, by reducing oxaloacetate to
malate, providing NAD+ for photorespiratory glycine decarboxylation [142]. Regarding our study,
mitochondrial MDH did not respond to heat treatment and heat recovery. Despite distinct tissues
(curds and leaves) being chosen for proteomic and physiological experiments, still we may speculate
whether cauliflower NAD+-dependent MDH is engaged rather in the increase of the NADH pool
inside mitochondria by acting within the TCA cycle, and not in NAD+ regeneration necessary for
photorespiration in cold stress, because the level of MDH and GDC-H were regulated conversely.
Further experimental attempts are necessary to elucidate this issue.

Figure 8 summarizes results of our study. In general, we suggest that distinct cold and heat
stress responses act in various way not only on the cauliflower mitochondrial proteome, but also on
investigated transcript alterations and physiological parameters related with respiration with limited
association. As it was pointed out above, associations between photorespiration rate and the dedicated
enzymes were clearly seen. Contrasting conditions of temperature stress and recovery may result in
diversely affected pre-protein import to cauliflower mitochondria, impaired metabolite exchange and
altered chaperoning activity together with TCA and OXPHOS functioning. In addition, transcript
accumulation is proposed to compensate affected protein pool. Nevertheless, specificity of studied
physiological and molecular responses to cold and heat stress between cauliflower and other plant
species were easily observed and should be investigated in the future in more detail.
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Figure 8. Proposed model of the impact of temperature stress and recovery on mitochondrial
biogenesis in cauliflower curds. Investigated phenomena are depicted. Regulations in the cold
and heat are shown by thin blue and red arrows; regulations in stress recovery by the respective
thick blue and red arrows. Up-regulations and down-regulations are denoted by arrow heads
raised up and down, respectively. Icons with a shield inside depict sustained physiological
parameters or phenomena (left panel) or protective function of selected proteins in mitochondrial
biogenesis (right panel). Left panel: stress dosage scheme and regulations in key physiological
parameters. Right panel: Proteins and complex subunits regulated by abundance are yellow-marked.
Some regulatory steps affected by stress conditions are highlighted by discontinuous lines and
arrows. Important abbreviations: A, net photosynthetic rate; ATP1, ATPQ, ATP synthase subunits
1 and d; CCM, cytochrome c maturation; CPN, chaperonin; C(s), complex(es); COX, cytochrome
c oxidase; CS, citrate synthase; cyt. c, cytochrome c; E, leaf transpiration; GCS, glycine cleavage
system; GDC, glycine decarboxylase; gs, stomatal conductance; HSP(s), heat shock protein(s);
IDH, isocitrate dehydrogenase; MDH, malate dehydrogenase; MPP, mitochondrial processing
peptidase; mt, mitochondrial; NAD9, complex I subunit 9; P5CDH, 1-Δ-pyrroline-5-carboxylate
dehydrogenase; PDH, pyruvate dehydrogenase; 3-PGDH, 3-phosphoglycerate dehydrogenase; PGK1,
phosphoglycerate kinase isoform 1; PhR, photorespiration; ProDH(s), proline dehydrogenase(s); Rd,
light respiration; Rn, dark respiration; RT, total light respiration; SCL, succinyl-CoA ligase; SHMT,
serine hydroxymethyltransferase; TCA, tricarboxylic acid; VDAC, voltage-dependent anion channel.
Further data in the text.
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4. Materials and Methods

4.1. Plant Material, Growth Conditions and Stress Treatment

Cauliflower (Brassica oleracea var. botrytis subvar. cauliflora DC cv. ‘Diadom’) seeds were purchased
from Bejo Zaden (Warmenhuizen, Holland). Cauliflower seedlings were grown in 0.09 dm3 pots
filled with peat substrate for growing cruciferous vegetables (Kronen–Clasmann, Gryfice, Poland).
Seedlings with 3–4 leaves were transferred to larger containers (5 dm3 in volume). Plants were grown
for three months in cultivation chambers at a local breeding station (Poznan University of Life Sciences,
Poland) at 23/19 ◦C (D/N) and 70% relative humidity under photon flux density 200 μmol·m−2·s−1

(16 h of light/8 h of dark). After three months of growth corresponding to the young inflorescence
(10 cm in diameter) stage, plants were divided into a few sets for stress treatment and the parallel
control variants (plants grown in conditions described above).

Two stress variants were tested in this study: the direct stress treatment-heat or cold and post-stress
plant cultivation (stress recovery). For the application of cold stress, plants before the isolation of
mitochondria were transferred for ten days to 8 ◦C. Heat treatment (40 ◦C) was applied to growing
plants for 4 h before the isolation of mitochondria. After stopping the stress treatment, part of
cauliflower plants were transferred to the standard growth conditions for 48 h for the stress recovery.
Curds (5 mm topmost layer) were directly harvested either after stopping the stress treatment or after
stress recovery.

4.2. Gas Exchange Measurements

All analyses were carried out on at least three fully developed leaves from three 3-month-old
plants. Leaves were taken from each plant representing all experimental variants (control versus
stress-treated or control versus stress recovered plants). At least three biological replicates were
analyzed. All parameters (the rate of total CO2 assimilation [Ag], An, total respiration rate [RT],
Rd, Rn, E, and gs) were measured using an LI-6400 XT infrared gas analyzer (LI-COR, Lincoln, NE,
USA) and adjusted to the enclosed leaf area determined by an LI-300 leaf meter (LI-COR, Lincoln,
NE, USA). Data were recorded after at least 2 h-long illumination. During the experiment, each of
the analyzed leaves were placed into a 6-cm2 chamber of the analyzer. Results were recorded after
initial leaf acclimation to the desired light and CO2 concentration, relative humidity and temperature.
Gas-exchange parameters were recorded after leaf acclimated in the gas exchange chamber under
the following conditions: PPFD of 400 μmol·m−2·s−1, 50% of the relative humidity (RH), 22 ◦C,
350 ppm of CO2. CO2 assimilation rate was also determined at two additional PPFD values (200 and
600 μmol·m−2·s−1).

Rd rate was determined according to Laisk [55]. For each leaf, CO2 assimilation rate representing
a given RT was recorded during decreasing intercellular CO2 concentration (Ci) to 0 ppm at 22 ◦C
and 50% RH, and for each of the three different PPFD values (200, 400 and 600 μmol·m−2·s−1).
For each PPFD, the linear regression of CO2 assimilation (A) versus Ci was calculated (A/Ci curve)
and the photorespiration rate (PhR for each PPFD value, denoted as PhR200, PhR400 and PhR600)
was determined as the difference between RT and Rd values (the last one expressed as a given CO2

evolution rate at the point of crossing of all A/Ci curves). The Rn rate was extrapolated from the
A value during decreased PPFD to 0 μmol·m−2·s−1 from A/PPFD curve.

4.3. Chlorophyll Content and Fluorescence Measurements

Chlorophyll content was measured with a SPAD-502 chlorophyll meter (Konica Minolta, Wrocław,
Poland) and expressed in relative units. Chlorophyll fluorescence was determined using a portable
fluorometer (PAM-2000; Heinz Walz GmbH, Effeltrich, Germany) in a dark room with stable conditions.
Before measurement, leaves were dark adapted for 30 min. Minimal fluorescence (Fo) was measured
under 650 nm wavelength at a very low intensity (0.8 μmol·m−2·s−1). Fm was estimated after 1 s
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application of the saturating pulse of white light (3000 μmol·m−2·s−1). PSII photochemical efficiency
was estimated from the Fv/Fm ratio, where Fv stands for the difference between Fm and Fo.

4.4. Preparation of Mitochondria

Mitochondria from 100 to 500 g of 5 mm-thick apical layer of cauliflower curds were isolated
using a modified protocol of Boutry et al. [143], as described by Pawlowski et al. [23]. During isolation,
the Complete Mini EDTA-free Protease Inhibitor Cocktail (Merck Poland, Warsaw, Poland) was added.
Protein concentration was determined by the Bradford [144] method, using BSA as a calibrator.

4.5. Control Assays

Purity assays of isolated mitochondria (measurement of activities of mitochondrial cyt. c oxidase,
peroxisomal catalase, plastid alkaline pyrophosphatase and cytoplasmic alcohol dehydrogenase) were
conducted according to Pawlowski et al. [23]. Additionally, the purity of isolated mitochondria was
verified by transmission electron microscopy (JEOL 1200EXII, Jeol, Peabody, MA, USA; [56]).

4.6. Preparation of Samples for Two-Dimensional Electrophoresis (2D SDS-PAGE)

Freshly isolated samples of cauliflower mitochondria were precipitated with trichloroacetic acid
at −20 ◦C overnight [145,146]. After centrifugation for 5 min (16,000× g, 4 ◦C), pellets were washed
once with 1 mL of acetone supplemented with 20 mM dithiothreitol (DTT) and re-centrifuged as
described above. After vacuum drying, pellets were resuspended in the lysis buffer (7 M urea, 2 M
thiourea, 0.5% (w/v) 3-((3-cholamidopropyl)dimethylammonio)-1-propanesulfonate (CHAPS), 1.5%
(w/v) DTT, 0.5% (v/v) pharmalyte, pH 3–10) and protein concentration was determined either with
the modified Bradford assay [147] or using a 2D Quant Kit (GE Healthcare, Warsaw, Poland).

4.7. 2D SDS-PAGE

All analyses were conducted at 15 ◦C; at least three biological replicates were analysed.
Mitochondrial proteins (100 μg for silver nitrate staining or 500 μg for colloidal CBB) were first
separated according to their charge on rehydrated Immobiline dry strips (24 cm, containing linear
gradient of pH 3–10) with the rehydration buffer (8 M urea, 2% (w/v) CHAPS, 0.3% (w/v) DTT, 2% (v/v)
pharmalyte, pH 3 to10) on an IPGphor apparatus (GE Healthcare, Uppsala, Sweden). Conditions for
isoelectrofocusing (IEF) were as follows: 1 h at 500 V (step), 1 h at 1000 V (gradient), 3 h at 8000 V
(gradient) and, finally, 5.5 h at 8000 V (step). The strips were either stored at −80 ◦C or they were
directly treated for 10 min with solution A (6 M urea, 50 mM Tris-HCl, pH 6.8, 30% (v/v) glycerol, 2%
(w/v) SDS, 0.25% [w/v] DTT) and for the same time with solution B (solution A supplemented with
4.5% (w/v) iodoacetamide without DTT) and subjected for the second dimension run (SDS-PAGE).

For SDS-PAGE precast Ettan DALT 12.5% (w/v) polyacrylamide gels (GE Healthcare) and an
Ettan Dalt Six electrophoretical chamber (for six gels) were used. Conditions for the run were as
follows: 45 min at 80 V and 15 h at 120 V. After electrophoresis, proteins on gel triplicates were
either silver stained [148] for protein variation analysis or stained with colloidal CBB, according to
Neuhoff et al. [149] for MS analyses. 2D gels were scanned, analysed using 2D Image Master 7 Platinum
software (GE Healthcare) and the normalized quantitative volume of protein spots was determined.

4.8. Statistical Analysis of 2D Protein Pattern Variations

Protein spots showing variations in abundance were submitted to ANOVA to select spots for
which stress treatment of post-stress plant cultivation had a significant effect (p < 0.05) on their volume.
Additionally, the most variable proteins were also checked using Tukey’s HSD test (JMP Software v8,
SAS Institute, Cary, NC, USA). These variable proteins were further identified by MS.
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4.9. Protein Identification by MS

For MS analysis, gel spots were subjected to a standard ‘in-gel’ digestion procedure during which
proteins were reduced with 100 mM (w/v) DTT (for 30 min at 56 ◦C), alkylated with iodoacetamide
(45 min at room temperature in the dark) and digested overnight with trypsin (sequencing Grade
Modified Trypsin—Promega V5111). Resulting peptides were eluted from the gel with 0.1% (v/v)
trifluoroacetic acid, 2% (v/v) acetonitrile.

Peptide mixtures were separated by liquid chromatography prior to molecular mass measurements
(LC coupled to a linear ion trap-Fourier transform ion cyclotron resonance (LTQ-FTICR) mass spectrometer)
on Orbitrap Velos mass spectrometer (Thermo Electron Corporation, San Jose, CA, USA) at the Mass
Spectrometry Laboratory (Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Warsaw,
Poland). Peptide mixture was applied to an RP-18 precolumn (nanoACQUITY Symmetry® C18—Waters
186003514, Waters, Warsaw, Poland) using water containing 0.1% (v/v) trifluoroacetic acid as mobile phase
and then transferred to a nano-HPLC RP-18 column (nanoACQUITY BEH C18—Waters 186003545)
using an acetonitrile gradient (0 to 60% (v/v) acetonitrile for 120 min) in the presence of 0.05% (v/v)
formic acid with a flow rate of 150 nL·min−1. The column outlet was directly coupled to the ion source
of the spectrometer working in the regime of data dependent MS to MS/MS switch. A blank run
ensuring lack of cross contamination from previous samples preceded each analysis.

Acquired raw data were processed by Mascot Distiller followed by Mascot search (Matrix
Science, London, UK, 8-processor on-site license) against NCBInr (version 20100203) with
taxonomy restricted to Viridiplantae. Search parameters for precursor and product ions mass
tolerance were 40 ppm and 0.8 Da, respectively, with allowance made for one missed trypsin
cleavage, and the following fixed modifications: cysteine carbamidomethylation and allowed
variable modifications: lysine carbamidomethylation and methionine oxidation, serine, threonine
and tyrosine phosphorylation as well as deamidations, methylations, formylations and ethylations.
Peptides with Mascot Score exceeding the threshold value corresponding to <5% False Positive Rate,
calculated by Mascot procedure, were considered to be positively identified. Phosphorylation sites
were predicted by PhosPhAt v4.0 (Available online: http://phosphat.uni-hohenheim.de/; [150]),
NetPhos v2.0, available online: (http://www.cbs.dtu.dk/services/NetPhos-2.0/; [151]) and MUsite v1.0
(Available online: www.musite.net; [152]). Methylation sites were predicted by PMes (Available online:
http://bioinfo.ncu.edu.cn/inquiries_PMeS.aspx; [153]). The data were compared with Arabidopsis data
at PPDB (Available online: http://ppdb.tc.cornell.edu/dbsearch/searchmod.aspx). PPDB experimental
sources concerned Zybailov et al. [154] as well as Kim et al. [155] data. Additional modified residues were
predicted by FindMod (Available online: https://web.expasy.org/findmod/; [156]).

4.10. SDS-PAGE and Immunoblotting

Aliquots containing 20 μg of mitochondrial proteins were separated by 12% (w/v) SDS-PAGE [157].
For immunoassays, proteins were electroblotted from 1D (SDS-PAGE) or 2D (IEF/SDS-PAGE) gels
onto polyvinylidene difluoride Immobilon-P membranes (Merck, Warsaw, Poland), using a Sedryt
semidry blotting apparatus (Kucharczyk, Warsaw, Poland). Membranes were CBB-stained to ensure
that equal amounts of proteins were transferred. After destaining and subsequent blocking of the
membrane, they were incubated overnight with antibodies. Indicated antibodies (Table S4) were
purchased from Agrisera (Vännäs, Sweden). Antibodies against cyt. c1 and ATP1 were kindly donated
by Prof. Gottfried Schatz (University of Basel). Hsp17.6 antisera were a generous gift from Prof.
Elisabeth Vierling (University of Massachusetts, Amherst, MA, USA). Antibodies against NAD9 and
CCMA were produced by [158] and [159], respectively. CcmFN1 and CcmFN2 antisera were generated
by [160]. Bound sera were detected using an anti-rabbit immunoglobulin G horseradish peroxidase or
alkaline phosphatase conjugate diluted to 1/10,000 (BioRad Polska, Warsaw, Poland) and visualized
with enhanced chemiluminescent reagents (GE Healthcare, Warsaw, Poland) or with Lumi-Phos WB
Chemiluminescent Substrate (Life Technologies Poland, Warsaw, Poland). Immunoblotting images in
triplicates were analyzed by Multi Gauge (v2.2, Fujifilm, Tokio, Japan) software and the representative
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pattern was presented. Band intensities were calibrated to the protein loading in the linear relationship
(the control denoted as 1.00); the other bands were calculated relative to this value.

4.11. RNA Isolation and RT-semiqPCR

Total RNA from cauliflower curds was extracted using Trizol reagent or an EZ-10 Spin Column
Plant RNA Mini-Preps Kit (BioBasic, Markham, ON, Canada) according to the manufacturer’s protocol.
Genomic DNA contaminants were removed by RQ1 DNase I free of RNase (Promega Poland, Warsaw,
Poland). cDNA was synthesized using 1 μg of RNA, 0.2 μg of random hexamers mixture from
HexaLabel DNA Labeling Kit (Thermo Scientific, Gdańsk, Poland) and 200 units of M-MLV reverse
transcriptase (Promega Poland, Warsaw, Poland) in a 20 μL total volume for 1 h at 37 ◦C. After first
strand synthesis, the reaction mixture was diluted with 10 mM Tris-HCl, pH 8.0 three or six times; after
normalization, aliquots of 1–2 μL were subjected to RT-semiquantitative multiplex PCR (RT-semiqPCR)
in a 15 μL total volume.

RT-semiqPCR was performed in an Applied Biosystems 2720 thermal cycler (Applied Biosystems
Poland, Warsaw, Poland) with the following profile: 3 min at 95 ◦C followed by 25–26 cycles depending
on amplicon of 20 s at 95 ◦C, 30 s at 55 ◦C (except 58 ◦C and 50 ◦C for coxII and CPN10, respectively)
and 30 s at 72 ◦C, and with a final incubation for 5 min at 72 ◦C. PCR products were separated on a
1.5% agarose gel and stained with ethidium bromide. The gels were documented using a GBOX XL1.4
(TK Biotech, Warsaw, Poland) imaging system and quantified with Multi Gauge (v.2.2, Fujifilm, Tokio,
Japan). For RT-PCR assays, two biological and at least three technical replicates were included.

Cauliflower cDNA fragments for selected mitochondrial proteins were amplified using specific
primers (Table S5); a 239-bp fragment of cauliflower actin1 (ACT1) cDNA was used as an internal
standard. The amplicons were directly sequenced bi-directionally (Big Dye Terminator v.3.1 Cycle
Sequencing kit, Applied Biosystems Poland, Warsaw, Poland) on an ABI Prism 31–30 XL system
(Applied Biosystems Poland, Warsaw, Poland) for sequence identity verification.

5. Conclusions

Our approach comprises general data about variations regarding cold and heat stress responses
in the mitochondrial proteome of cauliflower and in physiological parameters, related particularly
to plant respiration. It appeared that the set of cauliflower mitochondrial proteins responded to
temperature stress conditions as well as to the stress recovery varied from the previously described
ones. These results significantly extend the deposited data also by means of investigated quantitative
alterations. However, investigated proteomic, transcriptomic and respiratory physiological responses
related to the functioning of cauliflower mitochondria in stress were largely not associated. For instance,
the rates of respiration in illuminated leaves together with leaf transpiration and photorespiration were
significantly affected by cold and/or cold recovery, despite more proteins of various functional classes
being involved in heat/heat recovery. Studied transcripts and protein alterations in temperature stress
and recovery involve contrasting responses. Interestingly, the expression patterns of genes coding
for various CI and ATP synthase subunits also differ. According to our previous data [41], this may
suggest perturbations in the biogenesis of OXPHOS complexes. Owing to the scarce representation of
cold- and heat-affected proteins encoded in the mitochondrial genome during mitochondrial response
to temperature stress and recovery, modulation of cauliflower mitochondrial biogenesis under the
investigated stimuli may depend rather on the massive regulation of nuclear-encoded proteins.

We would like to emphasize that heat-regulated proteins were distinct (with minor exceptions)
from the ones regulated by cold/cold recovery. Overall, we (1) noticed the impaired photorespiration
rate which was followed by alterations in photorespiratory enzymes after cold recovery; (2) suggested
possible metabolic impairments in various TCA components and Pro catabolism (downregulations of
PRODH and P5CDH transcripts in cold and heat recovery were also notable), and in protein import
apparatus; (3) observed elevated demand for ATP synthesis after heat/heat recovery (e.g., ATP1 and
ATPQ level); (4) noticed evident downregulation of some RC subunits (e.g., ATP1, NAD9, COXII)
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and the sensitivity of c-type cytochrome biogenesis apparatus to cold stress and cold recovery; and
(5) compared selected proteomic and transcriptomic responses providing additional data on their
participation in temperature stress and recovery. Our data show that selected regulations cannot be
fully restored after temperature recovery. All these results imply the necessity (1) to go deeper in the
quantitative analysis of protein posttranslational modifications and (2) to study further tissue-specific
proteomic and physiological alterations.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/3/
877/s1.
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the experiments; Michał Rurek was the principle investigator, who designed this study, performed extraction of
mitochondria, control assays, carried out SDS-PAGE and immunoblotting, analysed proteomic results (together
with FunCat), performed RT-semiqPCR assays, analysed data from those assays and wrote the manuscript;
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Abbreviations

An net CO2 assimilation rate
Ag total CO2 assimilation rate
ANOVA analysis of variance
AOX alternative oxidase
ATP1 ATP synthase subunit α
BSA bovine serum albumin
CBB Coomassie Brilliant Blue
Ccm/CCM cytochrome c maturation
CAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
Ci intercellular CO2 concentration
COX cytochrome c oxidase
CPN chaperonin
CS citrate synthase
2D PAGE two-dimensional gel electrophoresis
DTT dithiothreitol
E transpiration
EDTA ethylenediaminetetraacetic acid
EGTA ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid
EF elongation factor
Fm maximal fluorescence
Fo minimal fluorescence
FunCat functional categorization
Fv variable fluorescence
GDC glycine decarboxylase
gs stomatal conductance
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HSD honest significant difference
HSP heat shock protein
IDH isocitrate dehydrogenase
IEF isoelectrofocusing
iTRAQ isobaric tags for the absolute quantification
LC-MS/MS liquid chromatography-tandem mass spectrometry
MDH malate dehydrogenase
MIPS Munich Information Center for Protein Sequences
MPP mitochondrial processing peptidase
NAD complex I subunit (mitochondrially-encoded)
NCBI National Center for Biotechnology Information
OXPHOS oxidative phosphorylation
P5CDH Δ-1-pyrroline-5-carboxylate dehydrogenase
PDH pyruvate dehydrogenase
PGDH 3-phosphoglycerate dehydrogenase
PGK phosphoglycerate kinase
PhR photorespiration rate
PPFD photosynthetic photon flux density
PRODH proline dehydrogenase
PS photosystem
PTM posttranslational protein modification
RC respiratory chain
Rd respiration in the light (day respiration) rate
RH relative humidity
Rn respiration in the dark (night respiration) rate
ROS reactive oxygen species
RT total respiration rate
SCL succinyl-CoA ligase
SHMT serine hydroxy-methyl aminotransferase
TCA tricarboxylic acid
VDAC voltage-dependent anion channel
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Umultowska 89, 61-614 Poznań, Poland; nowak@amu.edu.pl

5 Department of Vegetable Crops, Poznan University of Life Sciences, Dąbrowskiego 159, 60-594 Poznań,
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Abstract: Mitochondrial responses under drought within Brassica genus are poorly understood.
The main goal of this study was to investigate mitochondrial biogenesis of three cauliflower
(Brassica oleracea var. botrytis) cultivars with varying drought tolerance. Diverse quantitative changes
(decreases in abundance mostly) in the mitochondrial proteome were assessed by two-dimensional
gel electrophoresis (2D PAGE) coupled with liquid chromatography-tandem mass spectrometry
(LC-MS/MS). Respiratory (e.g., complex II, IV (CII, CIV) and ATP synthase subunits), transporter
(including diverse porin isoforms) and matrix multifunctional proteins (e.g., components of
RNA editing machinery) were diversely affected in their abundance under two drought levels.
Western immunoassays showed additional cultivar-specific responses of selected mitochondrial
proteins. Dehydrin-related tryptic peptides (found in several 2D spots) immunopositive with
dehydrin-specific antisera highlighted the relevance of mitochondrial dehydrin-like proteins for
the drought response. The abundance of selected mRNAs participating in drought response was
also determined. We conclude that mitochondrial biogenesis was strongly, but diversely affected in
various cauliflower cultivars, and associated with drought tolerance at the proteomic and functional
levels. However, discussed alternative oxidase (AOX) regulation at the RNA and protein level were
largely uncoordinated due to the altered availability of transcripts for translation, mRNA/ribosome
interactions, and/or miRNA impact on transcript abundance and translation.

Keywords: dehydrins; 2D PAGE; drought; mitochondrial biogenesis; mitochondrial proteome;
plant transcriptome
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1. Introduction

Under drought, plants respond through numerous physiological and molecular mechanisms [1].
Each plant species possesses a unique drought resistance response, which is accompanied by the
diverse sensitivity of selected growth and metabolic processes to progressing stress conditions [2].
The balance between water uptake and transpiration is controlled by water potential. The leaf surface
controls CO2 assimilation as well as photosynthetic and respiration rates. Excessive transpiration may
decrease the water potential in plants, resulting in growth cessation [3]. Initially, drought results in
stomatal closure and declined transpiration to prevent further water losses among drought-sensitive
species, in osmolyte synthesis, and consequently, leaf cell growth inhibition. Drought regulates
leaf respiration in various directions, nevertheless, those alterations may enable prompt stress
recovery [4–8].

The mitochondrial proteome is a highly dynamic entity containing at least 1500 diverse proteins
(1060 of which have been identified in potato (Solanum tuberosum) mitochondria by Salvato et al. [9])
actively responding to environmental conditions. Over the past 15 years, significant progress has been
made on the elucidation of key steps of mitochondrial biogenesis, which implies finely coordinated
expression of mitochondrial and nuclear genes that can be disrupted under stress action [10–13].
Taylor et al. [14] estimated 22% of the stress-responsive organellar proteins in Arabidopsis to be
targeted to mitochondria, but the number of mitochondrial proteins involved in diverse stress
response still remains underestimated. More complex studies integrating various approaches for
better understanding of drought responses are required.

Drought also results in dynamic alterations within the cellular transcriptome and proteome [7,15–17],
including the mitochondrial proteome [18,19]. Drought response is often connected with the increase or
induction of diverse protective proteins, such as dehydrins [20]. Mitochondrial proteins (including key
enzymes) may be directly involved in developing of drought tolerance as well; under drought, some
novel protein isoforms may be also induced, although the proteolysis of some mitochondrial proteins
was also reported [19,21–27]. Variations in the abundance of numerous mitochondrial proteins, however,
may not clearly correspond with the drought intensity.

Brassica genus contains important plant species for worldwide agriculture. Total cellular proteomic and
transcriptomic responses of Brassica species in drought have already been investigated, although without
deepened attention towards elucidation of the particular aspects of mitochondrial biogenesis [28–32].
Interestingly, drought response of close Brassica relatives, including Thellungiella, are distinct from that
observed for Arabidopsis [33]. However, reports comparing responses of Brassica cultivars with contrasting
drought tolerance are still limited [34–38], contrary to other species data [6,39–48]. Search for protein
markers in order to develop drought-tolerant plant accessions belongs to the current goals of proteomic
analyses [7].

Owing to recent research trends, this work was undertaken to gain a comprehensive view of
the influence of middle and severe water deficiency conditions on the mitochondrial biogenesis
of three cauliflower (Brassica oleracea var. botrytis) cultivars displaying diverse drought tolerance.
Previously, we studied cauliflower mitochondrial biogenesis under temperature stress and subsequent
recovery [13]. Cauliflower belongs to vegetables with the major cultivation yield in Central Europe.
The early generative phase of curd ripening belongs to the key developmental stages with some
physiological demands. In addition, due to the size of its vegetative organs, it is sensitive to the low
water level in the soil. To determine mitochondrial responses in relation to plant respiration, we aimed
(1) to investigate the dynamic nature of the mitochondrial proteome; (2) to identify the most variable
proteins in cauliflower curd mitochondria; (3) to determine the abundance of selected mitochondrial
proteins, including dehydrin-like proteins previously investigated by us [49]; (4) to analyze relevant
proteomic and transcriptomic alterations; and (5) to link them with the physiological level (respiratory
and photorespiratory alterations) for the discussion of the general responses to mild and severe water
deficit. This is the first comprehensive study of the mitochondrial proteome of the Brassica genus
member which allowed characterization of a broadened set of drought-responsive mitochondrial
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proteins in the cultivar context. It highlights the participation not only of oxidative phosphorylation
(OXPHOS) proteins, but a number of multifunctional mitochondrial proteins (including RNA editing
factors and dehydrin-like proteins) in drought response.

2. Results

2.1. Respiration and Photorespiration Pattern in Cauliflower Leaves

In order to study mitochondrial response at physiological and molecular levels in “Adelanto”
(“A”) and “Casper” (“C”) drought-sensitive cultivars, as well as in the “Pionier” (“P”) drought-tolerant
cultivar, total light (RT), day (Rd), and night (Rn) respiration, as well as the photorespiration (PhR)
rates were determined.

Generally, RT slightly increased under mild drought, but markedly decreased in severe treatment
in “A” and especially in “C”. In “P”, RT rate only slightly decreased under severe drought (Figure S1).
Rd (the average from all illumination conditions), as well as Rn increased progressively in the
drought-sensitive cultivars under all investigated treatments. Rd rate was markedly decreased in “P”
in mild drought. The highest increase of Rn and Rd rates was noted under severe drought in “A” and
“P”; Figure S1). Interestingly, respiratory effects depended on the cultivar. In “P” Rd exceeded Rn,
both in control conditions of growth and under severe drought treatment, while in “A” cultivar the Rd
exceeded Rn rate only under the severe stress. In “C” Rd was always lower than Rn, regardless of the
drought level.

PhR rate progressively declined along the stress duration in “A” and “C”. In contrast, a slight
increase of PhR rate was observed after mild drought in “P” (Figure S1). In the course of the drought
progression, both in “A” and (to a lesser extent) in “C” cultivar, the rapid increase of the contribution
of Rd and the decrease of the contribution of PhR in the RT value was noticed. Under mild drought in
“P” leaves, Rd and PhR rates contributed in the other way to RT rate (Figure S1).

Next, we investigated the dynamic nature of the cauliflower mitochondrial proteome in three
cultivars under water deficit. We studied whether diverse pools of drought-responsive mitochondrial
proteins accompany the analyzed respiratory alterations in stress-sensitive and stress-tolerant cultivars.

2.2. Specificity of Mitochondrial Proteome Alterations under Drought in Diverse Cauliflower Cultivars

Mitochondrial proteins isolated from curds of cauliflower plants of three investigated cultivars
(Section 2.1) grown in control conditions (0) as well as in mild (1) and severe (2) water deficit were
resolved by two-dimensional gel electrophoresis (2D PAGE). Experimental variants were analyzed
in pairs as follows: “A1” vs. “A0”, “A2” vs. “A0”, “C1” vs. “C0”, “C2” vs. “C0”, “P1” vs. “P0”, “P2”
vs. “P0”. 2D gels for nine different variants, including control, were run in triplicate. The Coomassie
Brilliant Blue (CBB)-stained master gel (a fused image) was created based on pooled samples containing
equal amounts of mitochondrial proteins from all experimental variants, resulting in 370 different
spots. The number of spots on the particular 2D gel varied from 231 to 370 between all analyzed
variants (including controls) for each cultivar (Figure S2).

Thirty-two spots (8.65% of all spots from the master gel) from all cultivars significantly varied
in abundance and their positions (Figures 1 and S2) were assessed from three biological replicates.
Experimental as well as statistical data for responsive protein spots are shown in Tables S1 and S2 and
on Figure S3. Mitochondrial proteomes varied among all cultivars. Massively decreased in abundance
spots exceeded those ones which increased in abundance. Under mild drought, four (in “A”), six (in
“C”), and two spots (in “P”) were specifically decreased in abundance. In the same conditions, a specific
increase in abundance for five, three, and two spots in those cultivars, respectively, was noted. Under
severe drought, six, two, and no spots were specifically decreased in abundance, and only one, two,
and two spots were specifically increased in abundance in the mentioned cultivars, respectively
(Figures 2 and S3). Thus, increased abundance in spots specific to the given drought level dominated
over common spots for both treatments. The number of spots diversely affected in abundance between
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investigated drought-sensitive and drought-tolerant cultivars exceeded the number of such spots
within the drought-sensitive cultivars. Conversely, spots commonly affected in abundance increased in
number between the drought-sensitive cultivars (Figure 2). Drought responses for the drought-tolerant
cultivar (“P”) were particularly specific (alterations in abundance related with the distinct set of protein
spots when compared to the impact of mild stress).

In addition, most of protein spots displayed the relationship in abundance, evaluated by the
correlation analysis (Table S3). Negatively correlated pairs exceeded in number the positively correlated
ones in their abundance across all cultivars and treatments. All significant correlations are strong; the
correlation pattern exemplifies the diversity of spot abundance alterations in drought.

Figure 1. Position of 32 drought-responsive spots (black arrows) on Coomassie Brilliant Blue
(CBB)-stained two–dimensional (2D) master gel with separated cauliflower mitochondrial proteins
(proposed identities of all protein spots are shown in Table S1 and peptide data in Table S4). This map
also shows positions of additional protein spots (blue arrows) from two-dimensional (2D) gels containing
resolved mitochondrial proteins of “Adelanto” (A) and “Casper” (C), that were cut out and used for
the identification of tryptic peptides specific to dehydrin-like proteins (proposed identities for those
spots appear in Table S6). Identifiers for spots containing the mentioned peptides are marked in red
(remaining labels—in blue). For molecular mass calibration (kDa) of protein spots, PageRuler Prestained
Protein Ladder (Thermo Scientific, Gdańsk, Poland) and Low Molecular Weight (LMW)-SDS Marker
Kit (GE Healthcare Poland, Warsaw, Poland) are used. For calibration of spot isoelectric point (pI),
Broad pI Kit (GE Healthcare) is used. Further data found in the text.
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Figure 2. Venn diagrams showing distribution of increased and decreased in abundance specific/common
protein spots to mild and severe drought across investigated cultivars. Numbers refer to protein spot
identifiers. Increased (magenta and pink diagrams) and decreased (light and dark green diagrams) in
abundance spots between cultivars are marked below each diagram; commonly and diversely affected in
abundance spots are also listed. Further data in the text.

2.3. Functional Categorization of Drought-Responsive Proteins in Diverse Cultivars of Cauliflower

Proteins from spots collected from the master gel were identified by the tandem mass spectrometry
coupled with liquid chromatography (LC-MS/MS). Obtained data were used for searching Mascot
against the Viridiplantae section of the NCBInr database (version 20160525 containing 88005140 protein
sequences). In addition, Gelmap tool (Available online: https://gelmap.de/projects-arabidopsis/)
was applied to compare cauliflower and Arabidopsis proteomic maps, and to validate MS identifications.
Because mitochondrial proteome from the non-green apical part of cauliflower curds was investigated,
the use of a 2D PAGE reference map of Arabidopsis cell culture mitochondrial proteome was particularly
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advisable. In some cases, we also used the map representing Arabidopsis mitochondrial proteome of
green tissues [13].

Identities of protein spots are presented in Table S1; individual peptides for each protein spot
are also listed in Table S4. All spots represented 91 non-redundant proteins within records that fit
to the experimental data. Of this number, 69 non-redundant proteins with the highest probability of
identification were found (bolded records in Table S1). Proteins were identified based mostly on high
similarity to sequences of diverse cruciferous species. Various respiratory (e.g., ATP synthase, proteins
for respiratory complexes (CII and CIV) biogenesis, mostly decreased in abundance), transporter
(e.g., diverse voltage-dependent anion channel (VDAC) isoforms and dicarboxylate antiporters) and
matrix proteins (ex. heat shock-proteins (HSPs), DNA-binding proteins, RNA editing and translation
factors, mitochondrial thioredoxins, diverse multifunctional enzymes for amino acid, carbohydrate,
lipid, and nucleotide metabolism, and some novel proteins) responded to drought. For instance,
diversely affected in abundance spots between cauliflower cultivars (Section 2.2; Figure 2) included,
inter alia, VDAC isoform 2, α/β hydrolase domain-containing protein 11, RNA editing factor 6, copper
ion binding protein, mitochondrial elongation factor EF-Tu, single-stranded DNA-binding protein
WHY2 (mitochondrial isoform X1), NADH-cytochrome b5 reductase-like protein, mitoribosomal
protein L21, malonyl-CoA-acyl carrier protein, SWIB/MDM2 domain superfamily protein, HSPs
(e.g., HSP70-9) and a few uncharacterized proteins. Selected alterations in protein abundance are
further discussed in Section 3.2.

Based on Arabidopsis protein orthologs, next we used the functional classification by the
Munich Information Center for Protein Sequences (MIPS) at VirtualPlant 1.3 (Available online:
http://virtualplant.bio.nyu.edu; [50]) for the clustering of drought-responsive proteins resolved
on 2D gels into the functional categories (Table S5). The majority of proteins belonged to the class
participating in various metabolic routes (ca. 44%). Next classes were represented by C compounds and
carbohydrate metabolism (23.1%), amino acid metabolism (18.7%), cell rescue, defense and virulence
(16.5%), energy conversions (12,1%) as well as in N and S metabolism proteins (7.7%). Participation
of electron transport (7.7%), complex cofactor binding proteins (6.6%) and folding proteins (4.4%) in
drought response were also distinctive (Table S5).

In the case of drought-tolerant “P” cultivar, some differences in the abundance of functional
categories across proteins compared to the all-cultivar data were observed. C-compound and
carbohydrate metabolism and energy conversion proteins contributed to a lesser degree (18.6 and
9.3%, respectively), however, N- and S-metabolism proteins, folding and stress-responding proteins
contributed to a greater extent (9.3%, 7%, and 16.3%, respectively). Stress response proteins within
cell rescue, defense, and virulence category were significantly enriched in drought-tolerant cultivar
(16.3%) (Table S5).

Accordingly to the data in Tables S1 and S2, proteins within spots No. 23, 135, 164, 204, 331,
332, and 421 seem to be the best candidates for stress tolerance in cauliflower. These are mainly
VDAC isoforms, ATP synthase subunit β (ATP2), At1g18480-like protein, WHY2 factor (isoform
X1), OB-fold-like protein, and NADH-cytochrome b5 reductase-like protein, as well as HSP70-9
(which notably increased in abundance in “P”). Thus, they represent quite broad protein classes
(oxidative phosphorylation (OXPHOS) proteins, as well as proteins involved in metabolite exchange,
mitochondrial DNA-binding proteins, some enzymes and chaperones). Additional candidate proteins
for the drought tolerance, according to results of immunoassays (Sections 2.4 and 2.5) are listed in the
final Conclusions section.

2.4. Abundance of Key Matrix Proteins, cyt. c and Components of Dissipating Energy Systems is Diversely
Affected under Two Drought Levels across Cauliflower Cultivars

To assess the abundance of additional, drought-responsive mitochondrial proteins and to validate
abundance of selected proteins identified in 2D spots, we performed Western immunoassays (Figure 3),
using specific antisera dedicated against investigated proteins.
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Figure 3. Abundance of Mn-superoxide dismutase (@MnSOD), cytochrome c (@cyt. c), heat shock
protein 70 (@HSP70), serine hydroxymethyltransferase (@SHMT), glycine decarboxylase subunit
H (@GDC-H), isocitrate dehydrogenase (@IDH), aconitase (@ACO) and 40 and 30kDa isoforms of
uncoupling proteins (@PUMP) in mitochondria isolated from control grown “Adelanto”, “Casper”,
and “Pionier” plants (A0, C0, P0), plants grown in moderate (A1, C1, P1) and severe water deficiency
(A2, C2, P2, respectively). Results from representative SDS-polyacrylamide gel blots using listed
antibodies (@) are shown. For loading control, antibody against mitochondrial ATP synthase subunit
α (@ATP1) is used. For molecular mass calibration, PageRuler Prestained Protein Ladder (Thermo
Scientific, Gdańsk, Poland) is applied. Protein molecular mass is indicated in kDa. All results are
presented as mean values (±SE) from triplicate detection. Significant alterations are marked with
asterisks: ***, p < 0.001, **, p < 0.01, *, p < 0.05 versus control values for each cultivar. Further data in
the text.
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The accumulation profile of those proteins varied depending on cultivar and stress intensity.
Under mild drought, a significant decrease in glycine decarboxylase subunit H (GDC-H) abundance
was visible only in “A” and “C” mitochondria, however, in severe stress, such a decrease was detected
only in “C”; in other stress variants (especially in “P”) GDC-H abundance increased. Strikingly,
another important photorespiratory enzyme, serine hydroxymethyltransferase (SHMT), decreased
in abundance in “C” under mild drought only, and remained stable in other experimental variants.
Changes in GDC-H and SHMT abundance analyzed by immunoassays were not fully associated with
accumulation of spots No. 158, 228, 230 and 241 (Figure 3; Table S1).

The abundance of mitochondrial heat shock protein HSP70 decreased in “A” and “P” (particularly
in severe drought) and slightly increased in “C” under mild stress (Figure 3). Interestingly, changes
in HSP70 abundance roughly agreed with 2D PAGE data (spot No. 421; Table S1). Accumulation of
isocitrate dehydrogenase (IDH) increased only in severe drought in “A” (Figure 3); in contrast, spots
No. 223 and 241 containing this protein under mild drought were decreased in abundance in the
same cultivar (Table S1). Aconitase (ACO) abundance (the applied antibodies can cross-react with
both ACO2 and ACO3 isoforms) was relatively stable, and it was increased only in “P” under severe
treatment; ACO2 decrease in abundance in drought-sensitive cultivars was detected by 2D PAGE (spot
No. 109; Table S1). The abundance of Mn superoxide dismutase (Mn-SOD) increased in almost all
investigated stress conditions, except severe drought treatment in “A” (Figure 3). Accordingly, we
noticed variations in the abundance of spot No. 4 containing a mitochondrial-like glutaredoxin in
this cultivar (Table S1). The intramitochondrial pool of cytochrome c (cyt. c) was decreased in severe
drought in all investigated cauliflower cultivars, but in mild stress, among drought-sensitive ones (“A”
and “C”; Figure 3) only.

In addition, the abundance of selected components of energy dissipating systems was investigated.
Antisera against potato detected two isoforms of plant-uncoupling mitochondrial proteins (PUMPs) of
30 and 45 kDa in cauliflower mitochondria. The abundance of both polypeptides representing isoforms
of uncoupling proteins was decreased significantly in “C” and to a lesser extent in “P” under mild
drought. However, in severe drought, we noticed visible increase in abundance of PUMP 40 kDa in
“P” (Figure 3). We also characterized the alternative oxidase (AOX) abundance. Monoclonal antibodies
raised against the Sauromatum guttatum enzyme cross-reacted with three polypeptides of 29–36 kDa in
cauliflower mitochondria (Figure 4A). Polypeptides of 29 and 33 kDa were significantly decreased in
their abundance in all investigated cauliflower cultivars; in “P”, such a trend was less pronounced
than among drought-sensitive cultivars. In contrast, a massive accumulation of AOX 36 kDa protein
after severe drought treatment of “A” was noted. In general, variations in abundance of PUMP 40 kDa
and AOX 36 kDa isoforms differentiate drought-sensitive and tolerant cauliflower cultivars.

2.5. Pattern of Dehydrin-Like Proteins (Dlps) in Cauliflower Mitochondria is Affected in Abundance by
Drought

We also investigated the pattern of cauliflower mitochondrial dehydrin-like proteins (dlps) under
mild and severe drought (Figure 5). According with our previous data [49], three independent
dehydrin-specific antisera were used (Section 4.8).

Obtained results indicate the response in abundance of low-molecular weight dlps (18–80 kDa) in
“A” and “C”. Stressgen antibodies detected the most evident increase in abundance of 18 and 27 kDa
dlps (and to a lesser extent, in “A” for 37 kDa protein) under two drought levels in “A” (mild drought)
and “C” (severe treatment). Large-sized dlps (ca. 80 kDa) also markedly increased in abundance in
drought-sensitive cultivars, although the highest increase in abundance of those proteins was noted
under mild stress in “A” (Figure 5A,B).

Antisera against dehydrin SK3-motif recognized smaller alterations, but there was a significant
increase in abundance of ca. 30/35 kDa dlps under both drought conditions in “A” and under severe
drought in “C” (Figure 5C). Alterations in the abundance of middle and large-sized dlps were less
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pronounced; the accumulation of dlps of 55–65 kDa slightly decreased under severe drought in “A”.
Similar results were observed for 30 and 40 kDa dlps in “P”.

Overall, dlps in “P”, contrary to “A” and “C” were relatively stable in abundance under the
analyzed adverse conditions, and dlps of 18 and 27 kDa differentiate best the drought-sensitive from
the drought-tolerant cauliflower cultivars.

Relationships between abundance of immunodetected proteins (Sections 2.4 and 2.5) were
evaluated by correlation analysis (Table S3). We found strong positive correlation between IDH
and GDC-H abundance, as well as between components of energy-dissipating systems (AOX 29 and
33 kDa isoforms, and in addition, AOX 33 kDa and PUMP 40 kDa isoforms). Positive correlations
involved also dlps of various sizes, confirming their participation in drought response. On the
contrary, accumulation of relatively stable IDH negatively correlated with drought-affected HSP70.
Similarly, accumulation of PUMP 30 kDa isoform negatively correlated with and cyt. c, and dlp 18 kDa
accumulation with GDC-H and PUMP 40 kDa isoform abundance. Negative correlations involved
also AOX 33 kDa isoform (not induced by drought in our study) and dlp 80 kDa (Table S3).

Figure 4. AOX protein and mRNA abundance in mitochondria isolated from control grown “Adelanto”,
“Casper”, and “Pionier” plants (A0, C0, P0), plants grown in moderate (A1, C1, P1) and severe water
deficiency (A2, C2, P2, respectively). (A) Analysis of detected AOX polypeptides (29, 33, 36 kDa) on
representative SDS-polyacrylamide gel blots using respective antibodies (@AOX). For loading control,
antibody against mitochondrial ATP synthase subunit α (@ATP1) is used. Equal protein loading is also
shown by Coomassie Brilliant Blue (CBB) staining of Western blots. For molecular mass calibration,
PageRuler Prestained Protein Ladder (Thermo Scientific, Gdańsk, Poland) is applied. Protein molecular
mass is indicated in kDa. (B) Relative abundance of AOX1a by reverse transcription quantitative PCR
(RT-qPCR). Graph at the left, relative abundance normalized to average level (mean log expression = 1).
Graph at the right, differences in log2 scale between treated and control variants. For normalization,
actin1 (ACT1) is used. Results of analyses are presented as mean values (±SE) from triplicate detection.
Significant alterations in (A) and (B) are marked with asterisks: ***, p < 0.001, **, p < 0.01, *, p < 0.05
versus control values for each cultivar. Further data found in the text.
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Figure 5. (pp. 11 and 12) Dlps abundance in mitochondria from control grown “Adelanto”, “Casper”
and “Pionier” plants (A0, C0, P1), plants grown in moderate (A1, C1, P1) and severe water deficiency
(A2, C2, P2, respectively). Results of analysis of dlps of various size (in kDa) on representative
SDS-polyacrylamide gel blots with antibodies directed against (A) dehydrin K-segment from Close [51]
(@K-segment (Close)) or from (B) Stressgen (@K-segment (Stressgen)), or (C) antibodies recognizing
dehydrin SK3 motif (@SK3) are shown. For loading control, antibody against mitochondrial ATP
synthase subunit α (@ATP1) is used. For molecular mass calibration, PageRuler Prestained Protein
Ladder (Thermo Scientific, Gdańsk, Poland) is applied. The protein molecular mass is indicated in kDa.
Investigated dlps are marked by arrows on gel blots. Significant alterations from triplicate detection in
(A), (B) and (C) are marked with asterisks: ***, p < 0.001, **, p < 0.01, *, p < 0.05 versus control values for
each cultivar. Further data in the text.
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2.6. Identification of Drought-Responsive Spots Containing Putative Dehydrin-Like Proteins

The most notable changes in the accumulation of dlps were noticed in “A” and “C” cultivars
under all analyzed drought conditions (Section 2.5). To further characterize the drought-responsive
cauliflower dlps, we prepared 2D blots with separated whole mitochondrial proteins from “A” and
“C” cultivars submitted to mild and severe drought, and we used such blots to immunodetect dlps
(within the particular protein spots) by antisera against dehydrin K-segment (Section 4.8). Results of
the dlp immunodetection on 2D spots are shown in Figure 6.

Figure 6. Representative pattern of dlps of “Adelanto” and “Casper” plants grown in moderate (A1, C1)
and severe drought (A2, C2, respectively) immunodetected with antibodies directed against dehydrin
K-segment [52] on two dimensional (2D) blots. Spots referring to detected proteins that were cut
out from the respective 2D gels for protein identification by liquid chromatography-tandem mass
spectrometry (LC-MS/MS, blue arrows) also appear in Figure 1 (denoted in blue and red). Proposed
identities for those spots and all tryptic peptide data are indicated in Table S6. Identifiers of spots
containing tryptic peptides specific to dehydrins are marked in red (remaining labels are shown in blue).
For molecular mass calibration (kDa) of protein spots, PageRuler Prestained Protein Ladder (Thermo
Scientific, Gdańsk, Poland) and Low Molecular Weight (LMW)-SDS Marker Kit (GE Healthcare Poland,
Warsaw, Poland) are used. For calibration of spot isoelectric point (pI), Broad pI Kit (GE Healthcare) is
applied. Further data found in the text.
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Due to the assay sensitivity, we were able to detect several spots per investigated
cultivar/treatment within pI range of ca. 5–8 and molecular weight of 18–48 kDa (35–48 kDa mostly)
with varying abundance under the water deficit (Section 2.5). However, the only single spot was
immunodetected in “A” cultivar under mild drought. Certain spots (C1-7 and C1-8, C2-4 to C2-6)
migrated in more neutral pI values, whereas the others (C2-7 and C2-8) represented basic proteins.
Based on immunoassay results, we cut out all immunodetected protein spots from 2D gels, and proteins
were identified by LC-MS/MS. Position of all those spots from Western blots are superimposed on the
spot pattern within the master gel image (Figure 1), and protein identities within individual spots are
shown in Table S6.

Notably, only selected spots contained dehydrin-related tryptic peptides that showed high
similarity of their protein sequences to the selected Brassica dehydrins. These were: five spots
(A2-2 to A2-6) in “A” cultivar under severe drought, two spots (C1-1 and C1-3) in “C” under mild
stress, and the single spot (C2-1, all indicated in red on Figure 6) in the latter cultivar under severe
water deficit. Detected tryptic peptides were highly similar to early response dehydrins (ERD14 and
ERD14-like) from various Brassica species, particularly B. oleracea var. oleracea and B. rapa (GenBank
accession.version identifiers XP_013592580.1 and XP_009128158.1, respectively; Table S6). However,
analyzed protein spots also contained highly abundant mitochondrial proteins (listed in Table S6).
Finally, we focused on the comparison of selected proteomic and transcriptomic responses important
for cauliflower mitochondrial biogenesis in drought, including abundance profiling of mRNA coding
for the identified dehydrins.

2.7. mRNA Abundance and Coordination of Mitochondrial Biogenesis in Drought

We examined the abundance of selected nuclear transcripts coding the investigated
drought-responsive proteins. RT-qPCR assays were carried out with application of primers specific for
the dedicated cDNA fragments (Table S7). As an internal calibrator of gene expression, cauliflower
actin1 (ACT1) mRNA was applied (the partial sequence was previously cloned and deposited in
GenBank under accession.version KC631780.1; [13]). The cauliflower AOX1a partial sequence was
previously cloned and deposited in GenBank (accession.version KC631778.1; [13]). Accumulation of
AOX1a mRNAs was significantly increased under mild drought in “C”; on the contrary, they were
strongly decreased in abundance under mild and severe drought in “A” and severe drought in “C”
(Figure 4B).

We studied the abundance of PRODH and P5CDH transcripts coding for important Pro catabolism
enzymes (proline dehydrogenase and Δ-1-pyrroline-5-carboxylate dehydrogenase, respectively).
Generally, the abundance of PRODH mRNA decreased in “C” in both drought treatments; the most
severe impact was visible under mild drought. In “A” cultivar, a significant decrease of PRODH mRNA
abundance was noted only in mild stress. Contrasting with this, P5CDH transcript accumulation was
only markedly elevated in “C” under severe drought (Figure 7).

The abundance of mRNA coding for ERD14 and ERD14-like dehydrins (Section 2.6) was also
determined. The highest increase in both transcript abundance was noticed in “A” cultivar in mild
and severe drought, which is in line with the induction of ERD14 gene expression within the short
dehydration period, as well as with the presence of dehydrin-related tryptic peptides in analyzed
protein spots. Notably, ERD14 and ERD14-like transcripts were significantly decreased in abundance
in “C” under severe water deficit (Figure 7).

Finally, we investigated the accumulation of mRNAs coding for five selected transcription factors
(CBF1a, CBF1b, CBF2, CBF4) related to stress response. CBF1a and CBF2 transcripts were increased
in abundance in “A”, but they declined in “C” cultivar, as drought progressed. Strikingly, CBF1b
mRNA showed substantial increase in abundance only in “C” in mild and severe drought treatments.
Increase in abundance of CBF4 mRNAs was also very well noted under severe water deficiency in “C”
(Figure 7).
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Correlation analysis revealed no significant relationship between accumulation pattern of
investigated transcripts (Table S3).

Figure 7. Relative abundance of transcripts (by reverse transcription quantitative PCR (RT-qPCR)) for
cauliflower proline dehydrogenase (PRODH), Δ-1-pyrroline-5-carboxylate dehydrogenase (P5CDH),
ERD14 dehydrin (ERD14), ERD14-like dehydrin (ERD14-like), as well as transcripts for transcription
factors (CBF1a, CBF1b, CBF2, CBF4) in control grown “Adelanto”, “Casper”, and “Pionier” plants (A0, C0,
P0), plants grown in moderate (A1, C1, P1) and severe drought (A2, C2, P2, respectively). Differences
in log2 scale between treated and control variants are also shown. In all cases, for normalization, actin1
(ACT1) is used. Significant alterations are marked with asterisks: ***, p < 0.001, **, p < 0.01, *, p < 0.05
versus control values for each cultivar. Further data found in the text.

3. Discussion

3.1. Physiological Response of Cauliflower Cultivars under Mild and Severe Drought

We studied leaf respiratory responses within three distinct cauliflower cultivars with varying
drought tolerance. Previously, we showed that the respiratory rate exceeded the photosynthetic one

77



Int. J. Mol. Sci. 2018, 19, 1130

in cauliflower leaves under severe (but not moderate) water deficiency [52]. This emphasizes the
importance of adequate respiratory adaptations in this species under the mentioned unfavorable
conditions. Respiration and photorespiration become a part of the complex network response under
water deficiency, and photorespiration participates in oxidative damage avoidance while optimizing
photosynthesis [53]. We noticed enhancement of respiration among drought-sensitive cultivars
(contrary to “P”) under mild drought; the respiration rate was often decreased in severe treatment.
Interestingly, respiratory decline in such conditions is a well-known phenomenon (also for Brassica
species) and Rn rate is affected much under fast drying [19,30,54]. Mitochondrial Rd can be also
inhibited by drought; it markedly increases in prolonged drought but declines under short water
deficit [55–57]. In our case, the effect depended on the cultivar. Generally, drought-sensitive crop
cultivars exhibit larger RT decreases, than sensitive ones; nevertheless, both effects could be reversed
under drought recovery [58].

The increase of photorespiratory to gross CO2 assimilation ratio under drought is often
required in order to protect the photosynthetic machinery against photoinhibition. In field-grown
Gossypium hirsutum, drought resulted in affected stomatal conductance and elevated respiratory
and PhR rates, while photosynthetic electron transport was not affected [40,55,59]. The progressive
alteration of PhR rate in “A” and “C” along the stress duration is in line with Liu et al. [60] data,
suggesting that the PhR in drought-sensitive cultivars cannot be a major energy dissipation strategy,
as was reported for some Asiatic and Mediterranean-originated plant species. In contrast to that,
the visible increase of PhR rate in the mild treatment in “P” is known among drought-tolerant
species [61]. Notably, the general trend in PhR response could be reversed at the early vegetative
stage in some species with varying drought tolerance [62]. In drought-tolerant and drought-sensitive
cultivars of Malus domestica, even moderate drought resulted in major PhR decline [63].

Overall, observed alterations in the respiratory parameters coincide with the level of drought
tolerance among investigated cauliflower cultivars and suggest distinct regulation of drought
physiological responses in “P”.

3.2. Mitochondrial Response to Drought Involves Diverse Multifunctional OXPHOS, Transporter and Matrix
Proteins in Various Cauliflower Cultivars

We also investigated drought-resulted alterations within the cauliflower mitochondrial proteome.
Since the experimental molecular mass of protein spots corresponded roughly to the theoretical one,
we are rather convinced that investigated stress conditions do not result in excessive proteolysis [19].
Proteins identified in some double spots (e.g., No. 228, 230) showed similar responses, which is
in favor of the correctness of their assignments (Table S1). We applied functional classification
for the clustering of drought-responsive proteins (Table S5). Some functional classes are often
underrepresented, highlighting the relevance of organelle-specific studies; on the other hand,
key stress-related enzymes (for carbohydrate and amino acid metabolism) are often overrepresented
in drought response [7,45,64,65], whereas proteins related to protein folding and degradation may
decline in abundance [30].

Energy and carbohydrate metabolism proteins play a significant role in drought response [44,45].
Malate dehydrogenase (MDH), succinyl-CoA ligase subunit β and ACO2 (spots No. 35, 59 and 109)
were decreased in abundance in drought-sensitive cauliflower cultivars (the present study), in roots
of drought-sensitive rapeseed (Brassica napus) cultivar [35], as well as in other reports elucidating the
impact of the extended water deficit on the plant proteome [46,48], but contrary to the Ndimba et al. [18]
study on the sorbitol-induced drought. Variations of MDH accumulation are linked to increased NADH
demands [38]. ACO2 isoform is predominantly localized in plant mitochondria, and ACO-containing
complexes were shown to be unstable in stress [13,66].

Decrease in abundance of subunits of cauliflower OXPHOS complexes (e.g., CI and CII) was
similar to some studies [19,67]. Massive decrease in accumulation of CII subunit 1 and 5 (SDH1
and SDH5; spots No. 4, 23, 204; Table S1) differed from barley (Hordeum vulgare) drought response
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pattern [47]; CII subunits were increased in abundance after drought recovery in Populus euphratica [2].
Contrary to other reports [31,44], CIV subunits were unaffected in our study. ATP synthase was one
of the expected complexes that appeared decreased in abundance in cauliflower mitochondria [13].
Its assembly may be affected as diverse cellular energy demands rise under stress [68–70]. According
to our data (spots No. 135, 166), a decrease in abundance of ATP synthase subunits under water deficit
was reported by a number of studies [16,35,39], contrary to other ones [43]. Notably, ATP synthase
subunit 24 kDa was increased in abundance in “C” cultivar under severe drought (spot No. 317;
Table S1).

Water deficit results in decrease in abundance of pyruvate dehydrogenase (PDH) subunits [19].
However, alterations in abundance of Hippophae rhamnoides PDH E1 subunit α in drought [65]
contrasts with our data (decreased in abundance spots No. 223, 241 for “A” and “C”; Table S1).
To enhance pyruvate import to mitochondria, NRGA1 coding for a mitochondrial pyruvate carrier is
often co-expressed with other carrier genes [71,72]. Genes for mitochondrial dicarboxylate transporters
may be induced in water deficit [67]. In our study, PDH decrease in abundance was not associated
with co-regulation of any of the specific substrate carriers among proteins affected in abundance under
drought. The accumulation of dicarboxylate/tricarboxylate mitochondrial transporters declined in
drought-sensitive cultivars instead (spots No. 202, 204; Table S1).

A decrease in abundance of mitochondrial processing peptidase subunit β (MPPβ; spot No. 166)
in “A” (mild stress) and “P” (all treatments) was noted, in addition to translocase of the inner
mitochondrial membrane subunit (TIM44-2-like; spot No. 230) in “A” (Table S1). Regulation of
genes coding for MPP subunits in stress has been already reported [14,18,40,46,67]. It is nonetheless
known that drought may alter protein import into plant mitochondria [73]. Results of our study
indicate some perturbations in the general import pathway.

Some spots (No. 23 (VDAC2-like and adenosine nucleotide translocator protein) and 31
(hydrolase domain-containing protein and carbonic anhydrase)) showed inconsistent alterations
among drought-sensitive cultivars [68]. Distinct VDAC isoforms which increased in abundance in
Brassica rapa under prolonged drought and in drought-tolerant wheat cultivars [32,41,48] contrasted
with the decreased accumulation of VDAC isoforms in drought-sensitive cauliflower cultivars (spots
No. 23, 202-204; Table S1).

In general, distinct alterations within the mitochondrial proteome are potentially associated with
drought tolerance (Section 2.3; [45]). Such alterations encompass mitochondrial DNA/RNA-binding
proteins, chaperonins, heat-shock proteins, as well as a number of enzymes for mitochondrial
metabolism. Interestingly, we did not notice any biases towards protein spots increased in abundance
in drought-tolerant cultivar, contrary to Mohammadi et al. [35], however, we observed some
differences in the distribution of functional categories across responsive proteins (Section 2.3;
Table S5). ssDNA-binding proteins, as well as proteins related to RNA metabolism and translation
(e.g., RNA editing factors 1 and 6, and mitochondrial EF-Tu), were diversely affected in abundance
between drought-sensitive and tolerant cauliflower cultivars (spots No. 59, 61, 218, 331, 332). Also,
the abundance of SWIB/MDM2 domain superfamily protein, calcineurin-like metallophosphoesterase
superfamily, sucrose/ferredoxin-like proteins, mitoribosomal protein L21, chaperonin and HSP70
isoforms differentiated cultivars with diverse drought tolerance (spots No. 153, 164, 349, 420, and 421).
A prevalent decrease in abundance after mild drought treatment and more specific alterations in
protein spot accumulation in severe conditions likely represent specific adaptations in the cauliflower
mitochondrial proteome to diverse drought conditions. However, functional implications of the
observed proteomic alterations require further exploration.

3.3. Diverse Variations in Abundance of Matrix Proteins, cyt. c, Components of Dissipating Energy Systems
and Dehydrin-Like Proteins Across Drought Treatments/Cultivars

In order to obtain a more complete view on the abundance of additional, drought-affected proteins
we extended results of 2D PAGE analysis by Western immunoassays.
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GDC and SHMT belong to important photorespiratory enzymes, often regulated in stress
conditions (including drought) [15,19,30,40,45,68]. Ford et al. [41] reported contrasting regulation of
GDC, as well as SHMT, which depended on drought tolerance. In our study, changes in GDC-H
abundance roughly corresponded to the decline in the photorespiration rate only in drought-sensitive
cultivars under both mild and severe drought (Section 2.1; Figure S1). SHMT abundance did not
correlate with GDC-H alterations (Figure 3) and remained relatively stable. In contrast, HSP70
abundance alterations were not associated with drought tolerance (Figure 3). In such conditions,
an evident HSP70 increase in abundance was noted in pea mitochondria [19]. The HSP70 and IDH
abundance pattern is in line with typical variations of those proteins in stress [7,18,41]. Diverse
variations in the abundance of ACO isoforms may be a part of the adaptive response of Krebs cycle,
due to the altered NADH and carbon skeleton demands in drought. In some cases, however, enzymes
of Krebs cycle are massively decreased in abundance in water deficiency [74].

Mn-SOD displays distinct expression pattern between cultivars with variable drought
sensitivity, often by the increase and decrease in abundance in drought and drought recovery,
respectively [14,30,32,41,44,75]. Cauliflower Mn-SOD increased in abundance in most of all investigated
treatments and cultivars; the maximal increase was observed among drought-sensitive cultivars
(Figure 3) and was accompanied by variations in abundance of spot No. 4 containing mitochondrial-like
glutaredoxin in “C” (Table S1), suggesting that redox regulation likely accompanies drought
response [2].

According to our results, cyt. c can be released from cauliflower mitochondria even under the
first level of water deficiency. Such phenomenon often accompanies programmed cell death (PCD),
which indeed was suggested by us in temperature stress response [13]. However, in some plant species
(e.g., in pea mitochondria), drought did not result in PCD appearance [19].

Plant mitochondrial energy dissipating systems including AOX, PUMPs, and membrane channels
functionally modulate drought response by influencing key signaling pathways [8]. We used antisera that
were able to immunodetect respective cauliflower PUMP isoforms. An observed decrease in abundance
prevailed the pattern, and only in severe drought was the increase in PUMP 40 kDa abundance in
“P” noted (Figure 3). Also, the abundance of selected PUMP isoforms in pea mitochondria was
increased in drought [19]. To extend our proteomic data on further components of energy dissipating
systems, we also investigated AOX protein accumulation. This enzyme controls respiration rate and
photosynthetic efficiency in drought, and often increases in abundance during severe water deficit
and re-watering [22,76,77]. Three polypeptides of 29–36 kDa in cauliflower mitochondria [13] likely
represent AOX isoforms resulting from the expression of AOX gene family and diverse posttranslational
modifications of this protein (Figure 4A). Our results contrast with the data of Taylor et al. [19],
who showed drought-affected induction of similarly sized 31 kDa pea isoform. However, abundance of
AOX polypeptides could be substantially increased among drought-sensitive cultivars.

Under progressing drought, abundance of late embryogenesis abundant (LEA) proteins
preserving the stability of membrane proteins and adjusting intracellular osmotic pressure often
increases [32,78]. Some LEA proteins, including dlps, were found to be mitochondrially-localized in
a number of crop species [79–82]. Our previous report showed that accumulation of mitochondrial dlps
was altered in abundance under temperature stress and after stress recovery [49]. We extended those
analyses to three cultivars of cauliflower and to mild and severe drought treatments (Figure 5) using
three independent antisera. Broadly-sized dlps responded in abundance as a part of mitochondrial
adaptations to water deficiency, because such a response was visible only in drought-sensitive cultivars.
The stable dlp accumulation in “P” mitochondria agrees with drought tolerance of this cultivar and
with the relatively lower increase in dehydrin mRNA abundance (e.g., DHN8) under progressed
drought among highly adapted plants [36]. Alterations in dlps abundance, as well as the induction
pattern of other dlps in drought (Figure 5), substantially extend the data on mitochondrial proteins
related to dehydrins in Brassicaceae.
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Owing to results on the massive increase of dlps abundance under investigated drought treatments
in stress-sensitive cultivars, we identified putative dlps involved in response to water deficit in those
cultivars by tandem MS. Protein spots immunopositive with dehydrin K-segment-specific antibodies
were selected, and several of them contained tryptic peptides with high sequence similarity to selected
Brassica dehydrins (Figure 6, Table S6). Due to the fact that highly abundant proteins in spots would
hamper identification of dlps, we did not employ protein microsequencing for identification of chosen
dlps, and subsequent amplification and cloning full-length cDNAs. We were unable to determine the
N-terminal sequence for the given dlps. Notably, depletion of any abundant proteins would enhance
the risk of sample cross-contamination.

3.4. Some Transcriptomic Responses and the Coordination of the Mitochondrial Biogenesis in Drought

We analyzed transcriptomic responses to drought connected with the profiling of the abundance
of some nuclear transcripts. Since observed proteomic alterations (particularly those connected with
dlps abundance) were especially distinctive among drought-sensitive cultivars, we focused on such
experimental variants only for this part of our study.

The choice of AOX1a mRNAs for our study can be justified by the fact that accumulation
of AOX1a transcripts is often affected by diverse stress stimuli [83]; other members of the AOX
family, (e.g., AOX1d), can be increased in abundance in drought, as well [31]. In our study, the most
severe drought, the most intense decrease of AOX1a accumulation in “A” was observed. A major
imbalance between protein and mRNA abundance in “C” and “A” cultivars was noticed. In “A”,
two immunoreactive AOX protein bands decreased in abundance under mild and severe stress (which
is in line with AOX1a transcript accumulation pattern in the same conditions), whereas the third band
(36 kDa) notably increased in abundance in the severe treatment (Section 2.4; Figure 4). In this cultivar,
under severe drought, the lowered amount of AOX1a mRNA contrasted with enhanced accumulation
of 36 kDa AOX isoform. In “C”, no significant increase in abundance of AOX protein was visible,
contrary to the notable increase in abundance of AOX1a transcripts under mild drought. Thus, AOX1a
mRNA compensatory increase in abundance was accompanied by the decrease in protein abundance
and vice versa. Alterations of AOX1a mRNAs to drought involved only selected cauliflower cultivars
and stress conditions (Figure 4B). Lack of coordination between AOX protein and mRNA may result
from synthesis of investigated immunoreactive polypeptides from transcripts coding distinct AOX
isoforms (especially 33 kDa protein). Regulation of AOX1a mature mRNA abundance may depend
on changes in selection of transcripts for translation, diverse mRNA/ribosome interactions and/or
affected protein synthesis [7]. The decreased pool of those transcripts in some investigated variants
suggests their efficient translation leading to protein excess and thus those mRNAs seems to be
fully translatable.

Participation of non-coding RNAs in the regulation of the abundance of investigated transcripts
or their translational efficiency should be also considered. Growing evidence supports the presence of
miRNAs (nuclear-encoded and processed before import to mitochondria) or components of miRNA
biogenesis machinery within mitochondria [84–87]. We focused on in silico miRNA candidates that
may putatively target B. oleracea AOX1a by psRNATarget (Available omline: http://plantgrn.noble.
org/psRNATarget/analysis?function=2; [88]) search (Table S8). Arabidopsis and Brassica miRNAs were
taken into account, because of the relative high similarity of AOX1a nucleotide sequence (GenBank
accession.version KC631778.1) between those genera. According to our data, most of the predicted
miRNAs resulted rather in messenger degradation, than in affected translation (Table S8). This does
not obviously exclude the possibility that multiple non-coding RNAs could influence AOX1a mRNA
and protein abundance.

Proline, the potent osmoprotectant, over-accumulates under drought and decreases under drought
recovery [7,29,30,89]. Its variations may not simply correspond to the level of drought adaptation [36].
Previously, we showed that cauliflower P5CDH protein increased in abundance both in heat and heat
recovery [13]. We postulate the reciprocal regulation of the abundance of ProDH as well as P5CDH
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transcripts under severe drought in “C”. Decrease in abundance of ProDH mRNA was not equal
between investigated cultivars, indicating diverse osmolyte accumulation in those cultivars [37].

The respective proteomic responses related with dlps profile were very evident for the
drought-sensitive cultivars (Section 2.5). Henceforth, we determined the abundance of transcripts
coding ERD14 and ERD14-like dehydrins, because tryptic peptides with high sequence similarity
to those proteins were found in protein spots on 2D blots that were immunoreactive with dehydrin
K-segment antisera (Section 2.6; Figure 6, Table S6). ERD transcripts (including ERD14) are known to
be highly abundant under ABA, salinity, cold, and drought [64,90,91]. In general, our results suggest
that positive transcriptomic response progressing with water deficit coincides with strong increase in
abundance of dlps in “A” (drought-sensitive) cultivar (Figure 5).

Finally, to obtain a more complex view on cauliflower drought responses, we examined the
abundance of transcripts coding for several nuclear transcription factors (TFs), which did not respond
in protein abundance in our study, belonging to C-repeat/dehydration-responsive element binding
(CBF/DREB) subfamily (from ETHYLENE RESPONSE FACTOR (ERF) family). These proteins
contain conserved DNA-binding domains, and are regulated by a number of stressors, including
cold and drought [92]. Notably, DREB subfamily contains at least 91 known members in B. oleracea;
the whole ERF family and DREB A-4 subgroup are particularly enriched comparing with Arabidopsis
data. B. oleracea CBF genes displayed various expression patterns. In our study, CBF1a expression
showed contrasting responses between two drought-sensitive cultivars; the most visible increase in
abundance was noted in severe drought for “A” (CBF1a) and “C” (CBF1b). Results obtained for CBF1b,
and particularly, for CBF4 transcripts, roughly agree with the late induction pattern in B. oleracea [93].
CBF4 and DREB1 regulons were suggested to participate in drought adaptation or enhance drought
tolerance, but participation of some other CBFs in this process is still controversial [94,95]. Therefore,
our results extend such findings by showing alterations in cauliflower CBF1a, CBF1b, and CBF2 mRNA
abundance under drought (the latter displayed similar expression profile to CBF1a). Rapid responses
of CBF1a, CBF2, and CBF4 genes to mild drought suggest that they may participate in positive drought
signaling in “A” and “C”, respectively.

4. Materials and Methods

4.1. Growth of Plant Material and Stress Application

Seeds of three analyzed cauliflower (Brassica oleracea var. botrytis subvar. cauliflora DC) cultivars
(“Adelanto”, “Casper” and “Pionier”) were obtained from Bejo Zaden (Warmenhuizen, The Netherlands).
Cauliflower seedlings were produced in 0.09 dm3 pots filled with peat substrate (Kronen-Clasmann,
Gryfice, Poland). Seedlings with 3–4 leaves were transferred to 5 dm3 containers. Plants were
grown for three months in cultivation chambers at a local breeding station (Poznan University of
Life Sciences, Poland) at 23/19 ◦C (day/night) and 70% relative humidity under photon flux density
200 μmol·m−2s−1 (16 h of light/8 h of dark). Stress conditions were applied to plants with developing
curds up to a curd diameter of 7–10 cm. The water capacity of the substrate was 40% (v/v) and under
drought stress, the water content decreased to 22% (v/v) (mild drought, the first level of drought) and
to 15% (v/v) (severe drought, the second level of drought). After the occurrence of the assumed level
of drought stress, plants were irrigated to 40% (v/v) and then drought treatment was applied again
and repeated for ca. 2–3 weeks. Curds were harvested immediately after stress treatment cessation.
Duration of the drought stress was estimated on the basis of relative water content (RWC) in the soil
and in plant leaves and curds. RWC in developed, mature cauliflower leaves in mild drought was
achieved at RWC of 94%, 92%, and 95% for “A”, “C”, and “P” cultivars, respectively. Under severe
drought, RWC values lasted 69%, 74%, and 73% for the mentioned three cultivars, respectively. RWC of
cauliflower leaves under severe drought referred to the third and fourth day of the drought treatment.
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4.2. Physiological Analyses

Physiological analyses were conducted on well-developed cauliflower leaves with an LCpro+
infrared gas analyzer (ADC BioScientific Ltd., Hoddesdon, UK). To obtain more reliable results, extra
experimental replicas (n = 8) were used. Rd rate was determined according to the Laisk [96] method.
CO2 assimilation rate representing RT rate was recorded during intercellular CO2 concentration (Ci)
decreased to 0 ppm at 22 ◦C and 50% relative humidity. For each value of photosynthetic photon flux
density (PPFD) at 200, 400, and 600 μmol·m−2s−1, the linear regression of CO2 assimilation (A) versus
Ci was calculated. The intersection of three regression lines was determined by minimizing the sum of
squares of errors between the measured values and calculated for each PPFD level, while minimizing
the standard deviation for the intersection. PhR rate was determined as the difference between RT

and Rd values at Ci 0 ppm (the latter one expressed as a given CO2 evolution rate at the crossing
point of all A/Ci curves). Rn rate was measured after 30 min of adaptation to the dark. The applied
drought treatments were necessary for visible alterations in respiratory and photorespiratory rates
(Figure S1). The given drought exposures (Section 3.1) were necessary to observe proteomic and
physiological alterations.

4.3. Isolation of Mitochondria, Purity Assays, and Protein Determination

Mitochondria from the topmost 5 mm-thick layer of cauliflower curds were extracted by
differential centrifugation and purified in Percoll gradients according to Pawlowski et al. [97]. During
isolation, the Complete Mini EDTA-free Protease Inhibitor Cocktail (Merck Poland, Warsaw, Poland)
was used. Purity assays of isolated mitochondria were conducted according to previous reports [49,97].
Protein content was determined using a Bio-Rad Protein Assay (Bio-Rad Poland, Warsaw, Poland),
with bovine serum albumin as a standard curve calibrator. The efficiency of organellar preparations
(proteins per 100 g of cauliflower curds) varied from 0.9–3.5 mg for “C” and “P” and 0.1–1.9 mg for
“A” cultivar.

4.4. Sample Preparation for the Two Dimensional Isoelectric Focusing/SDS Polyacrylamide Gel Electrophoresis
(2D IEF/SDS-PAGE)

Proteins were extracted and precipitated overnight at −20 ◦C in a 10% solution of trichloroacetic
acid in acetone containing 20 mM dithiothreitol (DTT) by the method of Staszak and Pawłowski [98].
After centrifugation (16,000× g for 5 min at 4 ◦C), resulting pellets were washed three times with
1 mL of acetone supplemented with 20 mM DTT. Samples were re-centrifuged after each washing,
and resulting pellets were vacuum dried and then resuspended in lysis buffer (7 M urea, 2 M thiourea,
2% CHAPS, 1.5% DTT, 0.5% IPG buffer pH 4–7), and supplemented with Protease Inhibitor Cocktail
(Roche, Basel, Switzerland) according to the manufacturer’s suggestions. Protein concentration in
processed samples was determined using the Bradford assay [99].

4.5. 2D IEF/SDS-PAGE

All analyses were conducted at 25 ◦C with at least three biological replicas. Proteins (500 μg
for CBB staining) were first separated according to their charge on rehydrated Immobiline DryStrip
Gels (24 cm in length, containing linear gradient of pH 3–10) with rehydration buffer (6 M urea, 2 M
thiourea, 2% CHAPS, 20 mM DTT, and 0.5% Pharmalyte, pH 4–7) on an Ettan IPGphor 3 IEF System
(GE Healthcare, Uppsala, Sweden). The program for isoelectric focusing was applied according to the
manufacturer’s suggestions. Strips were either stored at −80◦C or they were directly treated for 10 min
with equilibration solution I (6 M urea, 1.5 M Tris-HCl, pH 8.8, 30% glycerol, 2% SDS, and 1% DTT) and
for the same time with equilibration in solution II (solution I supplemented with 2.5% 2-iodoacetamide,
without DTT) and subjected to a second dimension run (SDS-PAGE).

For SDS-PAGE, Ettan DALT 12.5% Precast Polyacrylamide Gels and an Ettan DALTsix
Electrophoresis System (both from GE Healthcare) were used. Conditions for the run were as follows:
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1 h at 80 V and 5 h at 500 V. Broad pI Kit, pH 3–10 (GE Healthcare) for protein spot pI calibration
within 3.5–9.3, as well as PageRuler Prestained Protein Ladder (Thermo Scientific, Gdańsk, Poland)
and LMW-SDS Marker Kit (GE Healthcare) for protein spot MW calibration were used. Resolved
proteins were stained with colloidal CBB, which, in addition to visualization and quantification, also
allowed for downstream MS analysis [100].

4.6. Proteome Analysis

Gels were scanned and evaluated using ImageMaster 2D Platinum v7.0 software (GE Healthcare).
After spot detection, 2D gels (three gels from three independent biological samples) were aligned
and matched, and normalized spot volumes were determined quantitatively. For each matched spot,
the percent volume was calculated as the volume divided by the total volume of matched spots.
Spots with variations in abundance were subjected to ANOVA, Tukey–Kramer HSD tests and contrast
analysis (JMP software, SAS Institute, Cary, NC, USA) to assign spots that significantly varied (p < 0.05)
in abundance for two factors: drought and cultivar, and their interactions (Table S2). An unpaired
two-tailed Student’s t-test was used to assign significant variations in abundance (a given drought
treatment vs. control) within analyzed cultivars (Section 4.10; Table S1). Proteins were subsequently
identified by MS from spots that significantly varied in abundance.

4.7. Protein Identification by Mass Spectrometry (MS)

Gel spots were subjected to a standard “in-gel digestion” procedure in which proteins were
reduced with 10 mM DTT (for 30 min at 56 ◦C), alkylated with 55 mM 2-iodoacetamide (45 min in
the dark at room temperature) and digested overnight with trypsin (Promega, Madison, WI, USA) in
25 mM ammonium bicarbonate. The resulting peptides were eluted from the gel matrix with 0.1%
trifluoroacetic acid in 2% acetonitrile.

Peptide mixtures were analyzed by liquid chromatography coupled to a mass spectrometer in
the Laboratory of Mass Spectrometry (Institute of Biochemistry and Biophysics, Polish Academy
of Sciences, Warsaw, Poland). Samples were concentrated and desalted on a RP-C18 pre-column
(nanoACQUITY Symmetry® C18, Waters, Milford, MA, USA), and further peptide separation was
achieved on a nano-Ultra Performance Liquid Chromatography (UPLC) RP-C18 column (BEH130
C18 column, 75 μm id, 250 mm long; Waters, Milford, MA, USA) of a nanoACQUITY UPLC system,
using a linear 0–60% CAN gradient for 120 min in the presence of 0.05% formic acid with a flow rate of
150 nL min−1. The column outlet was directly coupled to the electrospray ionization (ESI) ion source
of an Orbitrap Velos type mass spectrometer (Thermo Electron Corp., San Jose, CA, USA), working
in the regime of data dependent MS to MS/MS switch. An electrospray voltage of 1.5 kV was used.
A blank run preventing cross-contamination from previous samples preceded each analysis.

Proteins were identified using the Mascot search algorithm (Available online: www.matrixscience.
com) against the NCBInr (Available online: www.ncbi.nig.gov) databases. Protein identification was
performed using the Mascot search probability-based molecular weight search (MOWSE) score. The ion
score was −10 × log(P), where P was the probability that the observed match was a random event.
To avoid possible misidentifications resulting from the implementation of large datasets, as pointed out
by Schmidt et al. [101], we were able to set the threshold of false positive rate. Peptides with a Mascot
score exceeding the threshold value, corresponding to a <5% false positive rate as calculated by the
Mascot procedure, were considered to be positively identified.

4.8. SDS-PAGE, Western Blotting, and Immunodetection of Proteins

Proteins resolved by one-dimensional SDS polyacrylamide gel electrophoresis (12%
SDS-PAGE; [49]) were electroblotted in semidry conditions onto Immobilon-P membranes (Merck,
Warsaw, Poland), using a TE77 PWR ECL Semi-Dry blotting apparatus (GE Healthcare Life Science
Poland, Warsaw, Poland) and standard transfer buffer (20% methanol, 48 mM Tris, 39 mM glycine,
0.0375% SDS). Proteins resolved on 2D gels were electroblotted in semidry conditions using the
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same apparatus and alternative transfer buffer (10% methanol, 10 mM CAPS pH 11.0). Protein
immunodetection was carried out with rabbit polyclonal antibodies directed against Mn-SOD (product.
No. AS09 524, 1:5000 dilution), cyt. c (product No. AS08 343A, 1:5000), mitochondrial HSP70
(product No. AS08 347, 1:4000), SHMT1 (product. No. AS05 075, 1:10,000), GDC-H (product
No. AS05 074, 1:4000), IDH (product No. AS06 203A, 1:4000), aconitase (product No. AS09
521, 1:5000; all antisera listed above from Agrisera, Vännäs, Sweden), PUMP (1:1000; [102,103]),
dehydrin K-segment (1:1000, a gift of T.J. Close, University of California at Riverside, USA; [51]),
dehydrin K-segment with N terminal cysteine on the synthetic peptide (product No. PLA-100, 1:1400;
Stressgen, Victoria, BC, Canada), SK3-motif of Solanum sogarandinum DHN24 dehydrin (1:500, a gift of
T. Rorat, Institute of Plant Genetics, Polish Academy of Sciences, Poznań, Poland; [104]) and mouse
monoclonal antibodies directed against AOX (1:1000; [105]), and ATP1 (1:200; [106]; both antisera
donated by T. Elthon, University of Lincoln, Lincoln, NE, USA). Immunoassay details were described
previously [13,49]. Enhanced chemiluminescence (ECL) signals were quantified with Multi Gauge
(v2.2, Fujifilm, Tokio, Japan).

4.9. RNA Isolation and RT-qPCR

Total RNA from cauliflower curds was extracted using an EZ-10 Spin Column Plant RNA
Mini-Preps Kit (BioBasic, Markham, ON, Canada) according to the manufacturer’s protocol. Genomic
DNA contaminants were removed by RQ1 DNase I free of RNase (Promega Poland, Warsaw, Poland).
cDNA was synthesized using 1 μg of RNA, 0.2 μg of random hexamers mixture from HexaLabel DNA
Labeling Kit (Thermo Scientific, Gdańsk, Poland) and 200 units of M-MLV reverse transcriptase
(Promega Poland, Warsaw, Poland) in a 20 μL total volume for 1 h at 37 ◦C. After first strand
synthesis, the reaction mixture was diluted with 10 mM Tris-HCl, pH 8.0 three or six times, and after
normalization, aliquots of 1–2 μL were subjected to RT-quantitative PCR (RT-qPCR) using a Thermo
Scientific Luminaris Color HiGreen High ROX qPCR Master Mix kit on an Applied Biosystems
StepOnePlus Real-Time PCR System. The following profile was used: 5 min at 95 ◦C followed by
40 cycles of 20 s at 95 ◦C, 1 min at 60 ◦C, and finally, a melting step. The quality of qRT-PCR assays
was verified by LinRegPCR (v. 2012.3, Heart Failure Research Center, Academic Medical Center,
Amsterdam, The Netherlands). Outliers were manually removed. Two biological and at least three
technical replicates were included.

Fragments of cauliflower cDNA for selected proteins were amplified using specific primers
(Table S7); a 239 bp fragment of cauliflower actin1 (ACT1) cDNA was used as an internal standard.
Amplicons were directly sequenced bi-directionally (Big Dye Terminator v. 3.1 Cycle Sequencing kit,
Applied Biosystems Poland, Warsaw, Poland) on an ABI Prism 31-30 XL system (Applied Biosystems
Poland, Warsaw, Poland) for sequence identity verification. In the case of AOX1a and ACT1, amplicons
were additionally cloned to a pGEM T-Easy vector with the pGEM T-Easy Ligation System II (Promega)
before sequencing.

4.10. Statistical Analysis

All experiments were conducted in triplicate, unless otherwise indicated. Results of densitometric
analyses (Sections 2.4, 2.5, and 2.7), and 2D PAGE spot pattern alterations based on the spot volume
(Sections 2.2 and 2.3) are presented as means ± SE. An unpaired two-tailed Student’s t-test was used to
identify significant differences; in particular, differences were considered to be statistically significant
if p < 0.05 (*), p < 0.01 (**), or p < 0.001 (***). Significant correlations (Table S3) among variables
were calculated using Spearman’s correlation coefficient (p < 0.05) with the help of STATISTICA 13.1
(StatSoft Poland, Kraków, Poland) software.

5. Conclusions

Results of our study that significantly broaden Brassica data suggest that plant mitochondria
(across distinct cultivars) are actively engaged in the response to water deficit. Variations within the
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mitochondrial proteome of investigated cauliflower cultivars encompass major decreases in abundance;
increased in abundance spots were specific to the intensity of the water deficit. Investigated proteomic
variations coincided roughly with drought tolerance. Mitochondrial porin isoforms, ATP synthase
subunit, DNA-binding proteins, heat shock proteins, components of energy-dissipating systems (AOX
isoform 36 kDa, PUMP isoform 40 kDa) as well as dehydrin-like proteins (18 and 27 kDa) investigated
in our study are among the best candidates for stress tolerance markers, highlighting diversity of
drought responses within cauliflower mitochondria. Identification of dehydrin-specific tryptic peptides
in several spots from 2D gels additionally indicates for the relevant participation of such proteins in
acclimation to water deficit.

The future study of the dynamic pattern of PTMs [30] among cauliflower drought-responsive
proteins will use spectral data obtained from MS/MS peptide sequencing. Owing to the relevance
of protein phosphorylation in the regulation of protein activity and stress-signaling pathways [107],
we will pay special attention to such protein modification.

Alterations of transcripts for the stress-affected AOX isoform were largely unassociated with
the proteomic ones, which is contrary to findings from our previous study on plant mitochondrial
biogenesis in temperature stress and thermal recovery [13]. We suggest that the enhanced availability
of AOX1a transcripts for translation may be an important regulatory point for the drought response of
cauliflower mitochondria. Such results could be at least partially explained by Nakaminami et al. [108]
findings on the imbalanced mRNA/protein pools and the altered pattern of translation initiation
through stress acclimation and de-acclimation. Profiling of TF expression highlights valuable variations
(additional to the ones at the protein level) in drought responses between stress-sensitive cultivars.

Additional studies are required (1) to elucidate the impact of drought on transcript binding to
ribosomes; (2) to investigate protein biosynthesis patterns [13] and mechanisms of increased selection
of mRNA for translation; (3) to analyze participation of non-coding RNAs in the mitochondrial
biogenesis (with emphasis on the cauliflower microtranscriptome targeting investigated mRNA);
and (4) to characterize cauliflower genes with expression pattern regulated by the investigated CBF
factors under drought.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/4/1130/s1.
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the plant material in control conditions and after stress dosage, prepared nutrient media, subjected plants to
stress conditions and participated in physiological analyses. All Authors have approved the submitted version
and agreed to be personally accountable for their own contributions and for ensuring that questions related to
the accuracy or integrity of any part of the work, even those in which the Author was not personally involved,
are appropriately investigated, resolved, and documented in the literature.

Conflicts of Interest: The authors declare no conflicts of interest.

86



Int. J. Mol. Sci. 2018, 19, 1130

Abbreviations

ACO aconitase
AOX alternative oxidase
ATP1, ATP2 mitochondrial ATP synthase subunit α or subunit β
CBB Coomassie Brilliant Blue
CBF/DREB C-repeat/dehydration-responsive element binding
CI, CII, CIV respiratory complexes I, II and IV
CAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate
2D PAGE two-dimensional gel electrophoresis
DHN dehydrin
dlp dehydrin-like protein
DTT dithiothreitol
EDTA ethylenediaminetetraacetic acid
EF elongation factor
ERD early response to dehydration
ERF ETHYLENE RESPONSE FACTOR
FDH formate dehydrogenase
GDC glycine decarboxylase
HSP heat shock protein
IDH isocitrate dehydrogenase
IEF isoelectrofocusing
LC-MS/MS liquid chromatography-tandem mass spectrometry
LEA late embryogenesis abundant
MDH malate dehydrogenase
miRNA microRNA
MPP mitochondrial processing peptidase
OXPHOS oxidative phosphorylation
P5CDH Δ-1-pyrroline-5-carboxylate dehydrogenase
PDH pyruvate dehydrogenase
PhR photorespiration rate
PPFD photosynthetic photon flux density
ProDH proline dehydrogenase
PTMs posttranslational protein modifications
PUMP plant-uncoupling mitochondrial protein
Rd respiration in the light (day respiration) rate
Rn respiration in the dark (night respiration) rate
ROS reactive oxygen species
RT total respiration rate
RT-qPCR reverse transcription quantitative PCR
RWC relative water content
SDH succinate dehydrogenase (complex II)
SHMT serine hydroxymethyl aminotransferase
SOD superoxide dismutase
TF(s) transcription factor(s)
UPLC nano-ultra performance liquid chromatography
VDAC voltage-dependent anion channel
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52. Krzesiński, W.; Kałużewicz, A.; Frąszczak, B.; Zaworska, A.; Lisiecka, J. Cauliflower’s response to drought
stress. Nauka Przyroda Technol. 2016, 10. [CrossRef]

53. Voss, I.; Sunil, B.; Scheibe, R.; Raghavendra, A.S. Emerging concept for the role of photorespiration as an
important part of abiotic stress response. Plant Biol. (Stuttg.) 2013, 15, 713–722. [CrossRef] [PubMed]

54. Kim, J.; van Iersel, M.W. Slowly developing drought stress increases photosynthetic acclimation of
Catharanthus roseus. Physiol. Plant. 2011, 143, 166–177. [CrossRef] [PubMed]

55. Haupt-Herting, S.; Klug, K.; Fock, H.P. A New Approach to Measure Gross CO2 Fluxes in Leaves. Gross
CO2 Assimilation, Photorespiration, and Mitochondrial Respiration in the Light in Tomato under Drought
Stress. Plant Physiol. 2001, 126, 388–396. [CrossRef] [PubMed]

56. Campos, H.; Trejo, C.; Peña-Valdivia, C.B.; García-Nava, R.; Conde-Martínez, F.V.; Cruz-Ortega, M.R.
Stomatal and non-stomatal limitations of bell pepper (Capsicum annuum L.) plants under water stress and
re-watering: Delayed restoration of photosynthesis during recovery. Environ. Exp. Bot. 2014, 98, 56–64.
[CrossRef]

57. Sperlich, D.; Barbeta, A.; Ogaya, R.; Sabaté, S.; Peñuelas, J. Balance between carbon gain and loss under
long-term drought: impacts on foliar respiration and photosynthesis in Quercus ilex L. J. Exp. Bot. 2016, 67,
821–833. [CrossRef] [PubMed]

58. Vassileva, V.; Simova-Stoilova, L.; Demirevska, K.; Feller, U. Variety-specific response of wheat
(Triticum aestivum L.) leaf mitochondria to drought stress. J. Plant Res. 2009, 122, 445–454. [CrossRef] [PubMed]

90



Int. J. Mol. Sci. 2018, 19, 1130

59. Chastain, D.R.; Snider, J.L.; Collins, G.D.; Perry, C.D.; Whitaker, J.; Byrd, S.A. Water deficit in field-grown
Gossypium hirsutum primarily limits net photosynthesis by decreasing stomatal conductance, increasing
photorespiration, and increasing the ratio of dark respiration to gross photosynthesis. J. Plant Physiol. 2014,
171, 1576–1585. [CrossRef] [PubMed]

60. Liu, C.; Wang, Y.; Pan, K.; Wang, Q.; Liang, J.; Jin, Y.; Tariq, A. The Synergistic Responses of Different
Photoprotective Pathways in Dwarf Bamboo (Fargesia rufa) to Drought and Subsequent Rewatering.
Front. Plant Sci. 2017, 8, 489. [CrossRef] [PubMed]

61. Abogadallah, G.M. Differential regulation of photorespiratory gene expression by moderate and severe salt
and drought stress in relation to oxidative stress. Plant Sci. 2011, 180, 540–547. [CrossRef] [PubMed]

62. Lima Neto, M.C.; Cerqueira, J.V.A.; da Cunha, J.R.; Ribeiro, R.V.; Silveira, J.A.G. Cyclic electron flow, NPQ
and photorespiration are crucial for the establishment of young plants of Ricinus communis and Jatropha curcas
exposed to drought. Plant Biol. (Stuttg.) 2017, 19, 650–659. [CrossRef] [PubMed]

63. Zhou, S.; Li, M.; Guan, Q.; Liu, F.; Zhang, S.; Chen, W.; Yin, L.; Qin, Y.; Ma, F. Physiological and proteome
analysis suggest critical roles for the photosynthetic system for high water-use efficiency under drought
stress in Malus. Plant Sci. 2015, 236, 44–60. [CrossRef] [PubMed]

64. Chen, L.; Ren, F.; Zhong, H.; Feng, Y.; Jiang, W.; Li, X. Identification and expression analysis of genes in
response to high-salinity and drought stresses in Brassica napus. Acta Biochim. Biophys. Sin. (Shanghai) 2010,
42, 154–164. [CrossRef] [PubMed]

65. He, C.Y.; Zhang, G.Y.; Zhang, J.G.; Duan, A.G.; Luo, H.M. Physiological, biochemical, and proteome profiling
reveals key pathways underlying the drought stress responses of Hippophae rhamnoides. Proteomics 2016, 16,
2688–2697. [CrossRef] [PubMed]

66. Bernard, D.G.; Cheng, Y.; Zhao, Y.; Balk, J. An Allelic Mutant Series of ATM3 Reveals Its Key Role in the
Biogenesis of Cytosolic Iron-Sulfur Proteins in Arabidopsis. Plant Physiol. 2009, 151, 590–602. [CrossRef]
[PubMed]

67. Landi, S.; Hausman, J.-F.; Guerriero, G.; Esposito, S. Poaceae vs. Abiotic Stress: Focus on Drought and Salt
Stress, Recent Insights and Perspectives. Front. Plant Sci. 2017, 8, 1214. [CrossRef] [PubMed]

68. Caruso, G.; Cavaliere, C.; Foglia, P.; Gubbiotti, R.; Samperi, R.; Laganà, A. Analysis of drought responsive
proteins in wheat (Triticum durum) by 2D-PAGE and MALDI-TOF mass spectrometry. Plant Sci. 2009, 177,
570–576. [CrossRef]

69. Hamilton, C.A.; Good, A.G.; Taylor, G.J. Induction of Vacuolar ATPase and Mitochondrial ATP Synthase By
Aluminum in an Aluminum-Resistant Cultivar of Wheat. Plant Physiol. 2001, 125, 2068–2077. [CrossRef]
[PubMed]

70. Moghadam, A.A.; Taghavi, S.M.; Niazi, A.; Djavaheri, M.; Ebrahimie, E. Isolation and in silico functional
analysis of MtATP6, a 6-kDa subunit of mitochondrial F1F0-ATP synthase, in response to abiotic stress.
Genet. Mol. Res. 2012, 11, 3547–3567. [CrossRef] [PubMed]

71. Li, C.-L.; Wang, M.; Ma, X.-Y.; Zhang, W. NRGA1, a Putative Mitochondrial Pyruvate Carrier, Mediates ABA
Regulation of Guard Cell Ion Channels and Drought Stress Responses in Arabidopsis. Mol. Plant 2014, 7,
1508–1521. [CrossRef] [PubMed]

72. Wang, M.; Ma, X.; Shen, J.; Li, C.; Zhang, W. The ongoing story: The mitochondria pyruvate carrier 1 in plant
stress response in Arabidopsis. Plant Signal. Behav. 2014, 9, e973810. [CrossRef] [PubMed]

73. Taylor, N.L.; Rudhe, C.; Hulett, J.M.; Lithgow, T.; Glaser, E.; Day, D.A.; Millar, A.H.; Whelan, J. Environmental
stresses inhibit and stimulate different protein import pathways in plant mitochondria. FEBS Lett. 2003, 547,
125–130. [CrossRef]

74. Riccardi, F.; Gazeau, P.; de Vienne, D.; Zivy, M. Protein Changes in Response to Progressive Water Deficit in
Maize: Quantitative Variation and Polypeptide Identification. Plant Physiol. 1998, 117, 1253–1263. [CrossRef]
[PubMed]

75. Kaouthar, F.; Ameny, F.-K.; Yosra, K.; Walid, S.; Ali, G.; Faiçal, B. Responses of transgenic Arabidopsis plants
and recombinant yeast cells expressing a novel durum wheat manganese superoxide dismutase TdMnSOD
to various abiotic stresses. J. Plant Physiol. 2016, 198, 56–68. [CrossRef] [PubMed]

76. Dahal, K.; Wang, J.; Martyn, G.D.; Rahimy, F.; Vanlerberghe, G.C. Mitochondrial Alternative Oxidase
Maintains Respiration and Preserves Photosynthetic Capacity during Moderate Drought in Nicotiana tabacum.
Plant Physiol. 2014, 166, 1560–1574. [CrossRef] [PubMed]

91



Int. J. Mol. Sci. 2018, 19, 1130

77. Galle, A.; Florez-Sarasa, I.; Thameur, A.; de Paepe, R.; Flexas, J.; Ribas-Carbo, M. Effects of drought stress
and subsequent rewatering on photosynthetic and respiratory pathways in Nicotiana sylvestris wild type and
the mitochondrial complex I-deficient CMSII mutant. J. Exp. Bot. 2010, 61, 765–775. [CrossRef] [PubMed]

78. Hincha, D.K.; Thalhammer, A. LEA proteins: IDPs with versatile functions in cellular dehydration tolerance.
Biochem. Soc. Trans. 2012, 40, 1000–1003. [CrossRef] [PubMed]

79. Borovskii, G.B.; Stupnikova, I.V.; Antipina, A.I.; Vladimirova, S.V.; Voinikov, V.K. Accumulation of
dehydrin-like proteins in the mitochondria of cereals in response to cold, freezing, drought and ABA
treatment. BMC Plant Biol. 2002, 2, 5. [CrossRef]

80. Grelet, J.; Benamar, A.; Teyssier, E.; Avelange-Macherel, M.-H.; Grunwald, D.; Macherel, D. Identification in
Pea Seed Mitochondria of a Late-Embryogenesis Abundant Protein Able to Protect Enzymes from Drying.
Plant Physiol. 2005, 137, 157–167. [CrossRef] [PubMed]

81. Boswell, L.C.; Moore, D.S.; Hand, S.C. Quantification of cellular protein expression and molecular features of
group 3 LEA proteins from embryos of Artemia franciscana. Cell Stress Chaperones 2014, 19, 329–341. [CrossRef]
[PubMed]

82. Boswell, L.C.; Hand, S.C. Intracellular localization of group 3 LEA proteins in embryos of Artemia franciscana.
Tissue Cell 2014, 46, 514–519. [CrossRef] [PubMed]

83. Clifton, R.; Millar, A.H.; Whelan, J. Alternative oxidases in Arabidopsis: A comparative analysis of
differential expression in the gene family provides new insights into function of non-phosphorylating
bypasses. Biochim. Biophys. Acta 2006, 1757, 730–741. [CrossRef] [PubMed]

84. Das, S.; Ferlito, M.; Kent, O.A.; Fox-Talbot, K.; Wang, R.; Liu, D.; Raghavachari, N.; Yang, Y.; Wheelan, S.J.;
Murphy, E.; et al. Nuclear miRNA Regulates the Mitochondrial Genome in the Heart. Circ. Res. 2012, 110,
1596–1603. [CrossRef] [PubMed]

85. Leung, A.K.L. The Whereabouts of microRNA Actions: Cytoplasm and Beyond. Trends Cell Biol. 2015, 25,
601–610. [CrossRef] [PubMed]

86. Ro, S.; Ma, H.-Y.; Park, C.; Ortogero, N.; Song, R.; Hennig, G.W.; Zheng, H.; Lin, Y.-M.; Moro, L.;
Hsieh, J.-T.; et al. The mitochondrial genome encodes abundant small noncoding RNAs. Cell Res. 2013, 23,
759–774. [CrossRef] [PubMed]

87. Rurek, M. Participation of non-coding RNAs in plant organelle biogenesis. Acta Biochim. Pol. 2016, 63,
653–663. [CrossRef] [PubMed]

88. Dai, X.; Zhao, P.X. psRNATarget: A plant small RNA target analysis server. Nucleic Acids Res. 2011, 39,
W155–W159. [CrossRef] [PubMed]

89. Wu, H.; Wu, X.; Li, Z.; Duan, L.; Zhang, M. Physiological Evaluation of Drought Stress Tolerance and
Recovery in Cauliflower (Brassica oleracea L.) Seedlings Treated with Methyl Jasmonate and Coronatine.
J. Plant Growth Regul. 2012, 31, 113–123. [CrossRef]

90. Kiyosue, T.; Yamaguchi-Shinozaki, K.; Shinozaki, K. Characterization of two cDNAs (ERD10 and ERD14)
corresponding to genes that respond rapidly to dehydration stress in Arabidopsis thaliana. Plant Cell Physiol.
1994, 35, 225–231. [PubMed]

91. Nylander, M.; Svensson, J.; Palva, E.T.; Welin, B.V. Stress-induced accumulation and tissue-specific
localization of dehydrins in Arabidopsis thaliana. Plant Mol. Biol. 2001, 45, 263–279. [CrossRef] [PubMed]

92. Mizoi, J.; Shinozaki, K.; Yamaguchi-Shinozaki, K. AP2/ERF family transcription factors in plant abiotic stress
responses. Biochim. Biophys. Acta 2012, 1819, 86–96. [CrossRef] [PubMed]

93. Thamilarasan, S.K.; Park, J.-I.; Jung, H.-J.; Nou, I.-S. Genome-wide analysis of the distribution of AP2/ERF
transcription factors reveals duplication and CBFs genes elucidate their potential function in Brassica oleracea.
BMC Genom. 2014, 15, 422. [CrossRef] [PubMed]

94. Haake, V.; Cook, D.; Riechmann, J.; Pineda, O.; Thomashow, M.F.; Zhang, J.Z. Transcription Factor CBF4 Is
a Regulator of Drought Adaptation in Arabidopsis. Plant Physiol. 2002, 130, 639–648. [CrossRef] [PubMed]

95. Mohavedi, S.; Tabatabaei, B.E.S.; Alizade, H.; Ghobadi, C.; Yamchi, A.; Khaksar, G. Constitutive expression
of Arabidopsis DREB1B in transgenic potato enhances drought and freezing tolerance. Biol. Plant. 2012, 56,
37–42. [CrossRef]

96. Laisk, A. Kinetics of Photosynthesis and Photorespiration in C3-Plants; Nauka: Profsouznaya Ulitsa,
Moscow, 1977.

97. Pawlowski, T.; Rurek, M.; Janicka, S.; Raczynska, K.D.; Augustyniak, H. Preliminary analysis of the
cauliflower mitochondrial proteome. Acta Physiol. Plant. 2005, 27, 275–281. [CrossRef]

92



Int. J. Mol. Sci. 2018, 19, 1130

98. Staszak, A.; Pawłowski, T. Proteomic Analysis of Embryogenesis and the Acquisition of Seed Dormancy in
Norway Maple (Acer platanoides L.). Int. J. Mol. Sci. 2014, 15, 10868–10891. [CrossRef] [PubMed]

99. Ramagli, L.S.; Rodriguez, L.V. Quantitation of microgram amounts of protein in two-dimensional
polyacrylamide gel electrophoresis sample buffer. Electrophoresis 1985, 6, 559–563. [CrossRef]

100. Neuhoff, V.; Arold, N.; Taube, D.; Ehrhardt, W. Improved staining of proteins in polyacrylamide gels
including isoelectric focusing gels with clear background at nanogram sensitivity using Coomassie Brilliant
Blue G-250 and R-250. Electrophoresis 1988, 9, 255–262. [CrossRef] [PubMed]

101. Schmidt, U.G.; Endler, A.; Schelbert, S.; Brunner, A.; Schnell, M.; Neuhaus, H.E.; Marty-Mazars, D.; Marty, F.;
Baginsky, S.; Martinoia, E. Novel Tonoplast Transporters Identified Using a Proteomic Approach with
Vacuoles Isolated from Cauliflower Buds. Plant Physiol. 2007, 145, 216–229. [CrossRef] [PubMed]

102. Nantes, I.L.; Fagian, M.M.; Catisti, R.; Arruda, P.; Maia, I.G.; Vercesi, A.E. Low temperature and
aging-promoted expression of PUMP in potato tuber mitochondria. FEBS Lett. 1999, 457, 103–106. [CrossRef]
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Abstract: Cytoplasmic male sterility (CMS) systems represent ideal mutants to study the role of
mitochondria in pollen development. In sunflower, CMS PET2 also has the potential to become
an alternative CMS source for commercial sunflower hybrid breeding. CMS PET2 originates from
an interspecific cross of H. petiolaris and H. annuus as CMS PET1, but results in a different CMS
mechanism. Southern analyses revealed differences for atp6, atp9 and cob between CMS PET2, CMS
PET1 and the male-fertile line HA89. A second identical copy of atp6 was present on an additional
CMS PET2-specific fragment. In addition, the atp9 gene was duplicated. However, this duplication
was followed by an insertion of 271 bp of unknown origin in the 5′ coding region of the atp9 gene in
CMS PET2, which led to the creation of two unique open reading frames orf288 and orf231. The first
53 bp of orf288 are identical to the 5′ end of atp9. Orf231 consists apart from the first 3 bp, being part
of the 271-bp-insertion, of the last 228 bp of atp9. These CMS PET2-specific orfs are co-transcribed.
All 11 editing sites of the atp9 gene present in orf231 are fully edited. The anther-specific reduction
of the co-transcript in fertility-restored hybrids supports the involvement in male-sterility based on
CMS PET2.

Keywords: atp9; cytoplasmic male sterility; CMS PET1; CMS PET2; Helianthus annuus; plant
mitochondria; recombination; RNA-editing; respiration

1. Introduction

Cytoplasmic male sterility (CMS) is a maternally inherited incapability of higher plants to produce
or shed functional pollen [1]. CMS has been described for more than 150 plant species [2,3], and is
often associated with mitochondrial rearrangements and the expression of new open reading frames
(orfs) leading to the translation of unique proteins that appear to interfere with mitochondrial functions
and pollen development [4]. Exploitation of CMS systems is the most cost-effective way to produce
hybrids. Hybrid production is widely used in field crops to gain enhanced yield and yield stability by
using heterosis effects [5]. Hybrid breeding based on a CMS-system most frequently consists of a three
line system: the CMS line, which is maintained by an isonuclear maintainer line present on a normal
fertile cytoplasm, and a restorer line carrying one or two dominant nuclear restorer-of-fertility (Rf )
genes to restore male fertility in the F1-hybrids. These restorer genes interact with the mitochondrial
transcripts to suppress the deleterious effect of CMS by diverse mechanisms and thereby allow the
production of male-fertile F1-hybrids [1,6].

In sunflower, CMS PET1 is so far the only cytoplasm worldwide used for the commercial hybrid
production [7]. CMS PET1 was originally derived from the interspecific cross of H. petiolaris Nutt. ×
H. annuus [8] and has been used the last 50 years in sunflower hybrid breeding [9]. This reduction to one
CMS source carries the risk of a high vulnerability of the cytoplasm to pathogen attacks, as the interaction
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of Bipolaris maydis with the T-cytoplasm in maize has demonstrated [10,11]. However, more than
70 CMS sources have been reported in the FAO Technical Consultation of the European Cooperative
Research Network on Sunflower [12]. These CMS sources have either occurred spontaneously in
wild populations or were derived from interspecific crosses or mutagenesis experiments. Prerequisite
of the utilization of one of these alternative CMS sources in hybrid breeding is their molecular
characterization and the identification of suitable restorer lines. This has happened so far only for very
few of these alternative CMS sources [13–18]. In sunflower, the most comprehensive study of 28 male
sterile cytoplasms and the fertile, normal cytoplasm was based on hybridization patterns obtained
with different mitochondrial genes, which grouped the CMS sources and the fertile cytoplasms into
10 classes using the UPGMA (Unweighted Pair Group Method with Arithmetic Mean) method [19,20].

In this study, CMS PET2, an alternative CMS source derived from an interspecific cross
Helianthus petiolaris Nutt. × Helianthus annuus L. [21], was analyzed. Whereas CMS PET1 went
together with nine PET1-like CMS sources [22] into group MT-θ, CMS PET2 grouped together with
CMS GIG1 (H. giganteus L. × H. annuus L., [23]) into MT-γ [19]. Although CMS PET1 and CMS
PET2 have the same parental origin regarding the involved species, the differences in the restriction
fragment patterns between the mtDNAs of CMS PET1 and CMS PET2 indicate a different molecular
mechanism behind male sterility in these two CMS cytoplasms [19]. In CMS PET1, pollen development
is aborted in the tetrad stage of meiosis II due to premature programmed cell death of the tapetum
cells initiated by the release of cytochrome C from the mitochondria [24,25]. Only very rudimentary
very small anthers are formed in CMS PET1, but sunflower lines carrying the PET2 male-sterile
cytoplasm still form medium sized anthers (Figure 1). For CMS PET1, it is known that reorganization
of mtDNA generated a new open reading frame orfH522 (coding for a protein of about 16 kDa),
which is co-transcribed with atpA, now called atp1, and is responsible for the male-sterile phenotype in
sunflower CMS PET1 [26–28]. Anther-specific reduction of the co-transcript of atp1 and orfH522 restores
male fertility [29,30]. Heterologous expression of orfH522 in tapetal cell layers of tobacco induced male
sterility [31], whereas RNAi-mediated silencing of orfH522 restored fertility [32]. For CMS PET2 and
CMS GIG1, a CMS-specific protein of 12.4 kDa was identified by in organello translation [15]. However,
the corresponding open reading frame has not yet been identified.

(a) (b) 

Figure 1. Inflorescence in the present of the CMS PET2 in a maintainer and restorer background.
(a) CMS PET2 × RHA265, male sterile; (b) CMS PET2 × IH-51, fertility-restored hybrid.

In recent years, mitochondrial DNAs have been sequenced to answer several questions [33–37].
Some mitochondrial genome sequences have been successfully used to identify CMS-specific open
reading frames [38–40], whereas in other studies no clear answers regarding the CMS mechanism were
obtained like in wheat [41] or in pigeonpea [42]. However, only the fertile mitochondrial genome with
300,945 bp [43] and the mtDNAs of CMS PET1 (MG735191.1) have been sequenced and assembled in
sunflower, but not CMS PET2.
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To investigate the cause of aberrant pollen development in CMS PET2, we analyzed the
organization of the mitochondrial DNA, the occurrence of specific new open reading frames, their
transcription profiles and their absence in CMS PET1 and the male-fertile line HA89 as reference.
The occurrence of two novel open reading frames, orf288 and orf231, inside a second copy of the
atp9 gene and their possible role in causing male-sterility in CMS PET2 are discussed. In addition,
diagnostic markers for CMS PET1, CMS PET2 and the fertile cytoplasm in sunflower are presented
that can be applied in hybrid breeding.

2. Results

2.1. Identification of Recombination Events in CMS PET2

In Southern hybridizations using HindIII as restriction enzyme, CMS PET2 showed identical
fragment patterns with CMS PET1 and the male fertile line HA89 for atp8, coxIII and nd5 as probes.
For the mitochondrial genes atp6, atp9 and cob, an additional fragment was present in CMS PET2,
apart from the fragments detected for HA89 and CMS PET1 (Figure 2). To establish more precisely the
alterations present in CMS PET2, all fragments were cloned and sequenced. In total, 35 open reading
frames (>201 bp) were detected, six corresponding to the mitochondrial genes used as probes and
12 were only present in the CMS PET2-specific fragments (Table S1). The organization of all open
reading frames is shown in detail in Figures 3–5. For atp6 as probe, CMS PET2 showed a fragment
of 1.2 kb identical to CMS PET1 and the male-fertile line HA89. The additional CMS PET2-specific
fragment of 2.5 kb carried a second intact copy of atp6′ (1056 bp) and two different orfs, orf321 and orf255
(Figure 3). For atp9 as probe, one identical fragment of 3.4-kb was present in CMS PET1, fertile and
CMS PET2, and an additional fragment of 4.1-kb was only visible in CMS PET2. The 4.1-kb-fragment
contained a split atp9 gene, which resulted in two new open reading frames of 228 bp and 231 bp,
and three additional orfs, orf285, orf267 and orf627 (Figure 4). Hybridization with cob as probe showed
the same fragment of 7.3 kb in all cytoplasms carrying the 5′ end of cob (Figure 5A), as well as a
3.9-kb-fragment for the fertile cytoplasm and CMS PET1, but a 5.5-kb-fragment for CMS PET2 carrying
the 3′ end of cob (Figure 5B). A recombination within orf843 resulted in a shortened orf366 and an
enlarged HindIII fragment in CMS PET2. Seven additional orfs could be identified on this fragment,
one of these represents coxIII.

Comparison of the fragment sequences with the mitochondrial sequence of HA412 (accession no
KF815390) revealed that the fragments present in the male-fertile, normal HA89 and in CMS PET2
were 99–100% homologous to HA412 (Table S2). For the CMS PET2 specific 2.5-kb-fragment (atp6) a
recombination between two identical areas (326 bp in size) in the mitochondrial DNA seems to be the
reason for the larger fragment.

Figure 2. Southern hybridization pattern of mtDNA digested with HindIII using the mitochondrial
genes atp6, atp9 and cob as probes. Lanes: 1, CMS PET2 (male sterile); 2, CMS PET1; 3, HA89 (fertile,
normal cytoplasm).
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Also, the 5.5-kb-fragment specific for CMS PET2 (cob) represents a recombination event between
two mtDNA regions, even though there is a small area with no homology between them. However,
the 4.1-kb-fragment specific for CMS PET2 (atp9) represents a scramble of four small fragments with
homology to mitochondrial sequences (>100 bp and <600 bp in size) interrupted by sequences with no
homology to the mtDNA.

To answer the question if the detected 12 open reading frames in the additional CMS PET2-specific
fragments (Table S1) were unique for CMS PET2 or moved via recombination from other places to these
new locations, all orfs present on the CMS PET2-specific fragments were also amplified by PCR with
sequence tagged site primers (Table S3) in H. annuus, H. petiolaris, CMS PET2 and the fertility-restored
hybrid CMS PET2 × IH-51. Five open reading frames—orf288, orf231, orf285, orf267 and orf627—proved
to be unique to CMS PET2 (Figure S1). All of these were localized in the 4.1-kb-fragment of CMS PET2,
which had hybridized to atp9. These orfs were also present in the fertility-restored hybrid.

Figure 3. Comparison of the organization of the open reading frames on the hybridization fragments
obtained by using atp6 as probe in the normal, fertile HA89 and CMS PET2.

Figure 4. Comparison of the organization of the open reading frames on the hybridization fragments
obtained by using atp9 as probe in the normal, fertile HA89 and CMS PET2.
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(a) 

(b) 

Figure 5. Comparison of the organization of the open reading frames on the hybridization fragments
obtained by using cob as probe in the normal, fertile HA89 and CMS PET2. (a) 5′ cob fragment (7.3 kb)
of fertile cytoplasm and CMS PET2, (b) 3′ cob fragment for the fertile cytoplasm (3.9 kb) and CMS
PET2 (5.5 kb).

2.2. Origin of Orf288 and Orf231 in CMS PET2

After the duplication of the atp9 gene, an insertion of 271 bp occurred in the 5′ coding region of the
atp9 gene (Figure 6A), creating two new open reading frames, orf288, coding for a potential protein of
11.1 kDa, and orf231, encoding a 7.9-kDa-protein. Blast analyses indicated that the insertion represents a
unique sequence not present elsewhere in genomes. Orf231 showed 87.4% homology to the atp9 gene of
sunflower. Comparison between the orf288 and orfH522, responsible for male-sterile phenotype in CMS
PET1, showed 33.3% homology and orf288 versus orfB 35.3%. These results underline the specificity of
orf288 to CMS PET2. It is interesting to note that the first 53 bp of orf288 are identical with the 5′ coding
region of the atp9 gene in the CMS PET1 cytoplasm and the male-fertile line HA89. Moreover 19 bp
of atp9 were deleted by the insertion event and the last three base pairs of the 271-bp-insertion act as
start codon for orf231, which otherwise consists of the 5′ deleted atp9 (−72 bp/+3 bp) located 33 bp
downstream of orf288. Furthermore, a small direct repeat of 10 bp (ACTGCTAATC) could be found
inside of the 271-bp-insertion (Figure S2). To characterize the protein encoded by orf288: it encodes
a protein of 95 aa (pI 7.84, Mw 11.1 kDa), of which 16.9% are basic and 10.6% acidic amino acids
including a transmembrane domain of 23 aa (Figure 6B).
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(a) 

(b) 

Figure 6. Model for the creation of the CMS-PET2 specific orf288 and orf231 by an insertion event of
271 bp into the duplicated atp9 gene. (a) Scheme; (b) Amino acid sequences of orf288 and orf231 (edited).
Transmembrane domains as predicted by TMHMM are marked by red bars.

2.3. Expression and RNA Editing of Orf288 and Orf231

In order to characterize orf288 and orf231 as potential candidates for male sterility in CMS PET2,
semi-quantitative RT-PCRs were performed. Mitochondrial 18S rRNA was used as internal standard
and atp9 (orf300), atp6 (orf1056) and cob (orf1194) as references. In leaves, disk florets and anthers
unique signals for the co-transcript of orf288 and orf231 (552 bp) were only detected in CMS PET2 and
the fertility-restored hybrid (Figure 7A). On the other hand, expression of atp9 (orf300), atp6 (orf1056)
and cob (orf1194) occurred in CMS PET2, the fertility-restored hybrid as well as the male fertile line
HA89 without any observable differences in signal intensity.

In sunflower, 11 editing sites had been described for the atp9-mRNA [44], and these were also
found in the new orf231 (Figure S3). All sites are fully edited as in atp9, resulting in a protein of
64 amino acids with a molecular weight of 6.7 kDa (pI 8.37, Figure 6B). Inspecting orf288, no editing
sites could be identified. In contrast to the high signal intensity in CMS PET2, the co-transcript of orf288
and orf231 was significantly reduced in the fertility-restored hybrid and not present in the male-fertile
line HA89 (Figure 7A). Quantification of the signal intensity revealed a strong down-regulation of the
co-transcript (552 bp) in the fertility-restored hybrid by 2.7 in leaves, by 1.9 in disk florets and by 5.4 in
anthers in comparison to CMS PET2 (Figure 7B).

99



Int. J. Mol. Sci. 2018, 19, 806

 
(a) 

(b) 

Figure 7. RT-PCR analysis of CMS PET2, the fertility-restored hybrid and the male-fertile line HA89
(a) PCR amplification products using primer specific for atp9 (orf300), cob (orf1194), atp6 (orf1056) and 18S
rRNA. Expected fragment sizes are given in brackets. Lanes: 1, CMS PET2 (male sterile); 2, PET2 × IH-51
(fertile F1-hybrid); 3, HA89 (fertile, normal cytoplasm); M, 100 bp marker; (b) Quantification of the
co-transcript expression level (552 bp) in CMS PET2 and the fertility-restored hybrid in leaves, disk
florets and anthers by densitometry. Dark grey: CMS PET2, light grey: fertility-restored hybrid
(CMS PET2 × IH-51).

2.4. Presence of Orf288 and Orf231 in CMS GIG1

Southern hybridization had grouped CMS PET2 and CMS GIG1 together into the MT-γ
group [19]. Therefore it was interesting to see if CMS GIG1 also contained orf288 and orf231. Cloning
and sequencing of the two PCR products (743 and 491 bp) obtained by the primer combination
PET2spec_for/PET2spec_rev identified these two open reading frames also in CMS GIG1 (Figure S4).
The second functional copy of the atp9 was also present. The sequences of orf288, orf231 and atp9 are
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100% identical between CMS PET2 and CMS GIG1. This confirms the relevance of orf288 and orf231 for
the male sterile phenotype in the presence of these two CMS cytoplasms.

2.5. Protein Analyses of Orf288 and Orf231

For biochemical verification, ORF288 and ORF231 were produced as recombinant proteins after
overexpression in E. coli using the vector pET28a. Induction of the expression by IPTG reduced the
growth of the bacteria heavily indicating a cytotoxic effect of both proteins (data not shown). In both
cases, the His-tagged proteins were purified by affinity chromatography on Ni-NTA columns, but this
was hampered by the fact that the two membrane proteins ORF288 and ORF231 were overexpressed
in form of inclusion bodies. Immuno-blotting analysis using the specific Anti-ORF288 antibody, raised
against a peptide derived from ORF288, revealed a strong signal of 57 kDa in CMS PET2 and a much
weaker of the same size in HA89 (Figure 8). A specific band of 11 kDa, representing the ORF288 in
isolated CMS PET2 mitochondria and protein plant extracts was not observed, but a signal of 16 kDa
serving as positive control for antibody reaction against the recombinant protein. It is conceivable that
the 57-kDa-signal represents an aggregation of six to eight subunits of ORF288 or that ORF288 was
enclosed in another multimeric structure.

Figure 8. Immuno-blot using complete affinity-purified peptide Anti-ORF288 polyclonal antibody
against 10 μg of isolated mitochondria from CMS PET2 and the fertile line HA89, ORF288 recombinant
protein and protein plant extracts of CMS PET2 and HA89. Lanes: 1, CMS PET2 mitochondrial extracts;
2, HA89 mitochondrial extracts; 3, recombinant ORF288; 4, CMS PET2 whole plant protein extracts;
5, HA89 whole plant protein extracts; M, prestained protein ladder.

2.6. Development of Diagnostic Markers for CMS PET1 and CMS PET2 Cytoplasm

To use different CMS cytoplasms in commercial sunflower hybrid breeding it is essential to
distinguish the CMS sources by diagnostic markers. For this purpose four markers were developed
(Figure 9): (1) marker HRO_ATP9-PET2 distinguishing the normal, fertile cytoplasm from CMS PET2,
(2) marker HRO_PET1 specific for CMS PET1, also showing the absence of orfH522 in CMS PET2
(3) marker HRO_ATP1-PET1 detecting CMS PET1 in combination with the internal atp1 control,
and (4) marker HRO_ATP1 as internal PCR control present in all cytoplasms. Application of these
four diagnostic markers allows a clear differentiation between CMS PET1, CMS PET2 and the fertile
cytoplasm in sunflower.
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Figure 9. Development of markers specific for CMS PET1, CMS PET2 and the fertile, normal cytoplasm in
sunflower. (a) Marker HRO_ATP9-PET2 using primer combination orf300_for/orf300_rev; (b) Marker
HRO_PET1 using primers orfH522_for/orfH522_rev; (c) Marker HRO_ATP1-PET1 using primer
combination M_atp1_for/M_atp1_rev/orfH522_rev; (d) Marker HRO_ATP1 using primer combination
M_atp1_for/M_atp1_rev; Lanes: 1, HA342 (male fertile, normal cytoplasm); 2, CMS PET1 × HA342
(male sterile); 3, CMS PET2 × IH51 (fertility restored F1-hybrid); 4, CMS PET2 × RHA265 (male sterile);
5, RHA265 (restorer line, male fertile, normal cytoplasm); 6, PCR negative control; M, 100 bp marker.

3. Discussion

3.1. Molecular Mechanisms behind Male Sterility in CMS PET2

In this study, a correlation between male sterility in CMS PET2 and mitochondrial rearrangements
involving the atp9 gene was identified. In addition, CMS PET2 showed a duplication of atp6 and a
recombination in the second cob-specific fragment. However, only the co-transcript of the split second
copy of atp9, creating two new open reading frames orf231 and orf288, showed a clear reduction of
the co-transcript in the fertility-restored hybrids. This reduction of the co-transcript, especially in the
anthers of fertility-restored hybrids, indicates an involvement in male sterility. This raised the question,
how the proteins encoded by the edited orf231 (6.7 kDa) or orf288 (11.1 kDa) and/or their co-transcript
could be responsible for male-sterility. In a number of CMS systems, one of the first visible signs of
CMS is the premature degeneration of the tapetum layer in the anthers [6]. In the PET1-mediated
male-sterility this happens after meiosis II [24]. Release of cytochrome C from the mitochondria in the
male-sterile lines leads to a premature programmed cell death [25]. The fact that the transcription rate
of the co-transcript of orf288 and orf231 is reduced by 5.4 in the anthers of fertility-restored hybrids in
comparisons to the male sterile PET2, indicates that reduction of the co-transcript in anther-specific
tissues may play an essential role in restoring microspore development. Although the expression of
atp9, which is highly edited in sunflower [44], is not changed in CMS PET2, the expression of orf288
and orf231 might interfere with the correct function of the membrane bound F0-part of the F1F0-ATP
synthase due to the partial homology to atp9 and could thereby be responsible for male sterility in CMS
PET2. Lack of ATP would hamper the production of functional pollen, a highly energy demanding
process [45]. However, investigations of the respiratory activity and the use of the alternative pathway
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did not show any weaknesses for CMS PET2 and CMS GIG1 in mitochondria isolated from etiolated
seedlings [46]. This indicates that changes in the mitochondrial respiration activity might only be
visible in the generative tissue due to interaction with flower-specific factors.

Overexpression of both open reading frames orf231 and orf288 leads to a reduction in bacterial
growth and indicates that these two proteins might be cytotoxic in E. coli as observed for other
CMS-specific proteins [10,31]. The CMS-specific protein of 12.4 kDa observed in the in organello
translation products [15] could correspond to the 11.1-kDa-protein encoded by orf288. The edited
normal atp9 in sunflower would have a size of 9.2 kDa. It would thereby be smaller than the detected
CMS-specific protein, but would have overlapped in the gels with a potential protein of 6.7 kDa
encoded by an edited orf231 mRNA. The antibody produced against the orf288 peptide showed a
strong band of 57 kDa in CMS PET2 and a much weaker in HA89 mitochondrial extracts. The peptide
represents the first 14 amino acids of ORF288 and is therefore not only identical to ORF288 but also to
ATP9, which explains the signal in HA89. The ATP9 protein tends to form oligomeric structures that
are not separated by SDS treatment [47,48] explaining the signal with a larger complex. The signal in
CMS PET2 is very strong indicating a higher accumulation of protein complex than in the male-fertile
HA89. This complex might represent aggregations of ATP9, ORF288 or ORF231 or combinations of the
proteins. In the Owen male sterile cytoplasm in sugar beet, an ATP9 ring structure, not yet assembled
into complex V, was also observed [49]. In addition, free ATP9 was accumulated in male-sterile line
and reduced upon fertility-restoration. Combining the results of Blue native gel electrophoresis, in-gel
activity assays and LC-MS-MS-MS it could be demonstrated for the Owen cytoplasm that preSATP6,
the CMS-specific component [50], interacts with the assembly and the activity of F1F0-ATPase, probably
via the ATP9 protein [49]. Interestingly, the restorer-of-fertility Rf1(X) in sugar beet represents an
unusual restorer gene, which encodes a homolog of an OMA1 protein [51]. OMA1 in combination
with OXA1 interacts with ATP9 and supports the correct assembly of complex V [52]. Assuming that
Rf1(X) in sugar beet acts in the same way, fertility restoration leads, by an unknown mechanism, to a
reduction in ATP9, but not in preSATP6 [49]. Even accumulation of normal ATP9 may play a role in
the CMS mechanism by effects on the mitochondrial proteome [49].

There are still interesting questions for CMS PET2 to be answered to fully understand the CMS
mechanism. It would be interesting to see by Blue native gel electrophoresis whether products of
orf288 and orf231 associate with the F1F0-ATP synthase or other complexes of the respiratory chain
and thereby might interfere with the ATP production, especially in the anthers. As proof of concept
transgenic tobacco plants expressing either orf288 or orf231 under the control of an anther-specific
promoter and targeted to the mitochondria should be produced to see if the products of these orfs
induce male sterility.

3.2. Recombination Events Leading to Rearrangements at Atp9

Rapid changes in the genome structure via illegitimate recombination activity and emergence of
novel split and chimeric gene structures, represent an apparent vulnerability of plant mitochondrial
DNA and lead to CMS phenotypes in higher plants [33,53]. A 10-bp-direct repeat was observed
within the 271-bp-insertion in the atp9 gene in CMS PET2. This might be responsible for illegitimate
recombination activity [54] and thereby involved in the creation of the male-sterile phenotype in CMS
PET2. The use of the flanking regions of mitochondrial respiratory/ATP synthesis-related genes is
typical for CMS-specific new orfs [4,6,54]. Especially, parts of atp6, atp8 and atp9 are most frequently
involved in creating CMS-specific new open reading frames [1]. This seems to be also true for CMS
PET2, where the insertion event of 271 bp uses the promoter and the first 53 bp of the 5′ coding region
of the atp9 gene to create orf288. In addition, the insertion provides an ATG start codon, which allows
the creation of orf231 by using the remaining 3′ part of the atp9 and the termination signal. The orf231
represents the C-terminal transmembrane part of atp9 as does orf77 associated with S cytoplasmic male
sterility in maize [55]. CMS GIG1, which grouped together with CMS PET2 in the MT-γ group [19],
showed the same hybridization pattern as CMS PET2 with atp9, atp6 and cob as probes. This was
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surprising as well as the presence of orf288 and orf231 in CMS GIG1 because of the different origin of
the CMS sources. CMS GIG1 resulted from an interspecific cross of H. giganteus and H. annuus [23]).
However, also the PET1-like cytoplasms have different origins but the same CMS-mechanism [22].
In addition, for CMS PEF1, which originates from an interspecific cross of H. petiolaris ssp. fallax with
H. annuus [56], a modification at the atp9 gene seems to be responsible for male sterility [13]. Here a
500-bp-insertion in the 3′ UTR of the atp9 gene was identified as cause. Alterations of the atp9 gene
region were also found in Daucus carota [57,58], in Brassica napus ‘Tournefortii-Stiewe’ [59] as well as
Boehmeria nivea [60] and may result in dysfunctions of mitochondria in form of insufficient supply of
ATP for pollen development.

3.3. Role of RNA Editing in Creating a Functional ATP9

RNA editing, a posttranscriptional process, which is essential to produce functional proteins as it
frequently leads to amino acid exchanges, was observed for atp9. In this process the genetic information
is typically changed from C-to-U on mRNA level by deamination [61–63]. The atp9-mRNA represents
one of the best studied RNA editing objects. In most plants like Oenothera [64] and potato [65], it is
highly edited. Changes in RNA editing can be involved in creating CMS because of amino acid
transitions like S to L, P to L and S to F as consequence of the process [65]. In the case of atp9, RNA
editing is required for creating a functional protein [66]. The fatal role of abnormal atp9 transcripts for
pollen development has been demonstrated in transgenic tobacco and Arabidopsis thaliana plants by
expressing the unedited atp9 gene and targeting it to mitochondria [67,68]. Mitochondrial dysfunctions
affected normal anther development, especially the fate of the tapetum cell layer and reduced pollen
formation [69]. RNA editing tends to increase the proportion of hydrophobic amino acids like leucine,
which are crucial for complex formation as well as integrity of proteins [70]. In mitochondria unedited
ATP9 protein involved in the proton channel may affect the functioning of F1F0-ATP synthase and
thereby reduce the ATP production. However, the CMS PET2-specific orf231, which carries all 11 editing
sites of atp9 in sunflower [44], is fully edited.

3.4. CMS PET2 as Alternative to CMS PET1 in Commercial Hybrid Breeding

An alternative CMS source for commercial sunflower hybrid breeding would require that it is
based on a different CMS mechanism than CMS PET1. The fact that RHA265, a restorer line of CMS
PET1, represents a maintainer line of CMS PET2 [14], has already been a good indicator that CMS
PET2 is different from CMS PET1 with regard to the CMS mechanism. In addition, clear differences
in the anther morphology between plants carrying CMS PET2 or CMS PET1 also pointed to another
mechanism leading to male sterility in CMS PET2. Previous studies on CMS PET1 had shown that a
17-kb-region of the mitochondrial genome, a 12-kb-inversion and a 5-kb-insertion/deletion, flanked by
261-bp inverted-repeats, are involved in PET1 male-sterility [27,71]. The 5-kb-insertion created the
new orfH522 downstream of atp1 that encodes a 16-kDa-protein, which accumulates in male-sterile
and fertility-restored CMS PET1 seedlings [26,28]. The results obtained so far for CMS PET2 indicate
that the molecular mechanisms behind the PET2 male-sterility in sunflower depends on recombination
events involving the atp9 gene, which lead to the two new open reading frames orf288 and orf231.
In addition, no PCR signal for orfH522 was visible in CMS PET2. Thereby CMS PET2 clearly differs
from the mechanism in CMS PET1.

To use CMS PET2 as alternative male sterility sources in commercial hybrid breeding requires
restorer lines with very good fertility restoration capacity and markers to introduce the fertility restorer
gene into a breeding pool. In test crosses using five restorer lines of CMS PET1, the line IH-51 produced
100% fertile plants when CMS PET2 was used as mother [14]. Segregation analyses showed that a
single restorer gene is responsible for fertility restoration. AFLP markers linked to the restorer gene
Rf_PET2, which is also located on linkage group 13 as Rf1, were identified [72].

Easy differentiation of cytoplasms is essential if different CMS sources are intended to be used in
hybrid breeding. This study here, also presents molecular markers distinguishing CMS PET1, CMS
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PET2 and the fertile normal cytoplasm in sunflower by easy to use simple PCR-markers. Also in
Raphanus sativa markers were developed to differentiate the Ogura cytoplasm from other mitochondrial
types and to identify novel sub-stoichiometric organizations [73]. In addition, 12 CMS-specific markers
as well as SSR-markers were developed to discriminate the mitochondrial genomes present in six
Brassica species [74]. Also, in Gossypium hirsutum, Zhang et al. [75] obtained SCAR and SSR markers to
differentiate between CMS and maintainer lines.

Improvements in important agronomical traits can get neglected by restricting hybrid breeding
to a single CMS cytoplasm. In potato, cytoplasm specific markers were used to characterize 1217
European potato cultivars with regard to the presence of the six known cytoplasm types (T, D, W, A,
M and P) [76]. With regard to agronomic important traits, the W-cytoplasm could be correlated with
increased tuber starch content and later maturity whereas the D- and M-type of cytoplasm showed
more resistance towards late blight [76]. Diversification on the cytoplasm side can help to improve the
agronomic performance of a crop and to reduce the vulnerability to pathogens. The results presented
in this study may be the first steps to use more than the CMS PET1 cytoplasm in sunflower commercial
hybrid breeding.

4. Materials and Methods

4.1. Plant Material

Three male-fertile sunflower inbred lines, HA89 (maintainer line of CMS PET1 and CMS PET2),
RHA265 (maintainer line of CMS PET2, restorer line of CMS PET1), and IH-51 (restorer line of CMS
PET2), three CMS-lines PET1 [8], PET2 [21], GIG1 [23], and the fertility-restored hybrid PET2 (RHA265)
× IH-51 were used in this study. The CMS lines were obtained from Hervé Serieys within the FAO
program [12]. The plants were cultivated in the greenhouse under controlled conditions.

4.2. DNA Isolation and Labeling

Total genomic DNA was extracted from leaves according to the protocol of Doyle and Doyle [77].
Mitochondrial DNA was isolated using the procedure of Horn [78]. The mitochondrial genes atp6
(subunit 6 of the ATPase gene of sunflower), atp9 (subunit 9 of the ATPase gene of sunflower) and cob
(apocytochrome b gene of sunflower) were used as probes after amplification with gene specific primers
(Table S3). Primers were designed using web primer (available online: http://www.yeastgenome.
org/cgi-bin/web-primer). The probes were labeled, using three different labeling systems: ECL
Direct™ Nucleic Acid Labeling and Detection System (Amersham, GE Healthcare, Munich, Germany),
32P radioactively labeled overgo-primer (Hartmann Analytic GmbH, Braunschweig, Germany) and
Prime-It II Random Primer Labeling Kit (Agilent Technologies, Santa Clara, CA, USA) according to the
supplier’s instructions.

4.3. Cloning and Sequencing

The mitochondrial DNA was digested with HindIII restriction endonuclease (Fermentas,
St. Leon-Rot, Germany), separated on a 0.8% agarose gel and blotted on Hybond N+ membrane
(Amersham, GE Healthcare, Munich, Germany) using the procedure of Evans et al. [79] (1994).
Hybridization with atp6, atp9 and cob as probes using ECL Direct™ Nucleic Acid Labeling and
Detection System (Amersham, GE Healthcare, Munich, Germany) according to the manufacturer’s
recommendations followed. Blots were washed in 0.5 × SSC, 0.4% SDS, 6 M urea at 42 ◦C for 20 min two
times, 2 × SSC, 42 ◦C for 5 min and exposed to Amersham Hyperfilm ECL (Amersham, GE Healthcare,
Munich, Germany) for 0.5–6 h. The HindIII digested mtDNA was cloned into pUC18 vectors and
the resulting recombinant plasmids were used to prepare a mitochondrial DNA library. Positive
clones were selected by HindIII hybridization pattern with atp9, atp6 and cob as probes (Table S3) and
sequenced. The 3.9-kb-cob fragment from HA89 was amplified by PCR and cloned into the pGEM-T
Easy vector according to the manufacturer’s protocol (Promega, Mannheim, Germany). Blast searches
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against the NCBI database (available online: http://blast.ncbi.nlm.nih.gov/Blast.cgi) and ORF-Finder
program (available online: https://www.ncbi.nlm.nih.gov/orffinder/) were used to detect homologies
and open reading frames. Molecular weights and isoelectric points were calculated online (available
online: http://web.expasy.org/compute_pi/). Transmembrane domains were predicted using the
TMHMM Server v.2.0 (available online: http://www.cbs.dtu.dk/services/TMHMM-2.0/).

4.4. RNA Isolation and Reverse Transcriptase (RT)-PCR Analysis

Total RNA was extracted from leaves using TRI Reagent (Sigma-Aldrich Biochemie GmbH,
Hamburg, Germany). The RNA extraction from anthers and disk florets was performed by using
RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacture’s manual. The reverse
transcription reaction (RT) was realized with 1 μg RNA and 200 U RevertAid™ H Minus M-MuLV
reverse transcriptase (Fermentas, St. Leon-Rot, Germany), routinely carried out at 42 ◦C followed by
incubation at 70 ◦C for 10 min. Each PCR-experiment was accompanied by the following controls,
a reaction in which: (1) no RNA or DNA template was added, (2) DNase treated RNA was added
and (3) RNA but no reverse transcriptase was added. All reactions did not yield detectable product.
Semiquantitative RT-PCR were performed using the primers given in Table S3. RNA loading was
standardized relative to sunflower mitochondrial 18S rRNA.

4.5. Overexpression of Recombinant Orfs in E. coli

The orf288 and orf231 (5′ deleted atp9) were amplified by PCR using the gene-specific primers with
corresponding cleavage sites for SacI/HindIII (Table S3). PCR fragments were cloned into pGEM-T Easy
vector according to the manufacturer’s protocol (Promega, Mannheim, Germany) and sequenced with
T7 primer. DNA from verified plasmids was cut with SacI/HindIII and the fragments were cloned into
the expression vector pET28a (Novagen, Madison, WI, USA). E. coli BL21 strains expressing a fusion
protein were grown in LB medium to an OD600 of 0.6. The gene expression was induced by addition of
1 mM IPTG. The fusion proteins carried N-terminal His-tags for purification with the Ni-NTA Fast Start
Kit, according to the protocol of Qiagen (Hilden, Germany). The cells were harvested and resuspended
in 10 mL digestion buffer pH 8.0 containing 50 mM NaH2PO4, 300 mM NaCl and 1 mg/mL lysozyme.
The protein was extracted by ultrasonic treatments (4 × 30 s, 90 W) under ice-cooling. Afterwards
efficient purification from cleared E. coli lysates was done with Ni-NTA columns under denaturing
conditions. The eluted proteins were checked regarding purity using SDS-PAGE.

4.6. Immuno-Blotting

A complete affinity-purified peptide Anti-ORF288 polyclonal antibody was produced by
GenScript USA (Piscataway, NJ, USA) against the peptide MKKKREENDQLEMC, representing the first
14 amino acids of orf288 plus a C added for KLH conjugation. For the Western blot, 10 μg of recombinant
protein and mitochondrial protein extracts from CMS PET2 and the fertile line were separated in
12% Tris-Tricine gels and blotted onto nitrocellulose membranes (Amersham, GE Healthcare, Munich,
Germany). After visualization by Ponceau S staining (0.2% Ponceau S in 0.25% acetic acid) the
membrane was blocked in TBS-Triton pH 7.6 (2.42 g Tris, 8 g NaCl, 2.5 mL 20% Triton) with 5% skim
milk for 2 h at 25 ◦C and incubated with the antisera after 10fold dilution in TBS-Triton with 5% skim
milk overnight at 4 ◦C under shaking. After washing with TBS-Triton the secondary peroxidase-labeled
anti-rabbit IgG HRP-linked antibody (GE Healthcare, Munich, Germany) diluted 1:2000 was added for
2 h at 25 ◦C under shaking. The blots were exposed to Amersham Hyperfilm ECL (Amersham, GE
Healthcare, Munich, Germany).

4.7. Accession Numbers

The online available accession numbers (https://www.ncbi.nlm.nih.gov/) for Helianthus annuus
are: atp6 (X82388), atp9 (X51895), nd5 (AF258785.1), orfB (X57669.1), coxIII (X57669), cob (X98362),
orfH522 (X55963), 18S rRNA (AF107577), complete mitochondrial genome cultivar HA412 (KF815390.1).
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Sequences of the HindIII fragments obtained with atp6, atp9atp9 and cob as probe for CMS PET2 and
HA89 were deposited in Genbank under the accession numbers MF828616-MF828625.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/3/
806/s1.
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Abstract: The interactions between mitochondria and nucleus substantially influence plant
development, stress response and morphological features. The prominent example of
a mitochondrial-nuclear interaction is cytoplasmic male sterility (CMS), when plants produce
aborted anthers or inviable pollen. The genes responsible for CMS are located in mitochondrial
genome, but their expression is controlled by nuclear genes, called fertility restorers. Recent explosion
of high-throughput sequencing methods enabled to study transcriptomic alterations in the level of
non-coding RNAs under CMS biogenesis. We summarize current knowledge of the role of nucleus
encoded regulatory non-coding RNAs (long non-coding RNA, microRNA as well as small interfering
RNA) in CMS. We also focus on the emerging data of non-coding RNAs encoded by mitochondrial
genome and their possible involvement in mitochondrial-nuclear interactions and CMS development.

Keywords: cytoplasmic male sterility; non-coding RNA; global transcriptome; gene expression;
pollen development

1. Introduction

In plants, male sterility refers to the inability to generate viable pollen. It is encoded by nuclear
genes leading to the genic male sterility (GMS) or by mitochondrial genes interacting with nuclear
genes resulting in the development of cytoplasmic male sterility (CMS). Both kinds of male sterility
are broadly utilized in agriculture for the production of hybrid crops providing higher yield than
inbred parents [1]. The existence of male-sterile lines eliminates the need for laborious sterilization
in a long array of crops including rice (Oryza sativa), maize (Zea mays), wheat (Triticum aestivum),
sorghum (Sorghum bicolor), sunflower (Helianthus annuus) and sugar beet (Beta vulgaris). Despite more
than two centuries of research and high economic importance, CMS mechanisms remain poorly
understood. CMS represents a special case of mitochondrial-nuclear interaction, which is regulated
at multiple levels. New discoveries highlight the contributions of non-coding RNAs—a genomic
“dark matter” [2]—to the complex regulatory network controlling CMS. In this review, I discuss
recent observations and evidence for the action of various classes of plant non-coding RNAs in CMS
biogenesis and pollen development.

2. Mitochondrial CMS Genes and Their Mode of Action

The mitochondrial and nuclear genes involved in CMS biogenesis or associated with CMS are very
diverse [3,4]. Mitochondrial CMS genes are often chimeric, comprised of pieces of essential genes or
unknown open reading frames) (ORF) [5–8]. Chimeric CMS genes can be generated by intramolecular
recombination events. For example, maize male-sterile Texas (CMS-T), one of the first CMS lines used
in agriculture, possesses T-urf13 gene [9], derived from at least seven recombination events involving
atp6 and rrn26 mitochondrial genes. Functional copies of atp6 and rrn26 remain in another part of
the mitochondrial genome [9]. Another example of a mitochondrial CMS gene is a mutation in cox2
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encoding the cytochrome c oxidase subunit 2 truncated protein appearance [10]. CMS genes are very
diverse not only across angiosperms, but also within species. For example, numerous CMS systems
were described in rice [11,12], maize [9,13], and sugar beet [10,14]. Accordingly, we may expect them
to employ similarly diverse modes of action.

The precise details how CMS gene expression impairs mitochondria and the pollen development is
not known, but several models have been proposed. Mitochondrial CMS genes may code for cytotoxic
proteins like URF13 in maize CMS-T [9], or they may cause energy deficiency during energetically
highly energetically demanding male (but not female) reproductive development. Many CMS proteins
are hydrophobic and could interfere with oxidative phosphorylation (OXPHOS) complexes within
inner mitochondrial membrane [14–16], which may decrease the ATP production. Another mechanism
can be a premature or delayed programmed cell death (PCD) of the tapetum, the innermost cell layer
of the anther wall [17], crucial for the pollen development [18]. PCD of the tapetum, which provides
nutrients for the pollen maturation, must be properly timed. CMS genes are often transcribed both in
vegetative tissues and anthers, but the respective proteins are produced only at a specific time and
tissue. Rice CMS-WA [19] provides a clear example: the WA352 protein accumulates only in tapetal
cells and only at the microspore mother cell stage, although WA352 transcripts are constitutively
present in all tissues. Accurate spatiotemporal patterning of CMS-associated mitochondrial genome
expression requires fine-tuned regulation at transcriptional, post-transcriptional, translational and
post-translational levels. This is achieved by employing plethora of transcription factors and regulatory
non-coding RNAs which affect transcript longevity and translation efficiency [2,20].

3. Restoration of Fertility by Nuclear Genes

The sterility effects of the mitochondrial CMS genes may be inhibited by the nuclear Restorer
of fertility (Rf ) genes, which re-enable the development of functional anthers, fertile pollen,
and hermaphroditic flowers [21]. The Rf genes suppress CMS genes’ sterilizing effect by degrading or
cleaving their mRNAs [22,23], or by post-transcriptional modification including the RNA editing [24].
Alternatively, either the translation of CMS-associated transcript may be blocked [19,25], or the CMS
protein degraded [26].

The majority of Rf genes belong to the large family of Pentatricopeptide Repeat (PPR) genes [27].
This gene family, highly expanded in flowering plants, controls multiple aspects of the organellar
gene expression, including RNA editing, RNA stabilization and processing, and translation initiation.
All PPR proteins contain P-type 35 amino acid domains, each of which recognizes a single nucleotide of
RNA [28]. The Rf genes constitute a specific PPR subfamily called Restorer of fertility-like (RFL),
which shows an accelerated evolutionary rate [29], and numerous domain-level recombination
events [30]. Mitochondrial CMS genes and RFL genes may co-evolve similarly to a host-pathogen
system [31].

In keeping with their tremendous diversity, not all Rf genes code for PPR proteins. The Rf2 gene in
maize CMS-T encodes mitochondrial aldehyde dehydrogenase and restores male fertility at a metabolic
level [32,33]. Another example is the restoration factor Rf17 in rice, bearing protein sequence similarity
with acyl-carrier proteins [34], which restores male fertility by retrograde mitochondrial-nuclear
signaling pathway.

Whereas CMS has been well studied in agricultural plants, its occurrence in the remaining
species has been under the less attention. CMS forms the basis for the widespread plant reproduction
system-gynodioecy, characterized by the co-occurrence of male-sterile (female) and hermaphrodite
individuals in the same populations [35]. However, only a handful CMS systems from natural
populations were studied at the molecular level [36–39]. Domestication is associated with a strong
selection for beneficial features which also results in the loss of genetic diversity. We may therefore
expect an even more diverse collection of CMS-associated genes in the wild than in agricultural species
investigated so far.
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4. Non-Coding RNAs in Pollen Development and CMS

CMS as a specific case of mitochondrial-nuclear interaction is a complex phenomenon which
has to be tightly regulated at multiple levels. Its intricacy became apparent with the recent
onset of high throughput methods which enabled complete genome and global transcriptome
sequencing [40–43]. Besides long studied transcription factors [44,45], non-coding RNAs (ncRNAs)
became to draw attention.

Non-coding RNAs contain no large open reading frame (ORF) and are therefore presumed not
to encode proteins. They comprise well-studied structural RNAs, such as rRNA, tRNA, snoRNA,
snRNA etc., and regulatory RNA. The latter are either longer than 200 nt (long non-coding
RNA-lncRNA), or shorter (small RNA–sRNA) [20,46]. Among sRNAs, microRNAs (miRNAs) are
the known regulators of gene expression at the post-transcriptional level [47,48]. Another subclass
of ncRNAs is represented by small-interfering RNAs (siRNAs), which are involved in the defense
against viruses and mobile elements [49–51]. Next, trans-acting small interfering RNAs (ta-siRNAs) are
endogenous regulatory elements participating in complex signaling networks [52]. Of all the classes of
regulatory RNAs, only the function of miRNAs in CMS biogenesis has been investigated in detail.

5. miRNAs

miRNAs are small RNAs (about 21 nt) that guide the RNA-induced silencing complex (RISC) to
the target transcripts, inducing their cleavage or translational inhibition [47]. They are present in most
eukaryotic organisms, but their biogenesis and signaling pathways notably differ between plants and
animals [53]. miRNAs are encoded by their own genes at various genomic loci. RNA polymerase II
generates a long primary miRNA transcript (pri-miRNA), which contains a hairpin with the miRNA
sequence. Plant pri-miRNAs are cut in the nucleus by the complex comprised of RNase DICER
LIKE1 (DCL1) and additional proteins e.g., HYPONASTIC LEAVES1 (HYL1) and SERRATE (SE) [54],
producing the miRNA duplex. This duplex is transported to the cytoplasm, where it interacts with
ARGONAUTE1 (AGO1) to form RISC and to guide it to target genes (Figure 1). Some miRNAs are
evolutionary conserved, but many are species-specific [55].

Figure 1. Induction and biogenesis of miRNA during CMS. Mitochondrial biogenesis is altered by the
action of cytoplasmic male sterility (CMS)-associated genes sending retrograde signals to the nucleus
by means of the NAC transcription factor ANAC017 localized close to endoplasmatic reticulum and/or
by other unknown factors. They trigger miRNA gene expression and the production of pri-miRNA,
which is subsequently trimmed by the complex containing DICER LIKE1 (DCL1), HYPONASTIC
LEAVES1 (HYL), SERRATE (SE) and other proteins in the nucleus. Afterwards, miRNA duplexes are
transported to the cytoplasm, where they join ARGONAUTE1 (AGO1), find target mRNAs and initiate
its cleavage or translation inhibition by RNA-induced silencing complex (RISC). The figure is based on
well-supported model except for blue dashed arrows representing an unknown signal.
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Plant miRNAs control multiple aspects of plant development and stress response, including shoot
and root apical development, leaf and trichome development, floral transition and fruit size as well as
nutrition-, drought-, salinity- and heat-stress responses [48]. They are also prominent regulators of the
pollen development [56]. In the last decade, numerous studies have compared the microtranscriptomes
of CMS and fertile lines of agricultural species. (Tables 1 and S1).

Hundreds of miRNAs have been identified by these studies, many of them belonging to the
novel ones. Some miRNAs were differentially expressed between sterile and fertile lines (e.g., 47 in
Brassica juncea [57]; 42 in cybrid pummelo (Citrus grandis) [58]; 87 in Brassica rapa CMS-Ogura [59]).
Evolutionarily conserved miR156/7a targeting SQUAMOSA PROMOTER BINDING PROTEIN-LIKE
(SPL), which regulates flowering, leaf shape and also tapetum development, was frequently
present among differentially expressed miRNAs. Other examples of miRNAs involved in pollen
development are miR166 targeting the transcription factor HD-ZIPIII [60], or miR167 targeting AUXIN
RESPONSE FACTOR (ARF) genes, which control anther dehiscence [57]. A broad array of metabolic
processes-catabolism of fatty acids [61], sugar transport [61] or inorganic phosphate homeostasis [58]
occurring in anthers were affected by the differentially expressed miRNAs. Differentially expressed
genes identified by the comparison between the cytoplasmic mRNA-derived transcriptomes of
CMS and fertile lines belonged to the similar functional categories as differentially expressed
miRNAs. They were involved in starch and sucrose metabolism, amino acid and sulphur metabolism,
flavonoid biosynthesis, or pollen development [62,63].

Whereas the impact of mitochondrial CMS genes on the global transcriptome is well described
in many crops, the retrograde signal which communicates the mitochondrial impairments to the
nucleus of tapetal or pollen cells and triggers diverse cascades of regulatory elements is still elusive.
The recently described NAC transcription factor ANAC017 [64] is not the only factor responsible for
the mitochondrial retrograde signaling [65] and the mediators communicating between mitochondria
and nucleus in CMS are yet to be discovered. In parallel with animal mitochondria [2], we may assume
that not only proteins, but also ncRNAs may convey retrograde signals (Figure 1).
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6. siRNAs and ta-si RNAs

Unlike miRNAs, siRNAs mediate the silencing of the same genes from which they originate [53].
They are typically 20–24 nt long and are cleaved from a long precursor dsRNA, which may
be derived from viruses, transposons or the combination of a sense and antisense transcript.
They guide RISC complex to degrade complementary RNA of viral or endogenous origin, or inhibit
translation of respective mRNAs. Alternatively, siRNAs mediate de novo modification to form
transcriptionally inactive chromatin by recruiting DNA- and histone-modifying enzymes to the
specific chromosomal targets [66]. Plant siRNAs may move from cell to cell, but also at longer distance
through plasmodesmata or the vascular phloem tissue [53]. They facilitate the communication among
individual organs, fine-tuning the response to environmental cues.

The complex interplay between siRNAs and miRNAs is illustrated by the action of ta-si RNAs.
They are produced from the transcripts of TRANS-ACTING SIRNA (TAS) genes which are initially
cleaved by the specific miRNAs. Instead being degraded, TAS cleavage products are transcribed by
the RNA-dependent polymerase and subsequently diced by the DCL4 complex. The resulting siRNAs
have a phased pattern, starting at the miRNA cleavage site. They may target the parental or different
genes, frequently the members of large gene families [67,68].

The miR173-TAS1/2-PPR ta-si pathway has been described in Arabidopsis thaliana [68,69]. It is
triggered by miR173 which initiates the cleavage of TAS1/2 transcripts and the subsequent production
of ta-si RNAs targeting selected PPR genes. This pathway is highly conserved across angiosperms [70].
Considering the pervasive influence of PPR genes on mitochondrial metabolism, the participation of
ta-si RNA in CMS biogenesis is highly plausible, but has not yet been demonstrated. Another example
of ta-si pathway which may play a role in the CMS biogenesis is the miR390-TAS3 module. It may
influence pollen development by modulating ARF gene expression [68].

7. lncRNA

The field of lncRNAs research has expanded and accelerated recently [71,72]. lncRNAs represent
the most diverse class of regulatory ncRNA. They are capped and polyadenylated [73,74]; some of
them, however, do not contain poly(A) tail [75]. Their modes of action are very diverse. They may be
produced as antisense transcripts and to inhibit sense transcription (e.g., COOLAIR, a cold-induced
antisense transcript of the floral inhibitor FLOWERING LOCUS C (FLC) in A. thaliana [76]).

Some lncRNAs influence alternative splicing. They interact with the nuclear speckle RNA-binding
protein (NSR), which forms complexes with pre-mRNAs. At least two lncRNAs compete with target
pre-mRNAs for NSR and modify their alternative splicing during lateral root formation [77].

The chromatin remodeling caused by lncRNA was also described. The lncRNA COLDAIR is
transcribed from the intron of the FLC gene under cold temperature. It interacts with Polycomb
Repressive Complex 2 (PRC2), recruits it to FLC and induces FLC repression. Silencing the floral
inhibitor FLC activates flowering in the course of vernalization [78].

lncRNAs often affect the male fertility and the pollen development. Ma and coworkers [79]
reported that lnc transcript zm401 was essential for the tapetum and pollen development in maize.
Long Day Specific Male Fertility Associated RNA (LDMAR) encodes a 1236 nt lncRNA necessary for male
fertility under long days. A mutation reducing LDMAR transcript levels leads to premature PCD in
anthers and male sterility. This example refers to GMS and not to CMS, as no mitochondrial genes are
involved in male sterility.

Some lncRNAs harboring miRNA binding sites function as endogenous target mimics (eTMs)
to reduce the repression imposed by miRNAs [80] and to affect the reproductive development–e.g.,
osa-eTM160 and ath-eTM160 in rice and A. thaliana, respectively. They attenuate the repression
imposed by miR160 on ARFs, which leads to the failure of pollen production [80,81].

The crosstalk between lncRNA and siRNA biogenesis has been reported in rice. lncRNAs serve as
the source of siRNAs associated with the MEIOSIS ARRESTED AT LEPTOTENE1 (MEL1) transcript [82].
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MEL1 protein is necessary for the meiotic progress and its loss of function results in aberrant
vacuolation of spore mother cells and impaired male fertility.

Global analyses of long non-coding transcriptomes have greatly expanded our understanding of
lncRNA function. The regulatory role of lncRNA in the course of fruit development of hot peppers
is particularly known [83]. However, no comprehensive study of lncRNA participation in CMS
biogenesis has been published.

8. Non-Coding RNAs Encoded by the Mitochondrial Genome

Whereas knowledge about the regulatory functions of plant nuclear-encoded ncRNAs has been
steadily accumulating [47,53,71,72], evidence about the role of ncRNAs encoded by organellar genomes
remains sparse. Dietrich and coworkers [84] provided an overview of the functions of organellar
ncRNA in plants and animals, including the well-documented regulatory roles of both small and long
ncRNAs in animal mitochondria and plant chloroplasts, but they provide only a few candidates of
plant mitochondrial ncRNA. Additional examples of mitochondrial ncRNA were described in the
comprehensive review on plant organelle biogenesis by Rurek [85]. Small RNAs may be the products
of degradation of longer transcripts [86], or may arise due to the relaxed transcription of intergenic
regions [75]. As mitochondrial DNA is often transferred to the nucleus [87], a nuclear origin for the
already reported mitochondrial ncRNA cannot be excluded.

Ruwe and coworkers [88] described sRNA clusters near the 3′ ends of mitochondrial transcripts
in A. thaliana. They can stabilize the transcripts or compete for PPR proteins.

A non-coding mitochondrial transcript about 500 nt long was reported by Holec and
coworkers [89] in A. thaliana. It carried short stretches of sequence homology with 18S rRNA and
tRNA, and exhibited editing sites. No conclusion about its possible function was drawn.

lncRNA accumulated and edited preferentially in male sterile plants (but not in their restored
siblings) was documented in bladder campion (Silene vulgaris) [90]. Its sequence was not similar to
any known sequence in GenBank, it was transcribed from its own promoter. Although it cannot be
determined whether this lncRNA is the molecular cause or a consequence of male sterility, it becomes
a very first example of mitochondrial ncRNA molecule associated with CMS in plants.

9. Future Perspectives

The role of nucleus-encoded miRNAs in CMS has been addressed by numerous studies,
as documented in Table 1. However, the function of other classes of regulatory ncRNAs requires
additional investigation. In addition to performing new experiments, existing data should be
reexamined for the current insights. For example, data sets utilized for the analyses of miRNAs,
may be used to study siRNAs in CMS biogenesis. Similarly, CMS-related transcriptomes constructed
from polyA-enriched or rRNA-depleted samples may provide information about novel lncRNAs.
Given the near-ubiquity of ncRNA involvement in plant development and stress response [48,53,71],
investigating their role in CMS should be a priority.

Whereas a plethora of transcription factors and miRNAs induced by CMS and influencing plant
metabolism, including mitochondrial functions, have been reported (Table 1), very little is known
about retrograde signaling from mitochondria to nucleus (Figure 1). The application of genome editing
and the existence loss-of-function mutations in candidate genes in many species with CMS make it
possible to reveal the novel candidate genes involved in retrograde signaling during CMS.

Agricultural species went through genetic bottlenecks in the course of domestication which
decreased their genetic variation in many genomic regions. As the studies of CMS have been performed
primarily in crops, many important aspects or features may have been missed. The investigations of
plants from natural populations will likely reveal novel characteristics associated with CMS [36,37,90].
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Abstract: Mitochondrial respiration is an energy producing process that involves the coordinated
action of several protein complexes embedded in the inner membrane to finally produce ATP.
Complex IV or Cytochrome c Oxidase (COX) is the last electron acceptor of the respiratory chain,
involved in the reduction of O2 to H2O. COX is a multimeric complex formed by multiple structural
subunits encoded in two different genomes, prosthetic groups (heme a and heme a3), and metallic
centers (CuA and CuB). Tens of accessory proteins are required for mitochondrial RNA processing,
synthesis and delivery of prosthetic groups and metallic centers, and for the final assembly of subunits
to build a functional complex. In this review, we perform a comparative analysis of COX composition
and biogenesis factors in yeast, mammals and plants. We also describe possible external and internal
factors controlling the expression of structural proteins and assembly factors at the transcriptional
and post-translational levels, and the effect of deficiencies in different steps of COX biogenesis to
infer the role of COX in different aspects of plant development. We conclude that COX assembly in
plants has conserved and specific features, probably due to the incorporation of a different set of
subunits during evolution.

Keywords: mETC; OXPHOS; COX; plant growth; biogenesis

1. Introduction

Mitochondrial respiration is responsible for energy production in most eukaryotic organisms.
The respiratory chain is composed of several multiprotein complexes attached to the inner
mitochondrial membrane (IMM), which are involved in the transfer of electrons and the translocation
of H+ for ATP synthesis through oxidative phosphorylation (OXPHOS). The respiratory complexes
also contain prosthetic groups, which are essential for the electron transfer reactions. To establish a
functional respiratory complex, several steps must be orderly followed, starting with the transcription
of genes in two different compartments (the nucleus and mitochondria), the editing and processing of
transcripts synthesized in the organelle, the synthesis, membrane translocation and assembly of the
structural subunits that will finally conform the multiprotein complex and the synthesis and insertion
of the prosthetic groups. All these steps must be finely controlled and are critical to ensure the assembly
of a functional complex for the successful operation of mitochondrial respiration [1].

One of the respiratory complexes, complex IV or cytochrome c oxidase (COX), catalyzes the
transfer of electrons from reduced cytochrome c (CYTc) to the final acceptor of electrons, O2, in a
process that is coupled to H+ translocation for ATP production. Among the evidence that highlights
the importance of the assembly process involved in COX biogenesis and function, one can mention the
existence of more than 30 proteins specifically responsible for the synthesis and delivery of redox-active
metal centers and prosthetic groups [2], and for the insertion and maintenance of properly assembled
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subunits into the IMM [3–5], the existence of multiple tissue- and growth condition-specific isoforms,
and the existence of a significant number of severe human diseases connected to COX dysfunction [6,7].
In plants, multiple editing proteins and RNA-processing factors (pentatricopeptide repeat protein
(PPR), RNA-editing factor interacting/ Multiple organellar RNA editing factor proteins (RIP/MORF),
Organelle RNA recognition motif protein (ORRM) and the Organelle zinc finger editing factor family
proteins (OZ)) [8,9] are required for proper expression of subunits encoded in mitochondria. In addition,
mitochondrial respiratory activity must be connected to the energy requirements of the cells and those
imposed by the environment. Thus, the COX assembly process must be regulated by internal and
external factors in order to ensure the generation of the necessary energy through the mitochondrial
OXPHOS pathway. The lack of mutant plants in COX components, due to embryonic lethality,
highlight the importance of COX activity in plants and poses difficulties to the study of the assembly
process. In this review, we summarize current knowledge about the COX assembly process and its
regulation in plants, with references to other model systems in which the process has been more
thoroughly characterized.

2. COX Biogenesis: from Yeast, to Mammals, to Plants

COX is present in mitochondria and also in several groups of prokarytotes, pointing to an
endosymbiotic origin of the mitochondrial enzyme [10]. Bacterial COX is mainly composed of
three subunits that form the catalytic core: COX1, COX2 and COX3. The eukaryotic enzyme is
much more complex, with about 10 to 14 additional subunits that were most likely added after
endosymbiosis [11,12]. The prokaryotic origin of COX is also reflected by the fact that the catalytic-core
subunits are encoded in the mitochondrial genome in almost all organisms, with only a few exceptions,
notably that of COX2, which is encoded in the nuclear genome in some leguminous plants [13]. The
additional subunits are universally encoded in the nucleus and their evolutionary origin is not clear [3].

In addition to its polypeptidic components, COX contains redox cofactors involved in electron
transfer reactions. A di-copper center (CuA), present in COX2, receives electrons from reduced
CYTc [14]. These electrons are then transferred to a heme a group present in COX1, to a binuclear
heme a3-CuB center located in the same subunit, and finally to O2. Assembly of these redox cofactors
requires the participation of a set of proteins which are conserved in prokaryotic and eukaryotic COX
containing organisms. These are COX10 and COX15, involved in heme A synthesis [15–17], COX11 and
SCO (Synthesis of Cytochrome c Oxidase) [18–20], involved in copper insertion, and SURF1 (Surfeit1),
the role of which is not completely clear but may be related to heme A insertion into COX1 [21,22]. In
parallel with the increased complexity of the eukaryotic enzyme, mitochondrial COX assembly requires
a multitude of additional factors, about 30 described up to now. COX biogenesis has been widely
studied in mammals and yeast (Saccharomyces cerevisiae). Because of the advantages of using S. cerevisiae
as a model and the possibility of isolating respiratory-deficient mutants in this organism, studies in
yeast pioneered the identification of proteins required for COX assembly [4,5,11,23]. The assembly
process has been also extensively characterized in humans and other mammalian systems, due to the
relevance of mitochondrial disorders in human diseases. In this sense, several revisions were recently
published [5–7,11,12]. In the next paragraphs, we will briefly describe what is known about the COX
assembly process in yeast and mammalian systems.

Current evidence suggests that COX is assembled from different modules, which are preassembled
around the catalytic-core subunits [4,24,25]. COX1 is embedded in the IMM and contains
12 membrane-spanning domains. In yeast, it is inserted into the membrane during its synthesis
with the help of Oxa1, Cox14 and Coa3. While Oxa1 has a more general role in the insertion of proteins
in the IMM, Cox14 and Coa3 are COX1 chaperones that specifically aid in COX assembly and remain
bound to COX1 after its insertion into the membrane. This complex also contains Mss51 and the Hsp70
chaperone Ssc1, involved in the feedback regulation of COX1 translation [26]. In humans, CMC1
(C-X9-C motif containing 1), instead of Mss51 and Hsp70, would be added to the complex to provide
stability to the assembly intermediate [27]. Once in the membrane, heme A is added to COX1. Mss51
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and Hsp70, as well as CMC1 in humans, probably exit the complex during this process, while the
assemblies factor Coa1 and the structural subunits Cox5a and Cox6 are incorporated [28]. Heme A
is synthesized from heme B in a two-step process catalyzed by the IMM enzymes Cox10 (heme O
synthase) and Cox15 (heme A synthase). Due to its reactivity, it is assumed that heme is never released
into the medium and is always bound to proteins [4]. However, how heme A is delivered to COX1 is
not known. One possibility is that Cox15 directly handles heme A to COX1. Cox15 action requires
its oligomerization and this is promoted by Pet117, which may aid in heme delivery to COX1 [29].
Another protein, SURF1, has also been involved in heme A insertion [21]. SURF1, named Shy1 in
yeast, incorporates to the assembly complex at the time of heme A addition. The protein from the
bacterium Paracoccus denitrificans is able to bind heme A, leading to the proposal that it functions as
a heme chaperone during heme A insertion. However, mutation of a conserved histidine putatively
involved in heme A binding in the yeast protein does not affect COX assembly. Alternatively, SURF1
may participate in heme A insertion as a COX1 chaperone, and it is possible that its function has
diverged during evolution. This is also supported by the fact that SURF1 is not essential for COX
assembly, but only to optimize the process [30]. Assuming that it is unlikely that heme A insertion
occurs spontaneously, the actual factor directly responsible for this process remains unknown.

Assembly of the CuB center also takes place in the membrane after Mss51 release. Its relationship
with heme A insertion is not known. Copper insertion is affected by Cox11, a membrane bound protein
with a globular domain located in the intermembrane space (IMS) [31]. The Cox11 globular domain
contains two conserved cysteines involved in copper binding. A third conserved cysteine is required
for copper insertion into COX1, but not for copper binding by Cox11. This cysteine, in its reduced
state, would participate in the transfer of copper from Cox11 to COX1 [32]. Another protein, Cox19, is
required to maintain the reduced state of this conserved cysteine [33]. Cox19 is a copper-binding protein
from the IMS. It has a twin CX9C motif found in several IMS proteins, many of which are related to COX
assembly. Even if Cox19 was shown to bind copper, it is not involved in copper delivery to Cox11. This
function is performed by another IMS twin CX9C protein, Cox17 [34,35]. In addition to the twin CX9C
motif, Cox17 contains a CCXC copper-binding site that partially overlaps with the first CX9C. The source
of copper for Cox17 is unknown. After proposals that Cox17 could translocate from the cytoplasm to
the IMS with bound copper, the general consensus is currently that copper reaches the IMS bound to a
low-molecular-weight ligand of unknown structure, and that the source of copper for Cox17 metalation is
the mitochondrial matrix [36]. Accordingly, two IMM transporters, Pic2 and Mrs3, phosphate and iron
carriers, respectively, were found to be able to transport copper into the matrix [37].

Cox17 also participates in the delivery of copper for the assembly of the CuA center in COX2.
In this case, copper is transferred to Sco1, a protein with a similar location to Cox11. Sco1 and other
SCO proteins have two conserved cysteines located in a CX3C motif, involved in copper binding
together with a distal histidine [34,38]. With variations in different organisms, SCO proteins were
implicated in the reduction of the copper-binding cysteines located in COX2 and/or the direct transfer
of copper to COX2 (see [2] for details). Another protein from the IMS, Coa6, also participates in copper
delivery to COX2, but its exact role is not clear at present [39].

Before copper insertion, COX2 must be correctly inserted into the IMM. COX2 has two
membrane-spanning domains and a globular domain located in the IMS, where the CuA center
is located. Thus, translocation of this domain from the site of synthesis, the matrix, to the IMS is also
required. Membrane insertion is initiated by Oxa1 and the COX2-specific chaperone Cox20 [27,40].
During this process, an N-terminal extension involved in COX2 translocation is cleaved by the IMM
protease Imp1 [41]. Then, Cox18, an Oxa1-like protein, together with Mss2 and Pnt1, promote the
translocation of the globular domain through the IMM [40]. In humans, the COX2 module would
also contain COX5B, COX6C, COX7B, COX7C and COX8A before assembling to COX1 and additional
subunits [5,42]. Finally, COX3 would be incorporated to the complex. COX3 has been found in
assembly intermediates containing Cox4, Cox7 and Cox13 in yeast, and COX6A, COX6B and COX7A,
equivalent to yeast Cox13, Cox12 and Cox7, in humans [4,42].
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It is evident that the COX assembly process has species-specific variations. This is reflected
by the fact that certain assembly factors are present in some species but not in others. In addition,
when putative homologs are present, they do not necessarily have similar roles. OXA1L, the human
homolog of yeast Oxa1, for example, does not seem to be involved in COX1 or COX2 membrane
translocation, as its counterpart in yeast [43]. In another example, yeast and humans have two SCO
proteins, named 1 and 2. However, only Sco1 is essential for COX assembly in yeast, while both SCO1
and SCO2 have specific, non-redundant functions in COX assembly in humans [38,40,44]. In addition,
the presence of alternative isoforms of certain subunits indicates that different forms of COX, probably
with different properties, may coexist in the same organism or even in the same organelle [6,7]. Finally,
COX may be found as a monomer, a dimer, or a component of supercomplexes, in association with
other respiratory complexes. COX subunit composition varies in these different assemblies, suggesting
that the incorporation of certain subunits modulates the formation of these structures. It has been
proposed that the non-essential subunits Cox12 and Cox13 are involved in the formation of COX
dimers. Efficient incorporation of Cox12 and Cox13 to COX requires Rcf1, a yeast protein involved in
the accumulation of supercomplexes [45], suggesting that Cox12 and/or Cox13 may also participate
in the incorporation of COX into supercomplexes [5]. Current views assume that the formation of
dimers and supercomplexes changes the properties of the enzyme and may be used to modulate
energy production according to cellular needs [46–48]. How these processes are regulated and whether
COX assembly dynamically responds to these cellular needs is currently unknown.

3. COX Biogenesis Proteins in Plants

COX biogenesis in plants has not been extensively studied and most proteins associated with
its structure and assembly were annotated by sequence homology. Trying to shed light on this
scenario, we searched for genes encoding putative homologs of yeast and mammalian COX subunits or
biogenesis proteins in the genome of the model plant Arabidopsis thaliana. As starting point, we used the
information recently reviewed by Timón-Gómez et.al. [5] and Kadenbach [12]. We completed the list
of candidates with the yeast proteins compiled by several authors [4,11,49–54] or by using a “keyword
search” in the yeast genome database (yeastgenome.org; [55]). As an inclusion criterion, we only
considered the yeast proteins for which experimental evidence about its biological connection with
respiratory Complex IV was available. As a result, a total of 73 proteins from yeast and 62 candidates
from mammals were included in the list. Of these, 26 are specific to yeast, five are unique to mammals,
and 44 proteins are shared by the two organisms (see Table 1).

Table 1. COX subunits and assembly factors identified in yeast, humans and Arabidopsis.

Yeast (S. cerevisiae) Humans Arabidopsis

Role described in yeast and/or mammals AGI
Mitochondrial catalytic-core subunits

Cox1 COX1 Cytochrome c oxidase subunit 1 COX1 ATMG01360

Cox2 COX2 Cytochrome c oxidase subunit 2 COX2 ATMG00160

Cox3 COX3 Cytochrome c oxidase subunit 3 COX3
ATMG00730

AT2G07687
Structural nuclear subunits

Cox4 COX5b
COX5b-1 AT3G15640

COX5b-2 AT1G80230

COX5b-3 AT1G52710

Cox5a COX4-1, COX4-2 a - -

Cox5b b - - -

Cox6 COX5A - -

Cox7 COX7A1, COX7A2 a Required for COX assembly and function - -

Cox8 COX7C - -

- COX8-1, COX8-2, COX8-3 a - -

Cox9 COX6C, COX7B, COX8A, COX8B - -
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Table 1. Cont.

Yeast (S. cerevisiae) Humans Arabidopsis

COX12/COXVIb COX6B1, COX6B2 a
Not essential for COX assembly or function

COX6b-1 AT1G22450

COX6b-2 AT5G57815

COX6b-3 AT4G28060

COX6b-4 AT1G32710

Cox13/CoxVIa COX6A1 a COX6A2 a COX6a AT4G37830

- - COX5c-1 AT2G47380

- - COX5c-2 AT3G62400

- - COX5c-3 AT5G61310

- - COX-X1-1 AT5G27760

- - COX-X2-1 AT4G00860

- - COX-X2-2 AT1G01170

- - COX-X3 AT1G72020

- - COX-X4 AT4G21105

- - COX-X5 AT3G43410

- - COX-X6 AT2G16460
COX Assembly Factors

Role described in yeast and/or mammals AGI
Membrane insertion and processing of catalytic-core subunits

Oxa1 OXA1L Mitochondrial insertase, mediates insertion
of COX subunits into the IMM

OXA1 d AT5G62050

OXA1L d AT2G46470

Cox20 COX20 COX2 chaperone for copper metalation - -

Cox18 COX18 Translocation and export of the COX2
C-terminal tail into the IMS - -

Mss2 -
Peripherally bound IMM protein of the
mitochondrial matrix; involved in
membrane insertion of COX2 C-terminus b

- -

Pnt1 - Export of the COX2 C-terminal tail b - -

Imp1 IMMP1
Catalytic subunit of the IMM peptidase
complex; required for maturation of
mitochondrial proteins of the IMS

Peptidase S24/S26A/
S26B/S26C

AT1G53530

AT1G29960

AT1G23465

Imp2 IMMP2 Required for the stability and activity
of Imp1 MYB3R-3 AT3G08980

- NDUFA4
NDUFA4L2

Assembly factor for COX or
supercomplexes in mitochondria of
growing cells and cancer tissues c

- -

Heme A Biosynthesis and Insertion
Cox10 COX10 Farnesylation of heme B COX10 AT2G44520

Cox15 COX15 Heme A synthase required for the
hydroxylation of heme O to form heme A COX15 AT5G56090

Yah1 FDX2
Collaborates with COX15 in heme O
oxidation. Essential for heme A and Fe/S
protein biosynthesis

MFDX1 AT4G05450

MFDX2 AT4G21090

Ahr ADR
Collaborates with COX15 in heme O
oxidation Pyridine nucleotide-disulphide
oxidoreductase family protein

MFDR AT4G32360

Shy1 SURF1
Required for efficient COX assembly in the
IMM. Involved in a step of COX1
translation and assembly; proposed to
participate in heme A delivery

SURF1-1 AT3G17910

SURF1-2 AT1G48510
Copper Trafficking and Insertion

Sco1 SCO1 Copper chaperone, transporting copper to
the CuA site on COX2

HCC1 AT3G08950

Sco2 SCO2 HCC2 AT4G39740

Coa6 COA6 Cooperates with SCO2 in the metalation
of CuA COA6-L AT5G58005

Cox11 COX11 Assembly of CuB in COX1 COX11 AT1G02410

Cox17 COX17
Copper metallochaperone that transfers
copper to SCO1 and COX11

COX17-1 AT3G15352

COX17-2 AT1G53030

Cox19 COX19
Interacts with COX11 as a reductant,
critical for COX11 activity

COX19-1 AT1G66590

COX19-2 AT1G69750

Cox23 COX23 COX assembly factor, unknown function COX23
AT1G02160

AT5G09570

Pet191 PET191
Protein required for COX assembly;
contains a twin CX9C motif; imported into
the IMS via the MIA import machinery

PET191 AT1G10865

Cmc1 CMC1

Stabilizes the COX1-COX14-COA3
complex prior to the incorporation of
subunits COX4 and COX5a. Maintains
COX1 in a maturation-competent state
before insertion of its prosthetic groups

CMC1 AT5G16060
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Table 1. Cont.

Yeast (S. cerevisiae) Humans Arabidopsis

Cmc2 CMC2 COX biogenesis protein CMC2 AT4G21192

Mir1
Pic2 SLC25A3

Mitochondrial copper and phosphate
carrier; imports copper and inorganic
phosphate into mitochondria.

PHT3-1
PHT3-2
PHT3-3

AT5G14040
AT3G48850
AT2G17270

Mrs3 MITOFERRIN-1
MITOFERRIN-2

Iron transporter; mediates Fe2+ and copper
transport across the IMM; mitochondrial
carrier family member

Mitochondrial substrate
carrier protein

AT1G07030
AT2G30160
AT5G42130

Cox Assembly (other)

Cox14 COX14 (C12orf62)
Involved in translational regulation of
COX1, avoiding COX1 aggregation
before assembly

- -

Cox16 COX16 Mitochondrial IMM protein; required for
COX assembly COX assembly protein AT4G14145

Cox24 -
Mitochondrial IMM protein; required for
accumulation of spliced COX1 mRNA b - -

Cox26 -
Stabilizes the formation of Complex III-IV
supercomplexes b - -

Coi1 -
Interacts with subunits of Complexes III
and IV. Essential for supercomplex
formation b

- -

Rcf1
HIGD1A Stabilizes the COX4-COX5A module and

promotes its assembly with COX1 c ATL48 AT3G48030

HIGD2A Supports the formation of a class of
COX-containing supercomplexes c

Rcf2 -
Required for late-stage assembly of the
COX12 and COX13 subunits and for
COX activity b

ATHIGD3 AT3G05550

Coa1 COA1/MITRAC15

Required for assembly of Complex I and
Complex IV in mammals. Interacts with
Shy1 during the early stages of assembly
in yeast

- -

Coa2 -
Acts downstream of assembly factors
Mss51 and Coa1 and interacts with
assembly factor Shy1 b

- -

- COA3/MITRAC12 Required for efficient translation of COX1 c - -

Coa3/Cox25 -

Required for COX assembly; involved in
translational regulation of COX1 and
prevention of COX1 aggregation
before assembly b

- -

Coa4 COA4 Twin CX9C protein involved in COX
assembly and/or stability

- MITRAC7
Chaperone-like assembly factor required to
stabilize newly synthesized COX1 and to
prevent its premature turnover c

- -

- MR-1S
Short isoform of the myofibrillogenesis
regulator 1 (MR-1S). Interacts PET100 and
PET117 chaperones

- -

TMEM177
TMEM177 associates with newly
synthesized COX2 and SCO2 in a
COX20-dependent manner

Mss51 -
COX1 mRNA-specific translation activator.
Influences COX1 assembly into COX b - -

Mss18 -
Required for efficient splicing of
mitochondrial COX1 b - -

Mba1 -
Membrane-associated mitochondrial
ribosome receptor; possible role in protein
export from the matrix to the IMM b

- -

Mne1 - Involved in COX1 mRNA intron splicing b - -

Mrs1 -
Splicing protein; required for splicing of
two mitochondrial group I introns b - -

Mrp1 -

Mitochondrial ribosomal proteins specific
for COX2 and COX3 mRNA b,e

- -

Mrp17 - - -

Mrp21 - - -

Mrp51 - - -

Mrpl36 - - -

Pet54 -

Protein required to activate translation of
the COX3 mRNA, to process the aI5β
intron on the COX1 transcript, and
required for Cox1 synthesis b

- -

Pet100 PET100 Chaperone that facilitates COX assembly - -

Pet111 - Mitochondrial translational activator
specific for the COX2 mRNA b - -

129



Int. J. Mol. Sci. 2018, 19, 662

Table 1. Cont.

Yeast (S. cerevisiae) Humans Arabidopsis

Pet117 PET117 Assembly factor that couples heme A
synthesis to Complex IV assembly - -

Pet122 - Mitochondrial translational activator
specific for the COX3 mRNA b - -

Pet123 -
Mitochondrial ribosomal protein of the
small subunit b - -

Pet494 - Mitochondrial translational activator
specific for the COX3 mRNA b - -

Pet309 LRPPRC Specific translational activator for the
COX1 mRNA

PPR superfamily protein d

AT2G02150

AT1G52640

AT5G16640

Dcp29 TACO1 Translational activator of
mitochondria-encoded COX1 - -

Oma1 OMA1

Metalloendopeptidase that is part of the
quality control system in the IMM;
important for respiratory
supercomplex stability

MIO24.13 AT5G51740

Mam33 C1QBP Specific translational activator for the
mitochondrial COX1 mRNA

MAM33-L
Mitochondrial glycoprotein

family

AT5G02050

AT1G80720

AT1G15870

AT3G55605

AT5G05990

AT2G39795

AT4G31930

AT2G41600

Ssc1/HSP70 HSPA9
Facilitates translational regulation of
COX biogenesis

mtHSC70-1 AT4G37910

mtHSC70-2 AT5G09590

AI1/Q0050 - Intron maturase; type II family protein MATR ATMG00520
AI2/Q0055 -

a Mammalian tissue specific variants (COX4-1, COX6A1, COX6B1, COX7A2, COX8-2: Liver/Ubiquitous; COX4-2:
Lung; COX6A2, COX7A1, COX8-1: Heart; COX6B2, COX8-3: Testis). b Function described only in yeast. c Function
described only in mammals. d Only proteins with the highest sequence identity were included (p-value < 10−8 for
PPR family proteins and p-value < 10−20 for OXA-related proteins). e Information from the yeast genome database.
AGI: Arabidopsis genome initiative.

Using this dataset, we performed a bioinformatics analysis in the Phytozome 12 database
(https://phytozome.jgi.doe.gov/pz/portal.html, [56]) to identify putative homologous proteins
in the Arabidopsis thaliana genome. After this, experimental or predicted mitochondrial
localization was corroborated for these candidate proteins (SUBA4, http://suba.live/, [57];
ARAMEMNON, http://aramemnon.uni-koeln.de/, [58]; Complexome, https://complexomemap.
de/at_mito_leaves/, [59]). A total of 72 genes encoding putative Arabidopsis homologous COX-related
proteins were found, which sum to 10 for already reported plant-specific COX subunits [59,60] (Table 1
and Table S1). From these, 4 encode the highly conserved structural catalytic-core subunits, usually
encoded in the mitochondrial genome [61]. For COX3, an extra copy in the nuclear chromosome 2 is
also present (Table 1), which is 100% identical to the mitochondrial gene. This region of chromosome 2,
of around 600 kbp, presents hybridization with probes of mitochondrial DNA [62]. Nuclear
COX3 genes seem to be present also in other Brassicaceae, but it is not clear if they arise from
the same DNA transfer event. To evaluate this, we performed a synteny analysis for the nuclear
Arabidopsis COX3 gene. Using Genomicus (Version 16.03, http://www.genomicus.biologie.ens.fr/
genomicus-plants-16.03/cgi-bin/search.pl; [63]) and Plant Genome Duplication Database (PGDD;
http://chibba.agtec.uga.edu/duplication/index/locus; [64]) databases, we observed that the gene
order observed in A. thaliana is not conserved in other Brassicaceae, not even in A. lyrata. For comparison,
other nuclear genes, such as AtCOX10 or AtHCC2, show gene arrangement conservation in all
Brassicaceae (Figure S1a). This suggests that the Arabidopsis nuclear COX3 gene is the result of
a recent DNA transfer from the mitochondrion to the nucleus in A. thaliana. The region of 30 kbp
that contains the nuclear COX3 gene presents 15 additional genes, most of them almost identical
at the sequence level with genes present in mitochondria, encoding structural OXPHOS proteins or
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mitochondrial ribosomal proteins (Figure S1b). Surprisingly, the 30 kbp region in chromosome 2 is
transcribed at similar levels as the one found in the mitochondrial genome (Figure S1b). However,
we presume that the transcripts of the nuclear version of COX3 are not edited and the protein, if
synthesized, is probably not able to be imported into mitochondria. The gene coding for COX2 is absent
in the mitochondrial genome and has migrated to the nucleus in Glycine max and other leguminous
plants. In this case, GmCOX2 seems to be fully edited and also acquired a pre-sequence for import
into mitochondria, thus allowing the replacement of the mitochondrial COX2 copy [65].

We also identified eight genes that encode three accessory COX subunits with sequence homology
to yeast and human proteins (COX5b, COX6a and COX6b). It is noteworthy that the number of
isoforms of COX5b and COX6b is higher in Arabidopsis than in the other organisms (Table 1). For
COX5b, one of the genes, COX5b-3, encodes a smaller isoform due to a deletion in the N-terminal
region. No evidence for the existence of the corresponding protein is available. For COX6b, one long
(COX6b-1; 191 amino acids) and two short (COX6b-2 and COX6b-3; 78 amino acids) forms are present.
A fourth isoform (COX6b-4) has an intermediate length and has not been identified experimentally.
It is remarkable that homologs for several of the subunits conserved in mammals and yeast were not
identified in Arabidopsis (Table 1). Several of these are small proteins of about 100 amino acids or less,
which may hinder their identification if their sequence diverged. However, putative homologs of these
subunits were not identified in proteomic studies of mitochondrial complexes, suggesting that plant
COX differs in this respect from its yeast and human counterparts [59,66]. Additionally, proteomic
studies identified a set of subunits that seem to be plant-specific. COX5c was identified in early studies
of plant COX purification. Putative additional subunits, named COX-X, were also identified [59,60].
Several of them co-migrate with other COX subunits in Blue Native Polyacrylamide Gel Electrophoresis
(BN-PAGE), suggesting that they are structural COX subunits (Figure S2). In summary, plant COX
retains the catalytic-core subunits, which are universally conserved in eukaryotes and prokaryotes,
and a few additional structural subunits, while several subunits are not conserved and seem to
be plant-specific. It is possible that this is due to extensive sequence divergence, but also that the
evolutionary acquisition of new accessory subunits was different in plants than in fungi and mammals.
This implies that some aspects of the COX assembly process may also differ in plants. It is surprising
that two of the conserved subunits, COX6a and COX6b, are non-essential subunits, while many
yeast and human essential subunits do not seem to be present in plants. COX6a and COX6b have
been implicated in the formation of COX oligomers (either dimers or supercomplexes), and their
conservation suggests an ancestral role and the importance of oligomerization for COX function.
Related to this, putative homologs of Rcf1 and Rcf2, required for supercomplex formation in yeast,
are also present in plants [67]. In addition, a putative homolog of the COX assembly factor COX16 is
also present in Arabidopsis. Recently, Cox16 was found associated to Cox1 assembly intermediates in
yeast, but also as a substoichiometric subunit in mature COX and in supercomplexes, suggesting that
it may also be a non-essential subunit that regulates COX properties or oligomerization [68].

Several putative COX assembly factors were also identified by sequence homology in Arabidopsis.
The five factors already present in prokaryotes required for co-factor assembly (COX10, COX15, COX11,
SCO and SURF1) are present in Arabidopsis (Table 1 and Table S1). Single genes encode the first three
proteins, and those encoding COX10 and COX11 have been characterized, confirming their function
as COX assembly factors [17,69]. SCO proteins are encoded by two genes, named HCC1 and HCC2.
These genes were also characterized, and only HCC1 seems to be required for COX assembly [18–20].
HCC2 is present in angiosperms and gymnosperms and has lost the conserved cysteines and histidines
required for copper binding. Current evidence suggests that HCC2 function is related to copper and
stress responses in plants [18]. For SURF1, also two genes, that seem to be the consequence of a recent
duplication within the Brassicaceae, can be recognized in Arabidopsis.

Putative homologs of other eukaryotic proteins known or supposed to be involved in copper
trafficking and insertion, like COX17, COX19, COX23, COA6, CMC1, CMC2, and PET191, were
also identified. Arabidopsis genes encoding COX17 and COX19 (two genes for each protein) have
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been characterized and are able to complement the corresponding yeast null mutants, suggesting
that the proteins are indeed COX assembly factors [70–72]. In addition, COX17 was involved in the
regulation of plant stress responses [72,73]. Homologs of two proteins required for heme A synthesis,
Yah1 and Arh1 in yeast, are also present in Arabidopsis. These proteins are mitochondrial ferredoxin
and ferredoxin reductase, respectively, and are required for electron transfer reactions related to the
conversion of heme O to heme A. It is not known if the Arabidopsis proteins are required for heme A
synthesis. It was reported that they may participate in biotin synthesis instead [74], and it is likely that
they have general roles in electron transfer reactions in the mitochondrial matrix.

Interestingly, homologs of COX18 and COX20, specifically required for the insertion of core
COX subunits into the IMM, were not identified. Instead, two OXA1 insertase homologs are present
in Arabidopsis [75]. One or both of these proteins may be functional in COX subunit insertion.
As mentioned above, OXA1 participates in this process in yeast but apparently not in humans [76],
but COX18 and COX20 are required in both organisms. Arabidopsis also contains two additional
mitochondrial proteins, named OXA2, with lower sequence homology to yeast Oxa1 and that may
participate in the assembly process [77]. Homologs of the Imp1/2 IMM peptidase are also present in
plants. It is not known if they are particularly involved in COX2 biogenesis, since they probably have
a general function in IMM protein translocation. As a general rule, assembly factors involved in the
biogenesis of the redox-active centers are present in plants, while most COX-specific factors involved
in other aspects of COX biogenesis seem to be lacking. Considering the different subunit composition
of plant COX, probably different factors, yet to be discovered, are involved in this process.

Among the proteins required for COX biogenesis in yeast, several of them are RNA binding
and/or processing proteins involved in RNA maturation or translational regulation within
mitochondria. Proteins with sequence homology to some of these proteins are found in Arabidopsis, but
it is not clear if they are involved in COX biogenesis. Only proteins that present a p-value < 10−8 about
their sequence identity with RNA processing proteins previously identified in yeast or mammals were
included in Table 1. Plant mitochondria have a complex RNA metabolism that involves hundreds of
proteins. Unlike mammals and yeast, flowering plants must convert hundreds of cytidines to uridines
in their chloroplast and mitochondrial transcripts through a post-transcriptional process known as
RNA editing. To successfully carry out this process, plants have editosome complexes comprised of
pentatricopeptide repeat (PPR) proteins [8], and non-PPR editing factors, including RIPs/MORFs,
ORRMs, OZs and protoporphrinogen IX oxidase 1 (PPO1) (recently reviewed in [9]). Several proteins
have been experimentally demonstrated as responsible for the editing and maturation of transcripts
encoding mitochondrial COX components, and these are listed in Table S1 and described in Table 2
in detail.
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We analyzed the possible arrangement of COX subunits and assembly factors into protein
complexes or supercomplexes using the server Complexome (https://complexomemap.de/at_mito_
leaves/ [59]). Forty-three proteins were detected in the database, built with proteins isolated from
Arabidopsis leaves [59]. As expected, structural subunits, including several COX-X subunits, were
grouped together in 2 bands migrating at about 210 and 300 kDa. The most abundant band (210 kDa)
does not contain COX6b-1, the larger form of COX6b, which is present in the 300 kDa complex (Figure
S2). The Rcf1 homolog ATL48 also migrates with other COX subunits, suggesting that it may be part
of plant COX. In yeast, it was proposed that Rcf1 is not a stoichiometric COX subunit and that it
rather acts as a late-maturation factor. The human homolog, HIGD1A, forms a complex with early
COX1 assembly intermediates. A group of COX subunits also appears at 700 and 1700 kDa, probably
reflecting previously described III2 + IV and III2 + IV + I supercomplexes [99]. COX11, HCC1, HCC2
and SURF1-1, all migrated similarly in a region slightly below 100 kDa. The MW calculated for these
proteins is between 30 and 40 kDa, which suggests that they are probably dimers or trimers or that
they interact with other proteins (Figure S2). The formation of dimers was suggested for SCO proteins
from humans. All of these proteins are also present in regions of slower migration, perhaps reflecting
their incorporation into assembly complexes. COX15 forms oligomers of about 120 kDa, probably also
dimers or trimers. Oligomerization of Cox15 in yeast was suggested to be important for its function.
Homologs of Pet117, involved in Cox15 oligomerization, were not found in Arabidopsis. Unfortunately,
the migration patterns of COX1 and COX3 are not provided in the Complexome database, not allowing
the identification of putative assembly intermediates containing these proteins.

4. Factors Regulating COX Assembly and Activity

4.1. Regulation of Gene Expression

4.1.1. Tissue- and Organ-Specific Expression

To analyze the transcriptional regulation of the expression of genes encoding COX-related
proteins, we performed a meta-analysis by exploring publicly available microarray data included in
the Genevestigator database (https://genevestigator.com/gv/doc/intro_plant.jsp [100]). We obtained
information about the expression profile of 67 genes according to organ/tissue, plant developmental
stage, (Figure 1) and responses to several perturbations (Figures 2 and S3). Hierarchical clustering
of the expression data across different tissues and cell types obtained from the “Anatomy” and
“Development” tools showed that several genes for COX structural components or editing and
assembly factors are preferentially expressed in roots and endoreduplicative giant cells, in the shoot
apical meristem, and at different stages during embryogenesis (Figure 1). This agrees with previous
experimental analysis of the expression patterns of some of these genes [17–19,72,101–107], suggesting
that they are expressed in tissues with high energy demands. In agreement with the central role of
mitochondria in cellular metabolism and as energy suppliers during developmental processes and
cellular differentiation, COX biogenesis seems to be regulated at different stages of development, and
according to organ and tissue type.
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Figure 1. Hierarchical clustering of expression data across different tissues, cell types and
developmental stages. Meta-analysis of the expression of genes encoding 68 COX-related proteins
according to tissue- and cell-type, and in different developmental stages. Candidate proteins were
classified into five different categories according to their putative or demonstrated role in COX
biogenesis. Hierarchical clustering was performed within each category. Transcriptional data were
collected and analyzed using publicly available microarray data included in the Genevestigator
database (https://genevestigator.com/gv/doc/intro_plant.jsp, [100]). The expression level is
represented as percent of maximal expression in the dataset analyzed.

4.1.2. Expression of Different Isoforms

In mammals, 6 of the 11 nuclear-encoded subunits possess differential tissue- or environmental
condition-specific isoforms [7]. This may result in COX isoforms with different activity or regulatory
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properties, different affinity for oxygen, or different interactions with other OXPHOS components [6,7].
In Arabidopsis, some genes coding for different COX isoforms that theoretically fulfill the same function
show specialized expression characteristics. As examples, COX5b-1 and COX5b-2 are preferentially
expressed in meristematic regions or in vegetative tissues and are differentially regulated by external
stimuli [104,108–110]. This is related to the presence of different cis regulatory elements in their
promoter regions [111]. Interestingly, the expression patterns and responses of CYTC-1 and CYTC-2,
both genes encoding the electron carrier CYTc, which is required for complex IV stability [97], are
similar to those of COX5b-2 and COX5b-1, respectively [105,106]. In addition, they contain similar
responsive elements in their promoters, suggesting the existence of co-evolution in their expression
mechanisms. A model where one of the genes maintained its ancient expression characteristics while
the other one incorporated novel elements that allowed a progressive specialization was proposed [109].
Whether the different isoforms confer different properties to plant COX is not known.

As a possible example of functionalization, the AtCOX19-1 gene produces two transcripts by
alternative splicing that originate proteins with different N-terminal ends. The smaller AtCOX19-1
isoform is the only one able to restore growth of the yeast cox19 null mutant [101]. A more extreme
case of divergence is represented by genes encoding plant SCO proteins. AtHCC1 is the Arabidopsis
homolog of yeast Sco1, involved in copper delivery to COX, while AtHCC2 functions in copper sensing
and stress responses, but does not seem to be required for COX assembly [18–20].

4.1.3. Response to Nutrients

We also performed a meta-analysis for transcriptional data related with “Perturbations” available
in Genevestigator [100]. As a criterion of selection for posterior analysis, we included all experiments
in which at least 30% of genes included in the analysis were differentially expressed with a fold change
higher than 2. We applied a clustering analysis within individual gene categories and the images were
fused to improve visualization of the results (Figure 2; see Figure S3 for a magnification of Figure 2A).

Differential expression of mitochondrial genes (COX1, COX2, COX3 and MATR), relative to
nuclear genes, was observed, as reported previously [112]. Higher expression of nuclear genes, mainly
those related to editing and assembly factors, was observed in plants treated with glucose or shifted to
high-light conditions. An opposite behavior was observed in plants in which the target of rapamycin
(TOR) kinase, a regulator of plant growth in response to nutrients [113], was silenced (Figure 2B).
Strengthening the connection between light, development and mitochondria, a marked increase in
expression is observed in mutants of the members of the COP9 signalosome (csn3-1, csn4-1, and
csn5), and in the cop1-4 mutant [114], with altered photomorphogenesis (Figure 2C). It was previously
observed that transcript levels for COX5b, COX5c, COX6a and COX6b genes are regulated by light,
metabolizable sugars and nitrogen sources [102–104,107–110,115,116], and that carbohydrates produce
an increase in transcript levels for nuclear genes but not for the mitochondrial ones [102,112]. It was
proposed that carbon and nitrogen sources act in concert to regulate the expression of different
components of the respiratory pathway [117].

We evaluated the presence of common regulatory elements in the promoter regions of nuclear
COX-related genes. To achieve this, the sequences corresponding to the first 500 bp upstream of the
transcriptional start site of each gene were obtained and loaded in the MEME server [118]. Three
elements were statistically over-represented: wwTGGGCY (p < 10−29), rAAgAArA (p < 10−15),
and TTTTkTTT (p < 10−2) (Figure S4). The last two motifs do not match with any previously
recognized regulatory element present in the TOMTOM database (http://meme-suite.org/tools/
tomtom; [118]). The element wwTGGGCY matches with the previously reported Site II element
(TGGGCY) [117,119]. Site II elements are present in the promoter regions of genes encoding COX
components [105–108,117,119]. This regulatory motif has been reported as relevant in regulation of
gene expression in meristematic regions [105,119], in the response to light and carbohydrates [117,119],
in the coordination of gene expression for the biogenesis of the OXPHOS machinery [117], in the
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connection between the expression of mitochondrial proteins and the circadian clock [120], as well as
in coordinating the expression between chloroplast, peroxisome and mitochondrial components [1].

 

Figure 2. Meta-analysis of transcriptional data for genes encoding COX-related proteins in response
to different perturbations or in several mutant backgrounds. (A) Complete hierarchical clustering
of the expression data. A larger image is available in Figure S3. (B–H) Detail of specific parts of the
clustering for transcriptional responses to nutrients and light (B); in mutants in members of the COP9
signalosome and the cop1-4 mutant (C); in response to hormones (D); abiotic stress (E); biotic stress
(F); during oxygen deprivation (G); and during germination (H). Expression level is represented as
log2-ratio of differential expression, in red for up-regulation and in green for down-regulation.

4.1.4. Response to Hormones

We described evidence that COX activity is connected to plant growth and development, and
there are several examples that alterations in COX activity seriously impact on plant fitness (Table 2).
This is somewhat unsurprising, considering that mitochondrial OXPHOS is probably required for
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obtaining the energy necessary for these processes. Interestingly, the opposite also seems to happen,
since a regulation of plant growth programs over COX exist. Expression of nuclear genes coding
for COX proteins is particularly connected to hormonal control of plant growth. Plant hormones
are connected to mitochondrial activity through abscisic acid (ABA), auxins, cytokinins (CKs),
jasmonic acid (JA), and salicylic acid (SA), regulators of the expression of nuclear genes encoding
mitochondrial components [121]. In this sense, COX6b-1 is induced by gibberelins (GA3) [107], ABA
increases the expression of COX5b-1 and CYTC-2, and COX6b-3 is induced by CKs [105–107,111].
A recent study demonstrated that CKs can differentially activate the alternative respiratory pathway
in roots subjected to oxidative stress, decreasing reactive oxygen species (ROS) production and
drought-induced oxidative stress, and thus promoting root growth [122]. Furthermore, the expression
of the metallochaperones AtCOX17 and AtCOX19 is induced by SA, a hormone connected to biotic
stress [72–77,99–101]. Hormones also seem to have impact on the posttranslational regulation of
COX assembly factors. AtCOX17 and the hypoxia regulated protein AtATL8 are differentially
phosphorylated in response to auxins [123], while the same effect was seen in AtMATR after treatment
with brassinosteroids (BRs) [124].

The analysis presented in Figure 2D allows the discrimination of different responses of
COX-related genes to hormones or inhibitors of hormonal pathways. There is an increased expression
of several RNA-processing and assembly proteins in aerial plant tissue treated by CK (zeatin), in
roots and inflorescence stem internode tissues exposed to the auxins IAA (indole-3-acetic acid) and
NAA (1-naphthaleneacetic acid), and during the first 96 h in callus-inducing medium. During the last
stages of callus formation, there is an enhancement of the expression of nuclear genes for structural
proteins, while mitochondrial genes are down-regulated. Among the biotic stress-related hormones,
SA causes a general weak induction that is more pronounced for genes encoding co-factor synthesis or
assembly proteins. A clear opposite behavior is observed after ABA treatments, where all genes seem
to be down-regulated.

When mutants in hormonal synthesis and signaling pathways are evaluated, opposite expression
is observed for RNA processing and assembly proteins in plants with altered response to auxins.
While in axr2-1 mutants, where auxin responses are impaired [125], they are up-regulated, in
axr1-12 auxin-resistant plants their expression is decreased. The same behavior is observed in plants
overexpressing the A. thaliana response regulators (ARRs) ARR21C or ARR22, being the expression
down-regulated in ARR22ox plants, that exhibit a dwarf phenotype previously associated with CK
deficiency [126]. Gene expression is also decreased in a bzr1-1D mutant background [127], in which
the brassinosteroid (BR) signaling pathway and several aspects of plant growth and development are
impaired (Figure 2D).

Mitochondrial dysfunction due to alterations in mitochondrial respiratory proteins has been
associated to a decrease in auxin responses [128,129]. Future experiments will be required to establish
the molecular network connecting hormones and COX biogenesis/function.

4.1.5. Stress Conditions

Mitochondria fulfill a central role during perception, signaling and orchestrated responses to
biotic and abiotic stress in plants [130–133]. In relation to this, transcript levels for AtCOX17 and
AtCOX19 are increased by exposition to toxic concentrations of Cu2+, Zn2+ and Fe2+, to compounds
that produce ROS, and after wounding and infection with the pathogen Pseudomonas syringae [72,101].
The silencing of AtCOX17 genes originates a decreased response of several stress genetic markers,
including those that comprise the mitochondrial retrograde response and are normally induced by
mitochondrial dysfunctions [73]. It was proposed that AtCOX17, in addition to its function as a copper
metallochaperone for COX assembly, acts as a component of signaling pathways that link plant stress
to gene expression responses [73]. As another example, AtCOX5b-2 is induced in cyp79B2/cyp79B3
mutants, deficient in aliphatic glucosinolates, important secondary metabolites in the defense against
insects and pathogens [134].
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Analysis of transcriptional data in response to different stress situations (Figure 2E) shows a
coordinate increase in the expression of several RNA processing and assembly factors with decreased
expression of mitochondrial genes in root cells exposed to salt. The opposite occurs during heat
stress, where COX catalytic-core genes are highly induced, while no changes are observed during cold
treatments. Drought and osmotic stress do not generate a marked behavior.

Considering the responses to biotic stress, a decrease in the expression of several nuclear genes is
observed when plants are exposed to elicitors (Flg22), bacterial pathogens (P. syringae), or the oomycete
P. parasitica. A contrasting behavior is observed for mitochondrial genes and those nuclear genes
coding for the metallochaperones HCC1, COX19, COX17-1, and COX17-2, among a few others, in
agreement with previous results [72,101] (Figure 2F). A general increase in expression is observed
during infection with necrotrophic pathogens like Phytophthora infestans or Sclerotinia sclerotiorum
(Figure 2F). One possibility is that COX assembly or structural proteins accumulate under certain stress
conditions to actively replace damaged or inactive COX subunits to avoid or diminish ROS generation
due to a dysfunctional mitochondrial cyanide-sensitive respiration.

4.2. ROS- and Redox-Regulated Mechanisms Involved in COX Biogenesis

4.2.1. Regulation by Oxygen Availability

Cellular respiration consumes oxygen as terminal acceptor of electrons from reduced equivalents
produced by the cell during metabolism. In mammals and yeast, different COX isoforms, with different
affinity for oxygen, presumably exist. The expression of subunits Cox5a and Cox5b from yeast, and
COX4-1 and COX4-2 from mammals, is differentially regulated by oxygen tension, being the isoform
expressed under hypoxia responsible for increasing COX catalytic efficiency. This adapts the respiratory
electron transfer rate to environmental requirements [135]. As another example, expression of the
human COX10 gene is regulated by the microRNA miR-210, which is induced under hypoxia to reduce
COX10 levels and thus regulates the rate of oxygen consumption and mitochondrial metabolism in
conditions of low oxygen availability [136]. In plants, transcript levels of genes encoding rice COX5b
and COX5c and sunflower COX5c are severely reduced under hypoxia and recovered to initial levels
when plants are returned to normal aerobic conditions [112,137]. Transcriptomic data indicate that
nuclear genes are down-regulated under anoxia and hypoxia in Arabidopsis, whereas mitochondrial
genes appear to be up-regulated (Figure 2G). This suggests that COX biogenesis may also be under the
control of oxygen availability in plants.

4.2.2. Regulation of Import and Oxidative Folding

Mitochondria are particularly important in regulating ROS-mediated processes [138]. During
respiration, ROS are inevitably produced, mainly in Complexes I, II and III [139]. Paradoxically, COX,
that should be one the major oxygen consumers in the cell, does not generate ROS, but its biogenesis
involves several ROS and redox regulated steps [135]. While cells have evolved strategies to avoid the
generation of pro-oxidant compounds during COX biogenesis, redox biology and ROS exert a control
during the assembly and copper delivery to the complex. Mitochondria are rich in thiol-containing
proteins that, together with the couple reduced/oxidized glutathione (GSH/GSSG), are specifically
compartmentalized in the matrix and the IMS [140–142]. Many IMS proteins that are synthesized in
the cytosol are imported through a conserved redox-regulated disulfide relay system established by
the receptor MIA40 and the sulfhydryl oxidase ERV1 [143]. Some of the imported proteins, and MIA40
itself, share conserved CX3C or CX9C motifs. Thirteen of the twin CX9C family members are involved
in COX biogenesis in yeast and are conserved in animals and plants [144]. In mammalian cells, the
kinetics of import through the MIA40/ERV1 system depend on the glutathione pool, thus providing
a connection between the redox state of the IMS and the amount of imported CX9C proteins [145].
In plants, while AtERV1 was found to be critical for mitochondrial biogenesis, AtMIA40 seems to be
dispensable for import to the IMS [143,146] and recent evidence suggests that it only improves substrate
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specificity [147]. A second connection between the MIA40-ERV1 import pathway and respiration is
established by CYTc, the final electron acceptor of this pathway that transfers them to COX [148,149].
Thus, the cellular redox state, and more precisely that of the IMS, defines the amount and the proper
oxidative folding of CX9C proteins imported by the MIA40/ERV1 system, which is connected to the
respiratory chain and, at the end, to the energetic status of the cell.

4.2.3. Regulation of Copper Metalation

Copper insertion into COX1 and COX2 involves several redox-dependent conformational changes
of metallochaperones from the IMS [2,150,151]. COX17 forms disulfide bridges and changes its
oligomerization state depending on the redox state, thus adopting different conformations for copper
transfer to COX [34,35]. Besides Cox17, other proteins with twin CX9C motifs reside in the IMS and
were demonstrated as essential for copper uptake and COX assembly in yeast and humans (Table 1):
CMC1, CMC2 [27,152], COX19 [153,154], COX23 [155], PET191 [156], and COA6 [54,157]. CX9C
proteins could also play a role in copper transfer towards COX17 by modulating the local IMS redox
environment [135,158]. In addition, the redox state of human SCO1 modulates the copper content of
cells, and COX19, that partitions between the cytosol and the IMS in a copper-dependent manner, was
postulated as a transducer of the signal that connects SCO1 with copper transporters of the plasma
membrane [159].

COX assembly factors responsible for metalation of the catalytic centers have their counterparts
in plants. Two Arabidopsis genes, AtCOX17-1 and AtCOX17-2, encode functional plant homologs able
to complement the respiratory deficiency of a yeast cox17 null mutant [70–72]. While plants in which
both AtCOX17 genes are silenced show severe phenotypic changes, presumably due to decreased COX
activity, the silencing of either gene does not alter plant growth [73]. However, these plants show
altered ROS levels and a reduced response to stress conditions. Arabidopsis also encodes two proteins
with homology to yeast Sco1, named HCC1 and HCC2 (Homolog to yeast Copper Chaperone), but HCC2
lacks the canonical copper-binding motif described in Sco1 [18,19]. Several pieces of evidence point to
HCC1 as a COX assembly factor in plants: (i) HCC1 is able to complement a yeast sco1 mutant [19]; and
(ii) knockout of HCC1 produces embryo arrest, while heterozygous mutants show a decrease in COX
activity [18–20] (Table 2). In addition, knockout plants in HCC2 show normal COX activity levels and
no obvious phenotype under normal growth conditions [18–20]. Changes in the expression of HCC1
and HCC2 also cause altered redox homeostasis and responses to copper and stress conditions [18–20].
Arabidopsis also contains a COX11 homolog that seems to be essential for normal COX activity. Altered
levels of this protein affect pollen germination, development, growth, and copper homeostasis [69]
(Table 2). Finally, two different genes, AtCOX19-1 and AtCOX19-2, encode putative homologs of yeast
Cox19 [101]. Altered levels of AtCOX19 impact on plant phenotypic responses to changes in copper
and iron levels in the growth medium and in the expression of metal-responsive genes.

4.2.4. Heme A Synthesis and COX1 mRNA Translation

Within the process of Complex IV formation, Cox1 hemylation is essential and, since free heme is
toxic to the cell, its synthesis and insertion must be precisely coordinated. Studies in yeast established
that Cox1 is translationally regulated by heme B availability [4], while heme A biosynthesis is regulated
by the redox-dependent oligomerization of Cox10 (heme O synthase) [21,51]. After Cox1 synthesis,
Mss51, a Cox1 mRNA-specific processing factor and translational activator, forms a Cox1 preassembly
complex that is only disrupted when the prosthetic groups are inserted into Cox1. Formation of this
complex limits the availability of Mss51 for Cox1 translational activation, thus linking Cox1 synthesis
to COX assembly. It was recently demonstrated that Mss51 is activated by heme B and that the redox
environment modulates the affinity of Mss51 for heme, thus compromising Mss51 function in Cox1
mRNA translation [11]. In addition, Pet54 is required for the activation of Cox1 mRNA translation
by Mss51, probably influencing its hemylation or conformational state [160]. Coordination of COX
biogenesis with heme availability and the redox state are probably important to avoid the accumulation
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of pro-oxidative reactive assembly intermediates and to minimize the potential damaging effects of
ROS. Nothing is known about the regulation of the synthesis of COX1 and other subunits encoded in
mitochondria in plants.

4.3. Regulation by Phosphorylation

Phosphoproteomic studies identified several phosphorylated proteins in purified mitochondria
from Arabidopsis cell suspensions [161]. Recent studies in mammalian and yeast mitochondria
demonstrate that reversible phosphorylation of proteins on serine, threonine and tyrosine residues
is an important biological regulatory mechanism across a broad range of important mitochondrial
processes. In mammals, there is solid evidence that COX activity is regulated by phosphorylation and,
to date, between 14 and 18 in vivo phosphorylation sites were identified by mass spectrometry (MS)
in several Complex IV proteins [162,163]. In some cases, connections of the phosphorylation state of
COX components with respiratory energy demands, human diseases, and cell destiny mediated by
apoptosis were established [162,163]. In plants, phosphorylation of COX components is less studied
and there is discrete evidence that this PTMS specifically impacts on COX proteins in plants exposed
to nutritional deficiencies or exposed to hormones (Table S1). AtCOX5b-1, AtCOX6a and several
PPR proteins are differentially phosphorylated in a atm/atr serine/threonine protein kinase double
mutant when plant rosettes are exposed to ionizing DNA-damaging radiation [164]. Furthermore,
AtCOX5b-1, AtCOX6a, several PPR proteins and members of the glycoprotein family homologous to
MAM33 from yeast were identified in a proteome-wide profiling of phosphopeptides in nine-day-old
Arabidopsis seedlings [94]. These proteins were proposed as part of a phosphor-regulatory network
involved in biological processes like central metabolism and cell signaling, regulating plant growth
and development [94,161]. Several MAM33-like proteins, AtHCC1 and AtSURF1-2 were identified as
differentially phosphorylated when nitrogen sources are supplied to growing Arabidopsis seedlings
in the form of nitrate or ammonium [165]. As mentioned, AtCOX17 and AtATL8 are differentially
phosphorylated in the presence of auxin when this hormone is tested in a lateral root-inducing
system [123], and AtMATR2 is part of a group of proteins that are rapidly modified by phosphorylation
in response to BRs [124]. To conclude that these modifications have real impact on the regulation of
COX activity and are connected to mitochondrial energy generation by respiration or to additional
functions will require an in-depth future analysis.

5. Mutant Plants with Altered Cox Activity

In this section, we present a survey of plant mutants related to COX assembly or mutants in which
COX activity is, either directly or indirectly, altered (Table 2). This may be useful to understand the
role of COX in plant physiology and development.

5.1. Mutants in COX Assembly Factors

The silencing of AtCOX17-1 in a cox17-2 knock-out background generates plants with small
rosettes and severely delayed development [73]. Silencing of COX17-1 or COX17-2 independently
does not have any phenotypic consequence and does not affect COX activity, but causes a decrease
in the response of plants to stress [73]. COX11 knock-down plants show reduced COX activity [69].
In addition, they exhibit a short root phenotype and reduced pollen germination [69]. HCC1 is essential
for plant development [18,19]. AtHCC1/athcc1 heterozygous mutant plants produce 25% defective
seeds with embryos that stop their development at the heart stage [18,19]. Rescue of hcc1 knock-out
embryo lethality by complementation with the HCC1 gene under the control of the embryo-specific
ABSCISIC ACID INSENSITIVE 3 promoter caused growth arrest at early plant developmental stages,
supporting the role of HCC1 for plant growth and development [20]. Heterozygous AtHCC1/athcc1
mutants show a ca. 50% decrease in COX activity and no phenotypic alterations. Homozygous
loss-of-function mutants in AtHHC2 do not affect plant development or COX activity.
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Null mutations in AtCOX10 also lead to embryonic lethality [17]. Heterozygous AtCOX10/atcox10
plants show reduced COX activity and normal levels of total respiration at the expense of an increase in
alternative respiration. In addition, AtCOX10 seems to be implicated in the progression of senescence,
since heterozygous mutants show an increased rate of chlorophyll loss and photosynthesis decay
during both natural and dark-induced senescence [17].

5.2. Mutants in RNA Processing Factors Influencing Mitochondrial COX-Coding Genes

There is a group of mutant plants where the mutation affects nuclear-coding genes that are
necessary for correct mitochondrial RNA processing, including protection of 5′ and 3′ termini, splicing
and editing, that constitute a relevant tool to understand the effects of defective COX over plant
growth [98]. RNA editing in land plant organelles alters the coding content of transcripts through
site-specific exchanges of cytidines into uridines and vice versa. In model plant species such as rice or
Arabidopsis, there are about 500 editing sites, indicating the importance of this mechanism [166,167].
One of the most important plant-specific protein family involved in RNA editing is the PPR protein
family. PPR proteins are sequence-specific RNA binding proteins that identify C residues for editing.
All the reported PPR proteins required for RNA editing are members of E or DYW subclasses of the
PPR family [84,168,169].

PpPPR_78, identified and characterized by Uchida et al. [84], is a protein involved in COX1
editing in Physcomitrella patens. Disruption of the PpPPR_78 gene results in editing defects in rps_14
(rps14-C137) and cox1 (cox1-C755), with no changes in other editing sites [85]. At the phenotypic
level, mutant plants display slight growth retardation. This suggests that the editing events are not
crucial for RPS-14 and COX1 function. PpPPR_77, another member of the PPR protein family from
Physcomitrella patens was described by Othani et al. [86] as a mitochondria-localized protein involved
in RNA editing. PpPPR_77 mutants show editing defects in cox2 (cox2-C370) and cox3 (cox3-C733) sites,
but not in other editing sites. The mutant has severe growth retardation.

Arabidopsis Cytochrome c Oxidase Deficient 1 (COD1) encodes a mitochondria-localized
PLS-subfamily PPR protein involved in the editing of two distant sites in the COX2 transcript [80].
Lack of COD1 generates embryo lethality, since no homozygous mutant plants could be identified in
the progeny. Immature homozygous mutant seeds could be germinated using a high-sugar medium
supplemented with nutrients and co-factors. However, their subsequent growth was retarded, and
plants showed a proliferation of short leaves with limited stems and a delay in root development.
Occasionally, some plants were able to produce flowers which did not produce viable pollen. COX
activity could not be detected in mutant lines and no signal of native Complex IV was observed
using anti-COX2 antibodies. MEF13 is a E domain PPR protein required for editing at eight sites in
Arabidopsis thaliana, including COX3-314 [81]. mef13-1 mutants exhibit delayed growth at the vegetative
phase but no defects were detected at later stages.

DEK10 encodes a E-subgroup PPR protein from maize that is specifically involved in the C to U
editing at nad3-61, nad3-62 and cox2-550 [83]. Defects in these editing events reduces the function of
Complex I and Complex IV in the electron transport chain and affect mitochondrial respiration and
embryo, endosperm and seedling development. Homozygous dek10 mutant kernels are small and
their weight is 73% reduced compared to wild-type. Vegetative growth is also severely delayed in
the mutants. Lack of DEK10 affects COX2 protein accumulation, while Complex I and Complex IV
activities are reduced compared to wild-type.

In addition to PPR proteins, other protein families were also identified as RNA editing factors in
mitochondria. One of these families is called ORRM (Organelle RNA Recognition Motif-containing
protein) and plays a crucial role in mitochondrial RNA editing in Arabidopsis thaliana [9,82]. The absence
of ORRM4 expression causes defective mitochondrial editing at 264 sites in 31 mitochondrial transcripts,
among them COX2 and COX3. Orrm4 mutant plants show slow growth and the average flowering
time is delayed three days in comparison with wild-type plants.
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MORF family proteins (multiple organellar RNA editing factor) are required for RNA
editing in plant mitochondria as additional components of the RNA editing machinery [79].
The etilmetanosulfonato (EMS)-mutated Arabidopsis morf1 mutant shows reduced RNA editing
at more than 40 mitochondrial sites, without defects in other RNA processing steps or RNA stability.
COX3-257 is one of the sites affected by MORF1 mutation, with a 50% decrease in editing events of
COX3 transcripts. Homozygous mutant plants with T-DNA insertion in the MORF1 gene are not
viable, due to the abortion of seed development. This finding suggests that this protein is essential and
that the EMS mutant is hypomorphic and that residual MORF1 activity is sufficient for plant viability.

Plant mitochondrial gene expression involves the splicing of introns from the coding regions.
The mitochondrial introns of angiosperms are classified as group II-type. Particularly in Arabidopsis,
these include 23 introns found within Complex I, CYTc biogenesis factors, Complex IV and ribosomal
protein genes. This process relies on many different RNA-binding proteins or co-factors. Two members
of the maturase and RNA helicase families, nMAT2 and PMH2, participate in the splicing of several
transcripts in Arabidopsis mitochondria, including COX2 [89]. mat2/pmh2 double mutants show a
decrease of mRNA levels of multiple mitochondrial genes, and exhibit growth delay and alterations
in vegetative and reproductive development. No change in total respiration was detected. However,
inhibition of Complex IV by KCN appeared to have a reduced effect on the respiratory activity of
mat2/pmh2 plants.

Besides their role in editing, the PPR protein family is also involved in other steps of RNA
metabolism in plant organelles. Particularly, PpPPR_43 has been reported as a splicing regulator of
COX1 mRNA in Physcomitrella patens [90]. The PpPPR_43 disruptants show normal editing, but mature
COX1 transcripts levels are substantially reduced. Instead of the mature COX1 transcript, unexpectedly
long transcripts were detected. A defect in PpPPR_43 strongly inhibits the splicing of COX1 intron 3,
without affecting the splicing of introns 1, 2 and 4. Mutant plants show severe growth retardation.

Most 5′ termini of plant mitochondrial transcripts are generated post-transcriptionally [170]. RFP2
is a PPR protein involved in the formation of COX3 5′ transcript ends. It has been reported that COX3
mRNA 5′-end formation is affected in rfp2 mutants, resulting in a substantial reduction of mature
COX3 transcripts. However, the impaired 5′ processing does not interfere with protein accumulation.

The plant organellar RNA recognition (PORR) domain was recognized to be an RNA binding
domain, and most of the members of this family are involved in mRNA splicing in chloroplasts and
mitochondria. WTF9 is involved in the splicing of group II introns in mitochondria and is required
for the CYTc maturation pathway [87]. Mutant plants lacking WTF9 show severely stunted growth.
They survive to flowering but the flowers are small with very small anthers and small amounts of
pollen. This results in very small siliques with a few aborted seeds. The levels of CYTc, cytochrome
c1, and the COX2 subunit are severely reduced in mutant mitochondria, which is accompanied by a
dramatic increase of the alternative oxidase, which is commonly induced when the respiratory chain
is compromised.

Not all Mitochondrial Editing Factors (MEFs) are essential for plant growth. This is the case
for MEF21 [171] or MEF26 [172], two RNA processing factors belonging to the E- or DYW-groups
of PPR mitochondrial proteins, respectively. The cox3-257 site targeted by MEF21 changes a Ser to
a conserved Phe residue at amino acid 86 in COX3 [171]. MEF26 is involved in editing of cox3-311
and nad4-166 sites, changing codon identities from Ser to Phe and Arg to Trp, respectively. Mutants
mef26-1 and mef 26-2 exhibit strong deficits in COX3 edition but only a 20% decrease in the edition of
NAD4 [172]. Mutant plants in any of these proteins do not exhibit phenotypic defects under normal
growth conditions.

The CRM domain is a recently recognized RNA-binding motif of bacterial origin that is present
in several group II intron splicing factors. mCSF-1 is a mitochondria-localized CRM family member
required for the processing of many mitochondrial introns, and is involved in the biogenesis of
respiratory Complexes I and IV in Arabidopsis [88]. Embryo development is arrested during the
early globular stage in knock-out mcsf-1 mutant plants, showing that mCSF-1 is an essential gene.
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Knock-down mcsf-1 mutants show germination delay and growth alterations. The respiratory activity
is lower in mcsf-1 plants, and the relative accumulation of native Complexes I and IV is reduced.

5.3. Mutant Plants Indirectly Connected to COX Activity

Mutations in the dual-targeted mitochondrial and plastidial RPOTmp RNA polymerase cause
defects in transcript abundance of mitochondrial genes and a dramatic decrease of Complex I and
Complex IV levels [91]. rpoTmp mutant lines show wrinkly rosette leaves with delayed development
from germination onwards [91].

SLO2 (SLOW GROWTH 2) is a PPR protein belonging to the E+ subclass of the PLS subfamily.
In slo2 mutants, seven editing changes producing four amino acid changes in NAD4L (S37L), NAD1
(T1M), NAD7 (L247F) and MTTB (P49S) were detected. These mutants show a marked reduction in
Complexes I, III and IV of the mETC. The slo2 mutants are characterized by retarded leaf emergence,
delayed development, late flowering and smaller roots. Sugar, ATP and NAD+ contents are lower in
slo2 mutants, and plant phenotype is enhanced in the absence of sucrose, suggesting a defect in energy
metabolism [93].

MRPL1 (Mitochondrial Ribosomal Protein L1) is an essential mitochondrial ribosomal protein.
Consistent with its role, levels of mitochondrial COX2 are severely reduced in mrpl1 mutants,
whereas no changes are observed in the expression of the nuclear encoded-mitochondrial proteins.
mrpl1-1 and mrpl1-3 mutants exhibit delayed growth under normal growth conditions, with reduced
respiration compared to wild-type plants, whereas the levels of Complex I and Complex IV are strongly
reduced [173]. The mito-nuclear protein imbalance induces a proteotoxic stress, thus activating MAPK6
and hormonal (mainly auxin and ethylene) signaling pathways [173].

Mutants in the Arabidopsis mitochondrial LON1 protease [95] show a retarded growth
phenotype [96]. Mitochondrial proteome characterization of lon1 mutant plants showed an altered
abundance of enzymes of the TCA cycle and OXPHOS [95]. In addition, the lon1 mutant has lower
abundance of Complexes I, IV, and V [95].

Welchen et al. [97] studied the role of CYTc, which transfers electrons from Complex III to Complex
IV, in plant development and redox homeostasis. In Arabidopsis, CYTc is encoded by two genes,
designated CYTC-1 and CYTC-2. Knock-out of CYTC-1 and CYTC-2 causes embryo developmental
arrest indicating that CYTc is essential for plant development. Moreover, double T-DNA insertion
mutant plants with considerably reduced CYTc levels show delayed development, altered expression
of stress responsive genes and reduced COX activity [97]. These results suggest that CYTc plays an
important role in the control of stability of COX in plant mitochondria [97].

6. Requirement of COX Activity for Plant Growth and Development

The analysis of mutants suggests that COX activity is important for several aspects of
plant development.

6.1. Embryogenesis

As we mentioned, COX components are preferentially expressed in plant tissues with high
energy demands, like shoot and root meristems, anthers and, significantly, during all stages of
embryogenesis (Figure 1). These characteristics suggest that an optimal COX activity may be essential
during embryogenesis, in the initial phases of the formation of a new plant. In agreement with
this, lack of the COX biogenesis factors AtCOX10 and AtHCC1 originate embryo lethality at various
developmental stages, mostly at the heart [18,19] and torpedo [17] stages. There are also several
examples of mutants in different COX editing and RNA processing factors, or in proteins connected to
Complex IV stability, that also exhibit severe embryo lethality [79,80,87,97,98] (Table 2 for details).

145



Int. J. Mol. Sci. 2018, 19, 662

6.2. Germination

Mitochondria are dynamic organelles that constantly change their form and function in response
to different external and internal factors, such as organ, tissue, developmental stage, environmental
stimuli, and cell energy and metabolic demands, among others ([174,175], and reviewed in [1]).
Mitochondria play a crucial role during germination, providing cellular energy via oxidative
phosphorylation [175]. Studies performed in maize and rice demonstrated that respiration increases
rapidly during the first 24 h in seeds exposed to stratification conditions (dark, 4 ◦C) [176]. This is
due to the execution of a program where the components of the protein import machinery are already
present in undifferentiated promitochondrial structures to facilitate a rapid rate of mitochondrial
biogenesis after imbibition [177]. In rice, transcripts for two nuclear-encoded COX components
(OsCox5b-1 and OsCox5b-2) reached maximum levels after 24 h of imbibition, being COX activity
detected at 12 h post-imbibition [177]. In Arabidopsis, promitochondria are bioenergetically active
immediately upon hydration and respiration increases rapidly within the first hour if evaluated at
21 ◦C [178]. Law et al. [175] showed the existence of changes in mitochondrial number, size, and
morphology after 12 h of imbibition in continuous light and established a triphasic progression model
based on the expression profile of genes encoding functional proteins for mitochondrial biogenesis
during germination. First, there is an early increase of transcripts associated with nucleic acid
metabolism (DNA transcription and RNA editing/processing), followed by transcripts encoding
proteins associated with protein synthesis and import and, finally, transcripts encoding proteins of the
mitochondrial electron transport chain (mETC) [175–177]. Transcripts for components of the mETC
reach maximum levels during the transition between promitochondria and mature mitochondria,
characterized by a reduced biogenesis and an increase in the bioenergetic and metabolic function of
the organelle [175]. This model is in agreement with the data showed in Figure 2H where a clear
initial increment in transcripts for RNA processing and cofactor assembly/synthesis proteins can
be identified, in comparison with an opposite behavior for the mitochondrial transcripts, when the
expression is evaluated in imbibed seeds compared to dry seeds (Figure 2H). Beyond the transcriptional
data, there are several examples of Arabidopsis mutants affected in COX composition and activity that
exhibit problems and serious delays during the germinative phase [88,97]. In an extreme example,
cod1-1 an cod1-2 are mutants in an RNA editing factor that lack COX activity and are only able to
germinate if embryos from immature seeds are cultivated in a special medium [80] (see below, Table 2)

6.3. Vegetative Growth and Development

There are several examples portraying the connection between COX and plant growth
and development. Abnormalities or dysfunctions in COX composition and/or activity severely
impact on growth and development in Arabidopsis [79,81,82,87,89,98], maize [83] and
Physcomitrella patens [84,86,90]. Due to lower COX activity, plants exhibit smaller rosettes [73,92,97]
with altered rosette leaf shape [78,91], and root growth impairment [69,97]. The cod1 mutant, with
negligible COX activity, exhibits an anarchical slow-growing phenotype leading to a small bush-like
structure. Root development is also severely compromised and only sporadically plants are able to
produce flowers, with no viable pollen [80] (Table 2).

6.4. Senescence

Most mutants in proteins connected with COX activity exhibit delayed growth and development,
and this is usually connected to an extended life period [98]. As an opposite example, Arabidopsis
heterozygous mutants in AtCOX10, that possess defective respiration with lower levels of COX
activity, exhibit an early onset and an accelerated progression of natural senescence and dark-induced
senescence [17]. It was postulated that lower COX activity levels may cause a decrease in energy
availability, thus accelerating the use of reserves. Alternatively, dysfunctional COX assembly
intermediates may have deleterious effects on the natural progression of the plant developmental
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program [17]. Further studies, in which COX activity is specifically affected during plant senescence,
are required to evaluate the actual requirement of COX for this process.

7. Conclusions

COX biogenesis is a modular process controlled by finely regulated steps to assemble a functional
respiratory complex for the successful operation of the mETC. Expression of proteins encoded in
two genomes must be coordinated, including those responsible for COX catalytic activity, for the
synthesis and delivery of redox-active metal centers and prosthetic groups, for the assembly of subunits,
and for the multiple RNA processing events. COX has several plant-specific subunits and, while
mitochondria-encoded, catalytic-core subunits are extremely conserved, homologs of several yeast
and human nuclear-encoded subunits are missing in plants. In a similar way, COX biogenesis proteins
related to the assembly of the redox-active centers are conserved in plants, but other COX assembly
factors are not. Plant COX assembly factors also seem to have acquired novel functions, not directly
related to COX assembly. The presence of alternative isoforms of certain subunits suggests that
COX composition is finely regulated according to cell- and tissue-type, and plant developmental
stage. This may establish COX complexes with different properties, able to adjust COX function
to energy demands. In agreement with the connections between mitochondrial respiratory activity
and energy demands for growth, expression of COX components is regulated at the transcriptional
level by nutrients and the diurnal cycle. In addition, several energy-demanding processes, such
as embryogenesis and germination, also generate an increase in the expression of the majority of
COX-related genes. COX activity is also under hormonal control and there are several pieces of
evidence for possible regulation at the transcriptional and post-translational levels. A decrease in COX
activity produces strong alterations of plant growth and development, often leading to embryonic
lethality. This can be thought of as a double-check control mechanism, where hormones regulate COX
biogenesis and growth, and COX is directly connected to plant growth and development through its
activity. Finally, several COX assembly factors were recognized as stress-related proteins, acting in
response to abiotic and biotic stress in plants. As we previously speculated, COX assembly factors
or structural proteins may accumulate under stress to avoid or diminish ROS generation due to
dysfunctional COX and/or to actively replace damaged COX subunits. Much less is known about
COX biogenesis in plants than in yeast and mammals. Further work is needed to clarify the role and
significance of plant-specific subunits, to identify putative plant-specific COX assembly factors, to
unequivocally establish the interactions between the different proteins involved in COX biogenesis,
and to elucidate if the stress-related functions of several accessory proteins are related to COX activity
or more widely connected to retrograde signaling and other mitochondrial regulatory pathways.
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Abstract: For optimal plant growth, carbon and nitrogen availability needs to be tightly coordinated.
Mitochondrial perturbations related to a defect in complex I in the Arabidopsis thaliana frostbite1 (fro1)
mutant, carrying a point mutation in the 8-kD Fe-S subunit of NDUFS4 protein, alter aspects of
fundamental carbon metabolism, which is manifested as stunted growth. During nitrate nutrition,
fro1 plants showed a dominant sugar flux toward nitrogen assimilation and energy production,
whereas cellulose integration in the cell wall was restricted. However, when cultured on NH4

+ as the
sole nitrogen source, which typically induces developmental disorders in plants (i.e., the ammonium
toxicity syndrome), fro1 showed improved growth as compared to NO3

− nourishing. Higher energy
availability in fro1 plants was correlated with restored cell wall assembly during NH4

+ growth.
To determine the relationship between mitochondrial complex I disassembly and cell wall-related
processes, aspects of cell wall integrity and sugar and reactive oxygen species signaling were analyzed
in fro1 plants. The responses of fro1 plants to NH4

+ treatment were consistent with the inhibition of a
form of programmed cell death. Resistance of fro1 plants to NH4

+ toxicity coincided with an absence
of necrotic lesion in plant leaves.

Keywords: cell wall synthesis; complex I defect; frostbite1; mitochondrial mutant; NDUFS4; necrosis;
sugar catabolism; sugar signaling; programmed cell death; reactive oxygen species

1. Introduction

Plants are autotrophic organisms that use assimilated nitrogen and carbon for the biosynthesis
of proteins and other organic compounds in order to fulfil the developmental needs of their organs.
It must be noted that the assimilation of nitrogen is one of the most energy-consuming cellular processes
for plants. Indeed, the reduction of nitrate (NO3

−) to ammonium (NH4
+) and its incorporation into

amino acids consumes the equivalent of 12 ATP molecules [1,2]. Like all living organisms, plants require
energy (in the form of ATP) and reductants (mainly NADH and NADPH) for their maintenance. Plant
mitochondria carry out the final step of respiration to integrate sugar catabolism with ATP production.
Therefore, mitochondria drive metabolism throughout the cell, since they can regulate energy and
redox balance [3–5]. Furthermore, the central metabolic position of mitochondria, and their key roles
in bioenergetics, mean that they are ideally placed to act as sensors and integrators of the biochemical
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status of the cell. On the other hand, a close and active communication between mitochondria and
other organelles and the nucleus (retrograde signaling) exists to adjust correct metabolic function of
plants in response to different environmental conditions [6,7]. Additionally, a significant role in the
response of mitochondria to stress conditions has been proposed for reactive oxygen species (ROS),
which can be very effective signaling molecules [8,9]. Thus, mitochondrial retrograde signals can
mediate diverse developmental processes, from growth regulation to programmed cell death (PCD).

The classical mitochondrial electron-transport chain (mtETC) is composed of four respiratory
oxidoreductases (complexes I–IV), which couple redox energy recycling with ATP synthesis catalyzed
by the ATP synthase complex (complex V) [10]. The main entry point for electrons to the mtETC
is complex I, which functions as an NADH dehydrogenase. Complex I oxidizes matrix NADH,
which can be supplied primarily by the tricarboxylic acid (TCA) cycle, by glycine decarboxylation or
cytosolic NADH generated mainly during glycolysis and further shuttled into mitochondria by the
oxaloacetate (OAA)-malate valve. Loss of complex I activity in mutant plants lowers the efficiency
of oxidative phosphorylation by more than 30% [11]. Nevertheless, the activity of specific plant type
II dehydrogenases allows electrons from NAD(P)H to enter the mtETC, which enables mutants to
survive without a functional complex I [12,13]. Complex I, which is composed of many subunits, is the
largest transmembrane, proton-pumping complex in the mtETC. Mutations in any of these subunits
can severely hinder or even inhibit complex I assembly or activity. To date, only four mutants in
mitochondrially encoded subunits have been characterised—cytoplasmic male sterility in tobacco
(Nicotiana sylvestris), CMSII, [14–16], non-chromosomal stripe in maize (Zea mays), NCS2, [17,18],
mosaic phenotype (MSC16) in cucumber (Cucumis sativus) [19,20]. In addition, nuclear-gene encoded
mutants having defects in complex I have been identified in Arabidopsis, e.g., ndufs4 and ndufv1 [11,21].
Moreover, there are several Arabidopsis thaliana complex I mutants that are defective in other complex
I-connected subunits, including ca1ca2 [22] and atcib22 [23], or are connected to splicing factors such as
otp43 [24], css1 [25], nMat2 [26], rug3 [27], mterf15 [28], and bir6 [29], as well as an N. sylvestris mutant,
NMS1 [30,31]. In the last decade, several of these complex I mutants have been characterized (reviewed
by [32,33]).

All mutants with dysfunction or loss of complex I exhibit reorganized respiratory metabolism,
which may affect their redox and energy status. MSC16 plants showed lower NAD(P)H availability [34]
and lower respiratory rates, which resulted in lower ATP contents [20,35]. Similarly, the NMS1 and
NCS2 mutants showed reduced respiratory capacity but no data about their adenylate or nucleotide
status is available [17,31]. Even though ndufs4 showed normal respiratory capacity, the mutant
produced only limited amounts of ATP [11]. The exception is the CMSII mutant, which had a higher
content of adenylates and NAD(P)H [34,36], concomitantly with unchanged respiratory fluxes [16,29].
Overall, research using complex I mutants indicates that complex I defects in plants are compensated by
reorganization of respiration, although oxidative phosphorylation rates are not fully restored, and most
mutant plants are energy deficient. Because of their altered metabolic status, most complex I mutants
examined so far showed retarded growth and developmental disorders, in comparison to wild-type
(WT) plants. Moreover, a defect in the mtETC often correlates with the occurrence of oxidative
stress [11,36,37], and mitochondria were mainly highlighted in these mutants as a primary source
of the observed higher rates of ROS generation [37]. Furthermore, a reduced complex I abundance
was also found to affect mitochondrial biogenesis. Mutants plants were characterized by altered
mitochondrial transcription, translation, and showed altered protein uptake capacities [27,28,38,39].

Interestingly, many complex I mutants apparently have high tolerance to stress conditions.
In CMSII plants, higher tolerance to ozone and to the tobacco mosaic virus was detected [16,40–42].
The MSC16 mutant showed an increased resistance to chilling stress and high irradiance
conditions [35,38]. In NCS2 plants, improved tolerance to oxidative stress was observed, which limited
initiation of PCD [43,44]. In a study of several types of stress (drought, osmotic, chilling, freezing,
paraquat, NaCl, H2O2), ndufs4 mutant plants showed improved resistance to abiotic stress conditions
in comparison to the WT [11,45]. Similarly, the nMat22 mutant showed improved tolerance to
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ethanol treatment [23] and bir6 was resistant to salt and osmotic stress [29]. Another complex I
mutant was discovered by chance when looking for genes involved in stress signal transduction
in an ethyl methanesulfonate-mutagenized population under different stress conditions and was
named frostbite1 (fro1), because of its susceptibility to chilling temperatures [46]. It was shown that
fro1 plants had a single point mutation in the nuclear-encoded 18-kDa Fe–S subunit of complex I,
which concerned a G-to-A change at an intron–exon junction at the start codon resulting in missplicing
and a premature stop codon [46]. Consequently, the lack of NDUFS4 led to the disassembly of complex
I [47]. Moreover, the fro1 mutation reduced the expression of stress-inducible genes during chilling
conditions, which impaired cold acclimation, whereby mutants also became sensitive to other stress
factors like NaCl and osmotic stress [46]. In contrast to these responses, in our recent study, fro1 plants
showed improved resistance to ammonium nutrition [47].

Cultivation using NH4
+ as the sole nitrogen source for many plants, including Arabidopsis, leads to

severe toxicity symptoms known as the “ammonium syndrome” [48,49]. Ammonium regulates many
physiological processes, ranging from mitosis and cell elongation to senescence and death; hence,
ammonium availability may act as a major determinant of plant morphogenesis [50,51]. During
NH4

+ nutrition, nitrate reduction reactions catalyzed by nitrate reductase (NR) and nitrite reductase
(NiR) are bypassed, resulting in a surplus of reductants in the cytosol and chloroplasts. Therefore,
in terms of energy economy, NH4

+ would seem to be a better source of nitrogen for plants, as its
assimilation requires less energy than that for NO3

− [1,2]. However, plants cultured on NH4
+ as a sole

nitrogen source often exhibit serious growth disorders; still, despite many years of research concerning
this phenomenon, the cause is still not well understood [52,53]. Plant mitochondria are a source of
metabolites needed during NH4

+ assimilation, particularly the TCA cycle, which is the origin of the
necessary 2-oxoglutarate (2-OG) for amino acid synthesis [2,52,54]. Elevated activity of the TCA cycle
during NH4

+ nutrition increases mitochondrial matrix NADH production, which must be oxidized by
the mtETC [55,56]. Therefore, ammonium nutrition may primarily affect plant mitochondria, since the
increased load of redox equivalents to the mtETC and the consequent high respiratory capacity leads
to elevated ROS levels in mitochondria [57].

Furthermore, use of the fro1 mutant revealed that the combined effect of an impairment of
complex I and NH4

+ treatment not only affects mitochondrial functioning in plants, but also changes
their extracellular metabolism [47]. It is known that higher cell wall stiffness in response to NH4

+

nutrition, resulting from altered cell wall modifying enzyme activities, can restrict expansion growth
of plant cells [58]. Thus, the aim of this study was to investigate the interplay between mitochondrial
functioning and cell wall-related processes in response to NH4

+ nutrition. To understand changes in
the growth rate of fro1 when cultured on NH4

+, properties of cell walls and sugar metabolism were
examined. Moreover, the role of plant mitochondria in retrograde signalling and PCD was analyzed.

2. Results

2.1. Characterization of fro1 Plants Cultured on Different Nitrogen Sources

The consequences of limited ability to oxidize cellular oxidants in mutants carrying a point
mutation in NDUFS4 (AT5G67590), affecting complex I assembly—frostbite1 [46,47], on plant growth
was observed under NH4

+ and NO3
− (control) nutrition. During NO3

− assimilation, fro1 plants
showed strong growth retardation, compared to WT plants (Arabidopsis thaliana, ecotype C24) (Figure 1).
However, under NH4

+ nutrition fro1 plants grew overall bigger rosettes than the same plants cultured
in NO3

− conditions, while WT plants displayed growth inhibition in response to the NH4
+ treatment

(Figure 1) (similarly to a previous report by [47]).
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Figure 1. Phenotype of frostbite1 (fro1) or wild-type (WT) Arabidopsis ecotype C24 plants cultured
hydroponically for 8 weeks on nutrient medium containing either 5 mM nitrate (NO3

−) or 5 mM
ammonium (NH4

+) as the only nitrogen source.

2.2. Sugar Metabolism in fro1

We investigated whether the changes brought about by disabled function of mtETC in fro1 are
connected to changes in sugar metabolism. Fro1 plants showed higher sucrose (Suc) and glucose
(Glc) contents in leaf tissue when cultured on NO3

−-containing medium as compared to WT plants.
In contrast, growth on ammonium led to an increase in soluble sugar content in WT but not in fro1
plants (Figure 2A,B). Hexokinase (HXK) activity was almost 3 times higher in fro1 than in WT plants
grown under NO3

− conditions. On the other hand, it remained unchanged in WT plants under NH4
+

treatment, while it decreased in fro1, although it was still higher than in WT plants (Figure 2C). Protein
level of UDP-Glc pyrophosphorylase (UGPase) was not statistically different between fro1 and WT
under control growth conditions but increased significantly more in fro1 as compared to WT plants
under NH4

+ treatment (Figure 2D and Figure S1).

Figure 2. Cont.
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Figure 2. Polysaccharide metabolism in leaves of frostbite1 (fro1) or wild-type (WT) Arabidopsis
ecotype C24 plants cultured on NH4

+ and NO3
− as the only nitrogen source. (A) Content of glucose

(Glc) and (B) Sucrose (Suc); (C) activity of hexokinase (HXK); (D) protein level of UDP-glucose
pyrophosphorylase (UGPase) in leaf tissue extracts. Representative blot is shown. Values are the mean
± standard deviation (SD) of three biological and two technical replicates. Means with different letters
are significantly different (p < 0.05) by ANOVA followed by Tukey’s test.

2.3. Analysis of Cell Size and Cell Wall Design in fro1

Cell wall in palisade cells was visualized using Calcofluor White staining (Figure 3A). As observed
for changes in rosette size, fro1 showed a smaller cell size under NO3

− nutrition than WT plants,
as determined by the cross-sectional area of individual cells. Surprisingly, the cell area of fro1 plants
remained unchanged under NH4

+ nutrition, while in WT plants it decreased by 35% (Figure 3B).
To better understand the growth rate of fro1 plants when cultured on NH4

+, we analyzed cell wall
properties. Cell wall thickness exhibited a similar trend as cell size (Figure 3C). However, the ratio of
cell area to cell wall thickness was 40% higher in NO3

−-treated fro1 plants than in WT (Figure 3D).
Ammonium nutrition led to its decrease only in WT plants, while in fro1, it was maintained at a similar
level as under NO3

− nutrition (Figure 3D). Further, the correlation of cell wall assembly and cell wall
sensing receptor-like kinases was determined [59]. Expression of Feronia (FER, AT3G51550), which is
thought to be associated with cell wall-dependent regulation of cell elongation, was lower in fro1 than
in WT plants, while NH4

+ treatment lowered the expression in both genotypes significantly (Figure 3E).
The expression of Thesseus1 (THE1, AT5G54380), a cell wall integrity sensor-kinase, was similar in
fro1, as compared to WT plants under NO3

− nutrition, but it decreased about 70% during the NH4
+

growth-regime in both genotypes (Figure 3F).
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Figure 3. Cell wall characterization of leaf cells of frostbite1 (fro1) or wild-type (WT) Arabidopsis ecotype
C24 plants cultured on NH4

+ and NO3
− as the only nitrogen source. (A) Cell wall visualization of

individual palisade cells by Calcofluor White staining in CLSM (representative images are shown;
scale bar = 20 μm); (B) cross-sectional cell area measured from 8 independent biological replicates;
(C) cell wall thickness calculated from 10 independent images; (D) ratio of cell area to cell wall thickness;
(E) transcript levels for Feronia (FER) and (F) Thesseus1 (THE1) determined from three biological and
two technical replicates. Values are the mean ± standard deviation (SD). Means with different letters
are significantly different (p < 0.05) by ANOVA followed by Tukey’s test.

2.4. Cell Wall Composition in fro1

The analysis of cell wall building components showed decreased cellulose incorporation in cell
walls of fro1, compared to WT plants during NO3

− feeding (Figure 4A). However, NH4
+ nutrition

did not affect the cellulose content in fro1 in contrast to WT plants, which exhibited a decrease in
its level (Figure 4A). To explain those differences between genotypes, the expression of selected
cellulose synthase (CesA) genes was examined. The genes CesA1 (AT4G32410), CesA3 (AT5G05170),
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and CesA6 (AT5G64740) are specifically involved in cellulose synthesis during primary wall formation,
while CesA4 (AT5G44030), CesA7 (AT5G17420), and CesA8 (AT4G18780) are involved in cellulose
synthesis during secondary cell wall assembly [60]. The expression of all analyzed genes associated
with cellulose synthesis in primary cell walls exhibited a similar pattern. CesA1, CesA3, and CesA6
relative transcript level was about 50% lower in fro1 than in WT plants under NO3

− nutrition; further,
the treatment of plants with NH4

+ led to decreases (by approx. 50%) in expression of these genes
in both genotypes (Figure 4B–D). Transcript level of CesA4 and CesA7 was similar in fro1 plants,
while CesA8 was about 60% lower than in WT plants during NO3

− nutrition (Figure 4E–G). All genes
were down-regulated in WT plants in response to NH4

+ nutrition, in contrast to NH4
+-treated fro1,

in which their expression was up-regulated, except for the gene CesA4 whose expression remained
similar to that under NO3

− growth conditions (Figure 4B–D).

Figure 4. Cellulose metasbolism in leaves of frostbite1 (fro1) or wild-type (WT) Arabidopsis ecotype C24
plants cultured on NH4

+ and NO3
− as the only nitrogen source. (A) Cellulose levels measured in

dried cell walls. Transcript level for (B) cellulose synthase (Ces) A1, (C) CesA3, (D) CesA6, (E) CesA4,
(F) CesA7, (G) CesA8. Values are the mean ± standard deviation (SD) of three biological and two
technical replicates. Means with different letters are significantly different (p < 0.05) by ANOVA
followed by Tukey’s test.
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Lignin, a highly cross-linked polymer, is formed to support the structure of the secondary cell
wall in plants. The content of lignin in cell walls was similar in fro1 and WT plants. Ammonium
nutrition lowered lignification of cell walls in fro1 plants but it did not influence lignin level in WT
plants (Figure 5A). As lignin is composed of phenolic polymers, we analyzed total content of phenolics
in the cell wall, and found it was higher in fro1, compared to WT plants under NO3

− nutrition.
Ammonium nutrition caused further increase in phenolic levels in plants (Figure 5B). Primary genes
involved in lignin biosynthesis are cinnamyl alcohol dehydrogenase genes (CAD) CAD1 (AT1G72680),
CAD4 (AT3G19450), and CAD5 (AT4G34230) [61]. The fro1 mutant did not show significant changes in
the expression of any of the analyzed CAD genes as compared to WT under the NO3

− growth regime
(Figure 6C–E). In response to NH4

+ nutrition, CAD4 expression was inhibited by more than 50% in
both genotypes, while CAD1 and CAD5 was up-regulated only in fro1 plants (Figure 5C–E). Further,
we analyzed the expression patterns of cell wall peroxidases (POX) related to cell wall lignification.
The transcript level of POX64 (AT5G42180) and POX72 (AT5G66390) was unchanged between fro1 and
WT plants during NO3

− nutrition, but it showed an increase in fro1 in response to NH4
+ treatment

(Figure 5F,G).

Figure 5. Lignin metabolism in leaves of frostbite1 (fro1) or wild-type (WT) Arabidopsis ecotype C24
plants cultured on NH4

+ and NO3
− as the only nitrogen source. (A) Lignin and (B) phenolic content

in cell walls. Transcript level for (C) cinnamyl alcohol dehydrogenase (CAD) 1, (D) CAD4, (E) CAD5,
and peroxidases (POX) related to cell wall lignification: (F) POX64 and (G) POX72. Values are the
mean ± standard deviation (SD) of three biological and two technical replicates. Means with different
letters are significantly different (p < 0.05) by ANOVA followed by Tukey’s test.
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2.5. Analysis of Programmed Cell Death Markers in fro1

Visual examination of leaf blades of fro1 or WT plants revealed the N source-dependent presence
of lesions. In WT plants, ammonium caused emergence of few lesions. Conversely, in the case of
fro1 plants, lesions appeared in NO3

−-supplied mutants and were absent in NH4
+-treated plants

(Figure 6A and Figure S3). Furthermore, trypan blue staining of leaves was performed to specifically
indicate necrotic areas. Characteristic blue spot appearance on leaves revealed strong development of
necrotic areas on leaves of fro1 when grown on NO3

− (Figure 6B and Figure S4), while NH4
+ nutrition

induced the occurrence of some necrotic areas in WT plants, which could mostly not be identified in
NH4

+-grown fro1.

 
 
 
 

 

 

 

 

Figure 6. Visualization of lesions on leaves of frostbite1 (fro1) or wild-type (WT) Arabidopsis ecotype C24
plants cultured on NH4

+ and NO3
− as the only nitrogen source. (A) Appearance of necrosis on leaf

blades indicated by arrows and (B) necrosis stained with trypan blue. Representative leaf blades from
three independent plant cultures are shown. Means with different letters are significantly different
(p < 0.05) by ANOVA followed by Tukey’s test.
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The marker gene for PCD called Kiss-of-death (KOD) [62] showed a lower expression in fro1
plants under NO3

− nutrition and was up-regulated by NH4
+ treatment in both genotypes (Figure 7A).

At the same time, down-regulation of expression of Bax inhibitor 1 (BI-1) (AT5G47120) under NH4
+

nutrition was observed in both genotypes. The expression of BI-1 was not changed in response to
mtETC dysfunction (Figure 7B). Expression of the autophagy-related gene ATG5 was induced in fro1
during NO3

− nutrition as compared to WT. While the expression was unchanged in response to the
NH4

+ treatment in WT plants, in fro1 the transcript level was approximately 60% lower (Figure 7D).
Additionally, fro1 plants showed 50% higher cytochrome c (cyt c) levels than WT under NO3

−

conditions. Similar to previous observations in WT Arabidopsis thaliana [63], NH4
+ nutrition led

to approximately 70% higher cyt c level. The NH4
+ treatment had no influence on cyt c level in fro1

plants in our experiments (Figure 7C and Figure S2).

Figure 7. Programmed cell death markers in frostbite1 (fro1) or wild-type (WT) Arabidopsis ecotype C24
plants cultured on NH4

+ and NO3
− as the only nitrogen source. Transcript levels for (A) Kiss-of-death

(KOD); (B) Bax inhibitor 1 (BI-1) genes; (C) Cytochrome c (cyt c) protein level in isolated mitochondria
and (D) transcript level for autophagy 5 (ATG5) gene. Values are the mean ± standard deviation (SD)
of three biological and two technical replicates. Means with different letters are significantly different
(p < 0.05) by ANOVA followed by Tukey’s test. Representative blot is shown.

2.6. Reactive Oxygen Species Localization in fro1

Hydrogen peroxide (H2O2) levels in plant tissues were visualized in situ via 3,3′-diaminobenzidine
(DAB) staining. Brownish yellow color development in leaves of fro1 was slightly more intense than in
WT when grown on NO3

− as nitrogen source (Figure 8A). WT plants showed stronger coloration under
NH4

+ treatment, but fro1 developed the most intense staining among all the analyzed leaves. The acute
staining intensity implies that these plants had the highest H2O2 level in leaf tissues. Analysis of the
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presence of H2O2 in leaf tissues by DAB staining was performed simultaneously with a respiratory
burst oxidase homolog (RBOH) and POX inhibitor diphenylene iodonium chloride (DPI) to eliminate
apoplastic-generated ROS contents during the staining procedure. Color development in fro1 leaves
incubated with DPI was less intense than in WT plants under NO3

− nutrition (Figure 8A). On the
other hand, under NH4

+ nutrition, DAB staining in DPI-treated WT plants showed slightly reduced
coloring, while the least coloration by DPI treatment was found in fro1. The difference in DAB staining
with and without DPI enables the estimation of the amount of ROS accumulated in the apoplastic
space. Results indicated that significant H2O2 accumulation in the apoplast was associated with NH4

+

treatment, especially in fro1 leaf cells (Figure 8A).
Next, we examined the expression of genes related to extracellular ROS metabolism.

The expression of peroxidase 33 (POX33, AT3G49110), one of the POXs responsible for apoplastic
ROS production, was slightly down-regulated in fro1 plants, as compared to NO3

−-treated WT plants.
Ammonium nutrition induced POX33 expression only in fro1 plants (Figure 8B). Further, transcript
level of oxidation-related zinc finger 1 (OZF1, AT2G19810), a plasma membrane protein involved
in oxidative stress [64], was lower in fro1 plants compared to WT under NO3

− treatment, but was
stimulated in both genotypes under NH4

+ supply (Figure 8C).

Figure 8. Extracellular ROS metabolism in frostbite1 (fro1) or wild-type (WT) Arabidopsis ecotype
C24 plants cultured on NH4

+ and NO3
− as the only nitrogen source. (A) Visualization of leaf H2O2

content by 3,3-diaminobenzidine (DAB) staining in the presence or without diphenylene iodonium
chloride (DPI). Representative results are shown. Transcript level for (B) peroxidase 33 (POX33) and
(C) oxidation-related zinc finger 1 (OZF1). Values are the mean ± standard deviation (SD) of three
biological and two technical replicates. Means with different letters are significantly different (p < 0.05)
by ANOVA followed by Tukey’s test.
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2.7. Changes in Mitochondria-Related Signaling in fro1

We determined transcript levels for marker genes of sugar signaling and retrograde signaling.
First, we analyzed the expression of hexokinase 1 (HXK1), which is associated with the mitochondria,
acts as a sugar sensor, and may regulate Glc-dependent gene expression [65]. Expression of HXK1 in
fro1 mutants was similar to that in NO3

−-supplied WT plants, regardless of the nitrogen source on
which the mutants were grown (Figure 9A). Transcript level of HXK1 decreased in WT plants when
grown on NH4

+. The expression of sucrose non-fermenting 1–related kinase 1 (SnRK1.1, AT3G01090),
involved in sugar signaling pathways that responds to the availability of carbohydrates [66] was lower
in fro1 plants compared to WT under NO3

− conditions. Ammonium nutrition led to a decrease in
SnRK1.1 transcript level in both genotypes (Figure 9B).

Figure 9. Marker genes for sugar signaling in frostbite1 (fro1) or wild-type (WT) Arabidopsis ecotype C24
plants cultured on NH4

+ and NO3
− as the only nitrogen source. (A) Transcript levels for hexokinase 1

(HXK1) and (B) sucrose non-fermenting 1–related kinase 1 (SnRK1.1). Values are the mean ± standard
deviation (SD) of three biological and two technical replicates. Means with different letters are
significantly different (p < 0.05) by ANOVA followed by Tukey’s test.

3. Discussion

A major challenge for complex I mutant plants is to retain high energy levels required for
maintenance and biosynthetic reactions. Accordingly, the complex I defect in fro1 is associated with
decreased biomass production in plants (Figure 1). In order to prevent the stunted growth phenotype,
fro1 plants strive to maintain constantly high ATP levels. In this regard, altered sugar catabolism
might, to some extent, counteract the energy deficiency. The higher Suc and Glc (Figure 2A,B) contents
in fro1 plants may be used to produce energy in substrate-level phosphorylation, which confirms,
for example, increased HXK activity (Figure 2C). In addition, NAD(P)H produced in the glycolytic
pathway is channeled toward up-regulated type II dehydrogenases [47] to generate ATP in oxidative
phosphorylation. Nevertheless, the lower ratio of ATP to ADP in fro1 plants indicates that these plants
cannot fully restore the energy-deficient status of cells [47].

3.1. Sugar Availability under Ammonium Nutrition May Limit Cell Wall Synthesis in WT but not in fro1
Plants

Sugars are not only the ultimate source of energy and carbon skeletons for intracellular
biomolecules but also provide the material used by plants to produce cell walls. While the plant cell is
growing, an extensible primary cell wall is formed, the layers of which consist of cellulose microfibrils
embedded in a matrix of cross-linked carbohydrates (hemicelluloses and pectin). Among the wall
polysaccharides, cellulose, a polymer derived from β-1,4-linked Glc units, is the main load-bearing
wall component [67,68]. The high input of sugars related to the energy-conserving phase in fro1 plants
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might limit sugar availability for cell wall synthesis (Figure 10). In the present study, we detected
lower cellulose synthase gene expression and decreased cellulose content in fro1 plants, in particular,
the expression of CesA1, CesA3, and CesA6 (Figure 4B–D), which have been proposed to be connected
with primary cell wall biosynthesis [60,69]. Similarly, as observed by Lee [46], the low incorporation
of cellulose results in the generally thinner cell walls of these mutants (Figure 3C). Disturbed cell
wall assembly might be a universal response in mitochondrial complex I mutants. In a proteomics
study—an analysis of the functional context of altered proteins in the ca1ca2 mutant line with impaired
complex I—a major cell wall response was observed, although carbohydrate metabolism was affected
to a lesser extent [22]. Alterations in sugar content have also been detected in another complex I mutant,
css1, which was further characterized because of its lower cellulose synthesis [25]. Dysfunctional
mitochondria of the css1 mutant were proposed to compete with cell wall synthesis reactions for
carbon, highlighting the branched pathways at the level of sucrose synthase (SuSy). UGPase and
SuSy are involved in the synthesis of UDP-Glc in source tissues for cellulose production, and an
unchanged UGPase protein level in fro1 plants (Figure 2D) prevented restoration of the low cellulose
synthesis in these mutants. It should be noted that UGPases have a dual function and might also
promote the accumulation of free cytosolic UDP-Glc [70], and thus sugar breakdown instead of cell
wall synthesis might be favored in fro1 plants. In general, a high cell area to cell wall thickness ratio
(Figure 3D) indicates that the cell walls in fro1 plants might be weakened due to higher sugar flux
towards catabolism. In fro1 plants, NH4

+ nutrition has the opposite effect on cell wall plasticity
compared with that observed under control conditions, that is, WT plants have a lower cell area to cell
wall thickness ratio in response to NH4

+ supply (Figure 3D). This is because NH4
+-grown plants are

characterized by smaller cells (Figure 3A,B), and therefore the thin cell walls are relatively stronger
compared to those of the small cells. In Arabidopsis thaliana, NH4

+ nutrition has been found to increase
cell wall firmness [58]. Despite a lower total cellulose content and CesA expression in WT plants during
NH4

+ nutrition (Figure 4), the cell wall thickness is not appreciably decreased as in fro1 plants by the
inactivation of complex I (Figure 3C). Substrate availability in the form of Suc and Glc, together with
higher UGPase engagements (Figure 2A,B,D), might maintain cell wall synthesis at a level sufficient
for small cells to grow. It can be assumed that NH4

+-based changes in carbohydrate metabolism might
compensate for the weak cell walls in fro1 plants, thereby promoting better growth of these plants
in the presence of NH4

+. Therefore, in NH4
+-grown fro1 plants, a large proportion of soluble sugar

(Glc and Suc, Figure 2A,B) might not be channeled to energy-producing processes (since HXK activity
is decreased, Figure 2C), but rather toward cellulose synthesis due to higher UGPase engagement
(Figure 2D). Consequently, in contrast to WT plants, the thickness of cell walls in fro1 plants is not
decreased in response to NH4

+ nutrition (Figure 3C).
On completion of expansion, the structure of plant cells need to be strengthened, which is

facilitated by the generation of a secondary cell wall that is mainly composed of cellulose,
hemicelluloses, and lignin. The expression of CesA4, CesA7, and CesA8, which are genes associated with
cellulose synthesis for secondary cell wall formation [71,72], were induced in fro1 plants when grown
on NH4

+ and might be associated with a mechanism that compensates for the low cellulose deposition
in these plants (Figure 4E–G). Plant growth is generally not directly related to cellulose availability but
might be limited to some degree by cell wall rigidification. In the process of lignification, phenolic
polymers are cross-linked to provide mechanical strength as a defense against different environmental
stress conditions. In this regard, POXs have been found to catalyze the polymerization of a wide
variety of small phenolic compounds [73]. For example, the cell wall-localized POX64 and POX72
isoforms have been shown to participate in this process [74,75], and we found that the expression of
these two genes was increased in NH4

+-grown fro1 plants (Figure 5). Consistent with the previously
observed higher expression of major CAD isoforms related to phenolic synthesis [76], we found
that the expression of CAD1 and CAD5 was correlated with higher phenolic resources in cell walls
(Figure 5C,E). Interestingly, despite higher substrate availability for lignification in NH4

+-grown fro1
plants, these plants had lower contents of lignin (Figure 5A) and showed lower POX activity [47].
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Therefore, we did not expect the stiffening of the cell walls in fro1 plants when treated with NH4
+,

which may therefore favor cell expansion. It should also be noted that POX activity might be involved
not only in cell wall stiffening but also in contrasting processes such as cell wall loosening. In the
hydroxylic cycle, POX can produce HO− from the superoxide anion and hydrogen peroxide [77,78].
In response to NH4

+ treatment, the selected POX33 isoform showed an increased expression in fro1
plants (Figure 8B), indicating that POX may play a role in non-enzymatic cell wall loosening, thereby
enabling growth. Cvetkowska et al. [8] have proposed a relationship between defective mitochondrial
functioning and processes occurring in the extracellular space associated with ROS-triggered signaling.
Consistent with this supposition, we detected higher H2O2 levels in fro1 plants, primarily within the
apoplast (Figure 8A). The apoplastic ROS pool was even increased in fro1 plants when grown on
NH4

+ (Figure 8A). A ROS-related response associated with the plasmalemma was also indicated by
the induced expression of the marker gene OZF1 in response to NH4

+ in both fro1 and WT plants
(Figure 8C). Thus, we speculate that the ROS burst in the apoplastic space in response to NH4

+ might
activate signaling events [79,80].

Figure 10. Carbohydrate metabolism in frostbite1 (fro1) mutants lacking complex I (CI), when cultured
on NH4

+ or NO3
− as the sole nitrogen source. Sucrose, the major fixed carbon in plants, is channeled

toward sugar catabolism via hexokinase (HXK) activity to generate hexose-phosphates (Hexose-P).
Further, the glycolytic or pentose phosphate (PP) pathways provide reductants that can be oxidized in
the mitochondrial electron transport chain (mtETC) to produce ATP. Alternatively to dissipation of
reductants in the mtETC, high NAD(P)H expenditure is necessary for NO3

− assimilation catalyzed
by nitrate reductase (NR). As indicated by grey arrows both energy fluxes are required to maintain
the growth of fro1 plants on NO3

−. In contrast, when fro1 is grown on NH4
+, the reaction catalyzed

by NR is omitted, resulting in a surplus of reductants. Therefore, the lower energy flux towards
energy synthesis in fro1 during NH4

+ nutrition, allows sugars to be available for cell wall synthesis
indicated as green arrow. Cytosolic sugars can provide a substrate for sucrose synthase (SuSy) or
UDP-glucose phosphorylase (UGPase) to produce UDP-Glc, which is a precursor for cellulose synthesis.
The cellulose synthetizing complex at the plasma membrane (containing cellulose synthase subunits,
CesA) is responsible for the incorporation of carbohydrates into the cell wall.
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The plant cell wall is an active structure that can respond to environmental cues, integrate
signaling pathways, and regulate cell physiology and growth [81,82]. Perception of the integrity of cell
wall cellulose can be ensured by dedicated cell wall sensor receptors such as kinases [83–85]. Cell wall
remodeling in response to either NH4

+ nutrition or a defect in complex I is reflected in the decreased
expression of FER and THE1 (Figure 3E,F). However, the effect of both sources of stress is to trigger
a strong down-regulation of FER in fro1 plants when grown on NH4

+. Although FER is essential
for expansion growth of cells, the biomass production of fro1 plants is increased when cultivated on
NH4

+ (Figure 1). Mitochondrial dysfunction can in some cases induce tolerance against cellulose
deficiency. In this regard, it has previously been shown that suppressed mitochondrial PPR-like
protein induces retrograde signaling, resulting in a resistance to cellulose synthesis inhibition [86].
Accordingly, mutants can reconstruct weak cell walls and overcome growth suppression.

3.2. Fro1 Does not Show Significant Differences in the Pattern of Sugar Signaling

Sugars are probably the most important metabolites in the energy economy of living cells,
and therefore cells need to have a precise system for monitoring sugar levels. Signalling pathways
for sucrose, glucose, trehalose-6-phosphate, and fructose have previously been described [87–89].
HXK1 plays a dual role in cell metabolism, in addition to its enzymatic function of promoting hexose
phosphorylation in glycolytic pathway, it can also act as a sugar sensor. Although Arabidopsis HXK1 is
mostly associated with mitochondrial membranes, it is also expressed in the nucleus [87], where it
forms a complex with specific subunits of other proteins and modulates the transcription of target
genes. The expression level of HXK1 has been demonstrated to be positively correlated with sensitivity
to Glc [90–92]. In the present study, we found that expression of the HXK1 gene in WT plants was
decreased in response to NH4

+ (Figure 9A). A lower expression of HXK1 may be a mechanism
whereby WT plants grown on NH4

+ show a reduced sensitivity to increased levels of Glc. Additionally,
it should be noted that HXK1-dependent Glc sensing is modulated by nitrogen availability [91] and
in ammonium-stressed plants, nitrogen content is substantially increased (results not published).
Although HXK activity in leaves of WT plants was not altered under NH4

+ nutrition, it was relatively
high in fro1 plants under both growth conditions (Figure 2C). The energy metabolism of fro1 plants
depends largely on substrate-level phosphorylation, and this necessitates an up-regulated glycolytic
flux in these plants. Indeed, HXK activity (Figure 2C) and soluble sugar content were increased
(Figure 2A,B) in fro1 plants. Furthermore, HXK1 transcript levels remained unchanged and were at
similar levels to those in NO3

−-grown WT plants (Figure 9A), therefore the regulatory role of HXK1 in
plants with dysfunction of the mtETC remains elusive.

The second well-described protein involved in sugar sensing in plant cells is the SnRK1 complex.
This complex has kinase activity and is assumed to be regulated by sugar availability. However,
recently, SnRK1.1 has been recognized as playing a role in sugar-signaling, hub-regulating metabolism
in response to changes in cellular energy status [93,94]. Among SnRK1-activated (and sugar-repressed)
genes are those associated with catabolic pathways (cell wall, starch, Suc, amino acids, and protein
degradation), which provide substrates for generating energy [95–97]. According to Baena et al. [95],
SnRK1 senses stress-associated energy deprivation and reprograms metabolism to restore homeostasis
and promote plant stress tolerance. SnRK1.1 (also referred to as KIN10) is one of the catalytic subunits of
the heterotrimeric SnRK1 complex in plants [98]. Surprisingly, we found that SnRK1.1 transcript levels
appear to decrease in response to NH4

+ stress and mitochondrial complex I dysfunction (Figure 9B)
when there is a cellular energy deficit [47]. Furthermore, SnRK1 activity was recently shown to be
redox state-dependent [99]. Since the redox state of Arabidopsis leaf cells is increased in response to
both mtETC dysfunction and NH4

+ nutrition [47,57], we cannot exclude the possibility that this may
induce SnRK1 activity despite lower transcript/protein levels.

172



Int. J. Mol. Sci. 2018, 19, 2206

3.3. Ammonium Nutrition Mitigates PCD Occurrence in fro1 Plants

Abiotic stress signaling or the energy status of cells can activate processes leading to PCD in
plant cells. KOD [62] induces depolarization of the mitochondrial membrane, and constitutes an early
step in plant PCD. Simultaneously, KOD-promoted PCD can be suppressed by the highly conserved
survival factor BI-1 which can delay the onset of PCD upon stress signaling [100,101]. Besides, a direct
link between HXK1 activity and PCD has been proposed [91]. HXK1 inhibits PCD via binding to the
voltage-dependent anion channel (VDAC) in plant mitochondrial membranes and inhibiting cyt c
translocation from mitochondria in response to cellular stress [65]. In fro1 plants, cyt c level was higher
than in WT plants, (Figure 7C) however, a lower KOD transcript level and no changes in HXK1 and BI-1
expression (Figure 7A,B and Figure 9A) indicate that cell death in fro1 plants under nitrate conditions
(Figure 6) appears to be induced by other stimuli than the analysed genes. On the other hand, NH4

+

nutrition has the opposite trend on marker gene expression, which correlates with unchanged cyt c
abundance and the lack of lesion development (Figures 6 and 7). Distinct differences in the molecular
responses at the transcript and protein levels of fro1 plants indicate that multiple pathways may be
involved in mediating the progression or inhibition of PCD due to functional changes in mtETC or
varying nitrogen supply.

Recently, Van Doorn [102] postulated the occurrence of two morphological classes of PCD: necrosis
and vacuolar cell death. Necrosis is typically found under conditions of abiotic stress. Although
necrosis is no longer considered to be an un-programmed process, it remains poorly characterized
at the biochemical and genetic levels, and yet no associated molecular markers have been identified.
Mitochondrial changes related to necrotic cell death include respiratory decline, the production of ROS,
a decrease in ATP levels, and mitochondrial membrane permeabilization, most of which have been
observed in fro1 mitochondria [47]. Autophagy is an intracellular process involved in the vacuolar
degradation of cytoplasmic components, and although it has yet to be determined whether autophagic
pathways are required for the progression of vacuolar cell death, ATG5, one of the ATG genes that
are essential for autophagosome formation, has recently been found to be involved in developmental
vacuolar cell death of Arabidopsis [103]. In the present study, the induced expression of ATG5 in fro1
plants (Figure 7D) may thus indicate that lesions emerging on the leaf blades of fro1 plants under NO3

−

nutrition (Figure 6A) have the vacuolar cell death origin. Moreover, the decreased expression of ATG5
which correlates with lack of lesions and fewer areas of dead cells in the leaf blades of NH4

+-grown
fro1 plants, compared with those in plants grown under NO3

− nutrition (Figure 6), indicates that two
different mechanisms underlie the responses of fro1 plants to the nitrogen status. However, since the
plants used in our experiments were long-term grown and PCD is a rapidly developing process, it is
not possible to distinguish the exact morphological symptoms characteristic of both types of PCD.

4. Materials and Methods

4.1. Plant Material and Growth Conditions

Experiments were performed on Arabidopsis thaliana plants of ecotype C24 (WT) and frostbite1
mutants, which were derived through chemical mutagenesis as described by Lee et al. [46].
Plants were grown hydroponically using an Araponics system (Liège, Belgium) as described in
Podgórska et al. [47]. The nutrient medium (according to [104]), containing 5 mM NO3

− or 5 mM
NH4

+ as nitrogen source was renewed twice a week. NO3
−-treated WT plants were used as controls.

Plants were grown for 8 weeks until they reached growth stage 5.10 according to [105]. The culture
was conducted under an 8 h photoperiod at 150 μmol m−2 s−1 photosynthetically active radiation
(PAR, daylight and warm white 1:1, LF-40W, Piła, Poland), day/night temperature of 21 ◦C/18 ◦C,
and approximately 70% relative humidity.
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4.2. Phenotype Analysis

Representative rosettes were photographed. Plant leaves were stained with 0.5 mg/mL Calcofluor
White (Sigma Aldrich, Darmstadt, Germany) as previously described in Podgórska et al. [58].
The cross-section area of cells were determined using the Nikon A1R MP confocal laser scanning
microscope (Nikon, Tokyo, Japan). Eight to 10 plants analyzed from each variant were randomly
selected from 3 independent plant cultures. Cell size was calculated on micrographs using the
Nis-Elements 3.22 imaging software (Nikon). The thickness of the cell walls was measured on
micrographs obtained by transmission electron microscopy (TEM) (as previously described by [47])
according to Podgórska et al. [58]. The thickness of a double layer of cell walls was measured using
the Image Processing and Analysis in Java software (ImageJ, v.1.51f, https://imagej.nih.gov/ij/).

4.3. Lesions Identification

Selected leaves were photographed using a binocular to show lesion spots. The occurrence of
spots on leaves was counted. The precise location of necrosis within leaf blades was analyzed using
trypan blue staining [106]. The trypan blue solution was composed of 10% phenol, 10% glycerol,
10% lactic acid in 60% ethanol and 0.02% trypan blue [107]. Whole leaves were immersed in the trypan
blue solution for 5 min at 35 ◦C; next, leaves were cleared with a distaining solution (40% methanol,
10% acetic acid, 10% glycerol) at 60 ◦C, and photographed. The staining intensity of trypan blue on
leaves was quantified using ImageJ software.

4.4. Cell Wall Preparations, Cellulose, Lignin, and Phenol Content Assay

Cell walls were prepared from around 2 g of frozen leaf tissue as described by Solecka et al. [108].
The resulting precipitate containing the cell wall was air dried and used for cellulose and lignin
determination. Cellulose content was measured via the colorimetric Anthrone protocol according to
Updegraff [109]. Lignin content was determined by the acetyl bromide method [110] as described
in Hatfield et al. [111]. The amount of phenolics bound to cell walls was measured using a method
described in Forrest and Bendall [112], as described earlier in Solecka et al. [113]. Phenolics were
released from the cell wall preparations by alkaline hydrolysis and their content was determined
spectrophotometrically using the Folin reagent.

4.5. Determination of Sugars and Protein Level

Soluble sugars were extracted as described in Szal et al. [114]. Glucose content was determined by
the glucose oxidase-peroxidase reaction [115]. Sucrose concentration was determined after degradation
to Glc and fructose. Protein level was measured as described by Bradford [116] using BSA as a standard.

4.6. Enzyme Activity Measurement and Protein Level Determination

Hexokinase activity was assayed according to the method described in Huber and Akazawa [117].
Protein extracts for enzyme activity determination and Western-blotting were prepared from 100 mg
of leaf tissue which was homogenized with 2.5 volumes of extraction buffers.

Cytochrome c level determination in mitochondrial samples was done as described in Borysiuk
et al. [63] and resulting bands were normalized on the basis of the mitochondrial marker protein
voltage-dependent anion-selective channel protein 1 (VDAC1, Agrisera, Vännäs, Sweden, Figure
S2). For other protein level analyses protein extracts (5 μL of protein extracts) (corresponding to
20 μg of protein) were separated in 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). Anti-UGPase [70], were used as primary antibodies (diluted 1:1000), and anti-rabbit
antibodies (Bio-Rad, Hercules, CA, USA) were used as secondary antibodies. Immuno-blotting was
performed according to standard protocols. Visualization was performed using a chemiluminescence
kit (Clarity™ Western ECL, Bio-Rad, Hercules, CA, USA), and signals were detected using a Chemi-Doc
imaging system (Bio-Ra). Bands (located at approximately 12 kDa for cyt c and 51 kDa for UGPase)

174



Int. J. Mol. Sci. 2018, 19, 2206

were determined based on a pre-stained protein marker (Bio-Rad) as reference. Relative protein levels
were quantified by densitometry analysis using Image-Lab 5.2. software (Bio-Rad).

4.7. Quantitative RT-PCR Analyses

Total RNA was extracted using a Syngen Plant RNA Mini kit (Syngen Biotech, Wrocław, Poland).
DNAse digestion was performed using a RNase-free DNAse Set (Qiagen, Hilden, Germany). cDNA
was synthesized using a RevertAid H minus first-strand cDNA synthesis kit (Thermo Fisher Scientific,
Inc., Waltham, MA, USA) and RNAse H digestion was performed according to the procedure
described in Escobar et al. [118]. The transcript levels were determined using iTaq Universal SYBR
Green Supermix (Bio-Rad). Quantitative RT-PCR reactions were performed using a thermo cycler
(CFX Content™, Bio-Rad) at 60 ◦C for annealing temperature. Reference protein phosphatase 2A
(PP2A, AT1G13320, [119]) gene was used to normalize results. Transcript levels and qRT-PCR
efficiency of genes were quantified as described in Pfaffl [120]. Results are expressed in relation to
those in control plants. PCR primer pairs have been previously described for FER (AT3G51550),
THE1 (AT5G54380) [58], and KOD (AT4G22970) [62]. New primers were designed for: OZF1
(AT2G19810), CesA1 (AT4G32410), CesA3 (AT5G05170), CesA4 (AT5G44030), CesA6 (AT5G64740), CesA7
(AT5G17420), CesA8 (AT4G18780), SnRK1.1 (AT3G01090), HXK1 (AT4G29130), CAD1 (AT1G72680),
CAD4 (AT3G19450), CAD5 (AT4G34230), POX33 (AT3G49110), POX34 (AT3G49120), POX64
(AT5G42180), POX72 (AT5G66390), BI-1 (AT5G47120), and ATG5 (AT5G17290) (Supplementary
Materials Table S1), in which one sequence spanned always an exon–exon border if the gene had at
least one intron.

4.8. Statistical Analysis

Results were expressed as means and standard deviations (SD) from 3 to 10 measurements
taken from at least three independent plant cultures. One-way analysis of variance (ANOVA) and
Tukey’s post-hoc test at p-values ≤ 0.05 were performed to analyze statistical significance of observed
differences, using the Statistica 13.1 software (StatSoft, Inc., Tulsa, OK, USA).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/8/
2206/s1.
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ATP adenosine triphosphate
cyt c cytochrome c
fro1 frostbite1
Glc glucose
HXK hexokinase
mtETC mitochondrial electron transport chain
NADH nicotinamide adenine dinucleotide, reduced

175



Int. J. Mol. Sci. 2018, 19, 2206
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POX peroxidase
ROS reactive oxygen species
Suc sucrose
TCA tricarboxylic acid
UGPase UDP-glucose pyrophosphorylase
WT wild-type
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Abstract: Propagation of some Olea europaea L. cultivars is strongly limited due to recalcitrant
behavior in adventitious root formation by semi-hardwood cuttings. One example is the cultivar
”Galega vulgar”. The formation of adventitious roots is considered a morphological response to
stress. Alternative oxidase (AOX) is the terminal oxidase of the alternative pathway of the plant
mitochondrial electron transport chain. This enzyme is well known to be induced in response to
several biotic and abiotic stress situations. This work aimed to characterize the alternative oxidase 1
(AOX1)-subfamily in olive and to analyze the expression of transcripts during the indole-3-butyric
acid (IBA)-induced in vitro adventitious rooting (AR) process. OeAOX1a (acc. no. MF410318) and
OeAOX1d (acc. no. MF410319) were identified, as well as different transcript variants for both
genes which resulted from alternative polyadenylation events. A correlation between transcript
accumulation of both OeAOX1a and OeAOX1d transcripts and the three distinct phases (induction,
initiation, and expression) of the AR process in olive was observed. Olive AOX1 genes seem to be
associated with the induction and development of adventitious roots in IBA-treated explants. A
better understanding of the molecular mechanisms underlying the stimulus needed for the induction
of adventitious roots may help to develop more targeted and effective rooting induction protocols in
order to improve the rooting ability of difficult-to-root cultivars.

Keywords: vegetative propagation; olive; adventitious rooting; auxins; IBA; plant mitochondria;
alternative oxidase; alternative polyadenylation; transposable elements; gene expression

1. Introduction

Olive (Olea europaea L.) is one of the oldest agricultural fruit crops worldwide and is
mostly cultivated for olive oil production. Olive orchards are predominantly concentrated in the
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Mediterranean basin [1], although they have recently expanded to new regions due to the importance
of olive oil in the human diet. Portugal has a production area of 430,000 ha of olive orchards, which
represents about 5% of the world olive oil production. Portuguese olive oils are known worldwide
for their exceptional organoleptic characteristics. Nowadays, olive plants are mostly propagated by
semi-hardwood cuttings, a process in which adventitious root formation is a key factor. However, some
of the agronomically interesting Portuguese olive cultivars used for oil production have been revealed
to be recalcitrant to adventitious rooting (AR), which leads to a reduced availability of those varieties
in the nurseries that are to be used in new orchard plantations. For example, ”Galega vulgar” usually
presents average rooting rates of 5–20% when semi-hardwood cuttings are used, being considered a
difficult-to-root cultivar [2]. Similar recalcitrant behaviour has been described for autochthone cultivars
with high agronomical interest in different countries (for review see [3]). In this frame, the study of
AR in O. europaea, in view of the optimization of the process in stem cuttings of recalcitrant olive
cultivars, has become an important research topic, which requires fundamental and applied research
at different levels.

The process of AR at the base of stem cuttings is considered a morphological response to
stress [4] that can be influenced by a large number of interacting internal and external factors. It
involves hormone-transmitted metabolic changes, molecular transduction pathway activation, protein
degradation, and protein de novo synthesis, as well as adaptive global genome regulation (for review
see [3]). The cutting’s removal from the mother tree and subsequent treatment with auxin are both
stress factors that are highly involved in cell response towards AR. AR, as a directed growth response,
can be supposed as a plant strategy to diminish stress exposure [5].

Mitochondria, as a physical platform for networks, signal perception, and signal canalization,
play a central role in plant cell response to fluctuating cellular conditions, such as is often seen
in environmental stresses, and in the further reacquisition of metabolic homeostasis [6–8]. The
alternative respiratory pathway, localized in mitochondria, has been a relevant research topic
regarding plant stress acclimation and adaptation in many reports focused on the involvement of
the alternative oxidase (AOX; EC 1.10.3.11 ubiquinol:O2 oxidoreductase id IPR002680) gene family
members [6–11]. Clifton et al. [12,13] pointed to the importance of this alternative respiratory pathway
as an early-sensing system for cell programming. The involvement of AOX in AR has been also taken
as an important research topic, not only in view of understanding the role of the genes during the AR
process, but also to further develop functional markers in order to be able to select genotypes that
show efficient cell reprogramming [4,14,15].

AOX is a terminal quinol oxidase located on the matrix side of the inner mitochondrial membrane,
and it works as the key enzyme in the alternative respiratory pathway. It has been described in
a wide variety of species from different kingdoms, like plants, protists, fungi, and also in some
animals [16]. However, AOX has been best studied in the plant kingdom, particularly in angiosperm
plant species [17–19], where it is often encoded by a small multigene family composed of one to
six genes distributed in two discrete gene subfamilies termed AOX1 and AOX2 [7,17,19–21]. The
number of AOX genes and their distribution within the two subfamilies is species-specific [19]. Due
to the high diversity in terms of gene duplication pattern [17], some AOX classification schemes for
angiosperm plant species have been developed [17,22,23]. In dicot plant species, genes belonging to
both subfamilies have been described. Only recently, the AOX2-subfamily was identified in species
within the Araceae family [18], which is due to the availability of increasing information regarding
monocot whole genome sequencing data.

AOX can play a number of roles in the optimization of the respiratory metabolism and in the
integration of the respiratory metabolism with other metabolic pathways that impact the supply of
or demand for carbon skeletons, reducing power and ATP [6,10,11]. This enzyme also modulates
the levels of signalling molecules, thus supporting the crosstalk between the metabolic status of
mitochondria and the nucleus that regulates gene expression [8]. For a long time, genes belonging to
the AOX1-subfamily have been implicated in plant responses to a diversity of abiotic and biotic stresses
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(for reviews see [7,8,24]), while AOX2-subfamily members were described as housekeeping genes or
more involved in plant development [13,25,26]. Nevertheless, the paradigm that AOX1-subfamily
members are the only ones related to the stress response has been challenged [12,25–27].

In the context of AR in olive, the AOX2-subfamily gene member has been the main focus of AOX
research. In addition to understanding the involvement of AOX gene members in the AR process,
and in view of the development of further functional markers that are able to discriminate between
genotypes with different potential to develop adventitious roots, gene sequence variability has been
investigated [4,14,15]. AOX sequence variability, located in the protein coding and non-coding regions,
has been reported in different plant species [4,28–32]. However, despite the studies carried out by
direct mutagenesis to investigate the effect that a specific single nucleotide polymorphism (SNP) has
on the protein functionality (see overview in [33]), there are few reports in natural systems showing
the link between sequence polymorphisms and changes in the phenotype. Abe et al. [34] were the
first research group to indicate the relevance of AOX polymorphisms in abiotic stress tolerance by
identifying in the Oryza sativa AOX1a a SNP that mapped to a region of a QTL for low temperature
tolerance in anthers at the booting stage. More recently, Hedayati et al. [15] reported the existence of
two SNPs located at intron 3 of OeAOX2 that correlate with differences in rooting ability.

In addition to the SNPs present within AOX gene sequences, other forms of sequence variability
have been reported, whose differential processing can be influenced by physiological conditions, such
as cell growth, differentiation, development, or pathological events [35]. Variability at the 3′-UTR
sequence that encompasses sequence and length variability due to alternative polyadenylation (APA)
events has been reported in AOX gene members from different plant species [4,36]. APA allows a single
gene to encode multiple mRNA transcripts. Depending on the location of the alternative poly(a) signal
(PAS), APA events may affect gene expression qualitatively by the production of different protein
isoforms, or quantitatively if miRNAs binding sites and/or other regulatory elements are concerned
that can act as negative regulators.

Considering that stress stimulus is a key factor for the AR process to be successful, it becomes
relevant to investigate the involvement of the AOX1-subfamily members in the process, as well as to
explore whether mechanisms related to the gene expression regulation might be involved in AR. Here,
we characterize the gene members of the AOX1 sub-family at the cDNA and gDNA levels, and we
analyze the expression of its transcripts during AR in olive.

2. Results

2.1. Characterization of AOX1-Subfamily Members

In a first attempt to clarify the information about the composition of the AOX1-subfamily in olive, a
blast search was carried out at the web page of the olive whole genome sequencing project that uses the
O. europaea L. cv. ”Farga” as target genome (Oe6 browser at http://denovo.cnag.cat/genomes/olive/).
For that search, AOX1a sequence from Arabidopsis thaliana L. deposited at the NCBI GenBank (acc. no.
AT3G22370) was used. Three sequences with high similarity were identified. A blast search made at
the wgs NCBI database also identified those sequences, corresponding to the scaffolds Oe6_s00216c09
(acc. no. FKYM01004812.1), Oe6_s05781c34 (acc. no. FKYM01030627.1), and Oe6_s00133c14 (acc. no.
FKYM01003481.1). Additionally, a blast search using the same AtAOX1a sequence was made at the
NCBI databases nr/nt and transcriptome shotgun assembly (TSA), which allowed for the identification
of complete OeAOX sequences from cv. ”Leccino” (acc. no. GCJV01040584, KM514918, and KM514919),
cv. “Picual” (acc. no. GBKW01105538), and cv. “Dolce Agogia” (acc. no. KM514920 and KM514921).
Extracted sequences were used to construct a dendrogram using the in silico translated sequences
together with sequences retrieved from 56 plant species at Phytozome and Plaza databases, which
include monocot and eudicot plant species. To determine the relationship between the OeAOX from
O. europaea and those retrieved sequences, a NJ tree was constructed using the translated sequences.
There are clearly two different clusters composed by OeAOX1-subfamily members and a single cluster
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corresponding to the OeAOX2-subfamily members from all O. europaea cultivars (in yellow the three
clusters that include OeAOX sequences) (Figure 1). Members from cv. “Galega vulgar” belonging to
the AOX1 clusters were named as OeAOX1a (acc. no. MF410314) and OeAOX1d (acc. no. MF410315
and JX912721), the later one considering the high similarity with the AOX1d members from different
plant species, and the AOX2 as OeAOX2 (acc. no. JX912722). A clear separation of AOX2-subfamily
members can be seen (cluster in green). AOX1 members from monocot plant species form a separated
group within the AOX1-subfamily (cluster in light blue). AOX1-subfamily members identified from
other olive cultivars, not annotated as AOX gene members, appeared deposited as TSA in both cases
transcribed upon cold stress.

Figure 1. Neighbor-Joining (NJ) tree showing the relationships among deduced AOX sequences from 56
plant species, including monocot and eudicot plant species. Putative peptide sequences corresponding
to the isolated AOX1-subfamily members of Olea europaea L. were included (shown in red). 206 AOX
sequences from higher plants were included (correspondence of accession numbers and the plant
species is included in supplementary Tables S3 and S4). The NJ tree was obtained using the complete
peptide sequences. The alignments were bootstrapped with 1000 replicates by the NJ method using
the MEGA 7 software. AOX sequence from Neurospora crassa and two sequences of Chlamydomonas
reinhardtii were used as outgroups. The scale bar indicates the relative amount of change along branches.
In green: the branch corresponding to the AOX2-subfamily members. AOX1d members are in red and
AOX1 members from monocot plant species are in the branch colored in light blue. Clusters grouping
olive AOX members are in yellow and accessions corresponding to AOX from cv. ”Galega vulgar”
are in red (OeAOX1a, acc. no. MF410314; OeAOX1d, acc. no. MF410315 and JX912721; OeAOX2, acc.
no. JX912722).

Based on the available information [14], it was possible to successfully produce the 5′ and 3′ ends
of both AOX1-subfamily members in cv. ”Galega vulgar”. RACE work developed for the isolation
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of 3′ ends of both OeAOX1 gene members allowed the identification of high sequence variability
due to different APA events. OeAOX1a transcripts presented the coding region unchanged but the
3′-UTR length variable, which ranged between 144 and 229 bp (Figure 2). Figures S1 and S2 show the
complete cDNA sequences of OeAOX1a_transcript variant X1 with 1462 bp (deposited at the NCBI as
acc. no. MF410314) and OeAOX1a_transcript variant X2 with 1249 bp (acc. no. MG208095). OeAOX1a
sequences present an open reading frame (ORF) of 1086 bp, which encodes a putative polypeptide of
362 amino acid residues, that corresponds to a putative peptide with 40.6 kDa and a pI of 8.19.

Figure 2. Alignment of the six different isolated sequences corresponding to the 3′-UTR of OeAOX1a
gene. The sequences are presented starting at the stop codon TGA shown in red. The reverse primers
used in RT-qPCR analysis for each transcript variant are shown in different colors (green: variant X1,
acc. no. MF410314; grey: variant X2, acc. no. MG208095) (for primers sequence see Table S2).

Variability at the 3′ end of OeAOX1d was not due to 3′-UTR length size variability but to differences
on the protein coding sequence, also due to an APA event. This event gave rise to two different
transcripts named as variant X1 and variant X2 (deposited at the NCBI with the acc. no. MF410315
and JX912721, respectively) with 1277 bp (Figure S3) and 1597 bp (Figure S4), respectively. While
OeAOX1d_transcript variant X1 results from the transcription of the four exons, typical of the general
structure of plant AOX composed by four exons interrupted by three introns, transcript variant X2
includes the transcription of the N-terminal region of intron 3 with transcript cleavage located 125
bp downstream the 5′ conserved GT dinucleotide at splice site (described below). This sequence
variability can lead to different putative peptide sequences. Transcript variant X1 is characterized by
an ORF with 996 bp, which encodes a polypeptide with 332 aa and the variant X2 with an ORF with
1062 bp that encodes a polypeptide with 354 aa, which will give a putative peptide with 38 (pI of 6.7)
and 40.7 kDa (pI 7.79), respectively.

Figures S1–S4 indicate the cDNA sequences for AOX1 genes including the putative translated
peptide and the conserved sites for intron positions. The difference in the overall length for the
complete ORF sequences between OeAOX1a and transcript variant X1 of OeAOX1d (considering
for this last one the transcript with the conserved gene structure) is due to the size variability at
the N-terminal region of exon 1. The first exon has a size of 411 bp for OeAOX1a and 318 bp for
OeAOX1d_transcript variant X1. Variation on both OeAOX1d complete ORF sequences is due to the
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exon 4, which shows 57 bp in transcript variant X1, leading to a peptide sequence homologous to the
most common sequence across higher plants (see polypeptide alignment in Figure 3).

Figure 3. Multiple alignment of putative amino acid translated sequences of previously reported
AOX proteins from A. thaliana (AtAOX1a_AT3G22370, AtAOX1b_AT3G22360, AtAOX1c_AT3G27620,
AtAOX1d_AT1G32350) and AOX from O. europaea L. cv. ”Galega vulgar” (OeAOX1a_transcript
variant X1_MF410314 and OeAOX1a_transcript variant X2_MG208095, OeAOX1d_transcript variant
X1_ MF410315 and OeAOX1d_ transcript variant X2_JX91272). The alignment was performed using
CLC Main Workbench 6.7.1 software. The data were retrieved from public web-based database Plaza
v2.5, freely available at http://bioinformatics.psb.ugent.be/plaza/versions/plaza_v2_5/. Amino acid
residues differing are shown in red, deletions are shown by minus signs. The putative mitochondrial
transit peptides (mTP) are shown in blue boxes. The sites of two conserved cysteins (CysI and CysII)
involved in dimerization of the AOX protein by S–S bond formation [37] are indicated in dark grey
boxes. Helices α1 and α4, which form the hydrophobic region on the AOX molecular surface and are
involved in membrane binding, are shown in red; helices α2, α3, α5, and α6, which form the four-helix
bundle accommodating the diiron center, are shown in green [38]. Amino acids residues that coordinate
the diiron center (E, glutamate and H, histidine) and those that interact with the inhibitor are in yellow
and light pink boxes, respectively.
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Forward and reverse gene specific primers located at the 5′ and 3′ gene ends, respectively, were
used at the genomic level and allowed the isolation of both OeAOX1 gene members: OeAOX1a with
2215 bp and OeAOX1d with 2054 bp length (from start to stop codon). To identify gene structure,
genomic and transcript sequences were used at the Splign software. A four exons structure showing
size conservation at the three last exons (exon 2: 129, exon 3: 489 and exon 4: 57 bp), interrupted by
three size variable introns, was identified at the OeAOX1a and OeAOX1d (Figures S5 and S6). In both
OeAOX1 genes, introns were flanked by a GT sequence at the 5′ end and an AG at the 3′ end known as
donor and acceptor splicing sites, respectively.

Comparing the isolated sequences from cv. ”Galega vulgar” with the sequences available at the
whole genome databases from cv. ”Farga”, high conservation was found at the protein encoding
sequence. However, high variability was found at intonic regions (see Figure S7). In silico analysis also
revealed that OeAOX1d_transcript variant X2 cannot be transcribed on cv.”Farga” due to the existence
of a stop codon previous to the polyadenylation site (also known as the poly(A) site—PAS) [39].

A search for the identification of putative sequences coding for miRNAs located at the intronic
regions revealed their absence in both OeAOX1a and OeAOX1d. Also, no other regulatory elements
related to transposable elements and repetitive sequences were identified within gene sequences of cv.
”Galega vulgar”. In OeAOX1d genomic sequence of cv. ”Farga”, a putative transposable element (data
not shown) was identified. The availability of upstream and downstream sequences of both OeAOX1
genes in the cv. ”Farga” allowed us to search for transposable elements located in the vicinity of both
genes and to perform the analysis of promoter region to scan for cis-elements regulated by auxins. The
in silico analysis allowed the identification of several copies of copia and gypsy LTR retrotransposons.
Details of the identified full length LTR insertions are presented in Table 1. Directly upstream to
OeAOX1a, there were two gypsy elements; a copy of 84856_A was nested within 95401_A (Figure S8).
The latter element was inserted ca. 1 Kb upstream from the start codon of OeAOX1a. Interestingly,
another copy of 95401_A was found directly upstream from the OeAOX1d gene (Figure S9), albeit at a
larger distance (ca. 3.5 Kb) to the start codon and in the opposite orientation as related to the copy
associated with OeAOX1a. Repetitive sequences were present directly downstream OeAOX1d; however,
owing to the lack of contiguous assembly of that region, a detailed analysis was not performed.

Table 1. Information regarding the full length elements identified in the upstream and downstream
region of OeAOX1 genes in cv. ”Farga”. For visualization of elements position within genomic sequence
see Figures S7 and S8.

Element Length (bp) LTR Length TSD
Position Relative

to Start Codon

OeAOX1a

isolate 84856_A
retrotransposon

gypsy-type [KM577525]
13,288 1791 (left)

1752 (right) GAAAG −18,801/−5513

isolate 95401_B
retrotransposon

gypsy-type [KM577546]
12,998 782 (left)

773 (right) GTCAT −27,411/−1125

OeAOX1d

isolate 95401_B
retrotransposon

gypsy-type [KM577546]
12,948 767 (left)

773 (right) CAATT −16,375/−3427

isolate 70744_E
retrotransposon

copia-type [KM577454]
6023 750 (left)

750 (right) TTATC undetermined
(downstream)

unknown, copia-type,
similar to Copia-63_VV-I 4959 275 (left)

283 (right) [A/G]TAGC undetermined
(downstream)
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OeAOX1a and OeAOX1d promoter sequences up to 1.5 kbp upstream from the translation start
site were scanned using PlantCARE and New Place software’s for the identification of auxin cis-acting
regulatory elements (CAREs). Four CAREs were identified in the OeAOX1a’s promoter region and 3
CAREs were identified in the OeAOX1d (see details in Table S5). From the four CAREs identified in
OeAOX1a, three were located at a region prior to −500 bp upstream of the translation start site (New
PLACE IDs: NTBBF1ARROLB, ARFAT and SURECOREATSULTR11). In the case of OeAOX1d, from
the three motifs identified, only one is located closer to the start codon, prior to −500 bp upstream of
the translation start site (New PLACE ID: ASF1MOTIFCAM, with sequence TGACG, at position −164).
Comparing CAREs of the promoter regions for both OeAOX1 genes, only one is common, the New
PLACE ID: NTBBF1ARROLB, with sequence ACTTTA. However, in terms of its location, the sequence
ACTTTA is not conserved between the two genes. It is located at −266 upstream from the translation
start site for OeAOX1a, while for OeAOX1d, it is located at −668 and repeated at +1109. In addition, it
is interesting to note that the sequence of auxin response factor binding site found in promoters of
primary/early auxin responsive genes (New PLACE ID: ARFAT, with sequence TGTCTC) was only
identified in OeAOX1a (at positions +305 and −306).

A multiple sequence alignment including AOX1-translated peptides from A. thaliana and
O. europaea cv. ”Galega vulgar”was used to highlight similarities and differences in the putative
protein sequences (Figure 3). OeAOX1a and OeAOX1d encoded by both transcript variants (X1 and
X2) revealed structural features usually found in most of the higher plants’ AOX with the identification
of two conserved cysteines (CystI and CystII) and di-iron-binding sites. Sequence diversity at the
C-terminal region is here restricted to putative peptide of OeAOX1d_transcript variant X2. This
change is implicated in the sequence of helice α6, one of the four-helix bundles accommodating the
diiron center.

In order to gain insight into the possible protein structural effects of the sequence change present
in OeAOX1d_transcript variant X2, we turned to the structure of the AOX from Trypanosoma brucei
(PDB ID: 3VV9) [38], which is the only homologous protein whose structure is available. Unfortunately,
the N- and C-terminal regions of OeAOX1 do not align well with the sequence of AOX from T. brucei
and, therefore, we could only model the region between helices α2 and α6 (Figure 4A). However,
based on the alignment of OeAOX1d and AOX from T. brucei, we can infer that the sequence change of
OeAOX1d_transcript variant X2 is located between the end of helix α6 (one of the four-helix bundle
accommodating the diiron center) and the C-terminus (Figure 4B). The region that is affected by this
change is close to the diiron center and is also implicated in inter-subunit interactions in the dimeric
form of AOX.

High sequence diversity was detected at the N-terminal region, which consequently lead to
high diversity on the mitochondrial transit peptide (see Figure 3). Both putative OeAOX1 translated
peptides were predicted to be localized in mitochondria (mTP score of 0.672 and 0.604 regarding the
OeAOX1a and OeAOX1d, respectively). The predicted length of the cleavage site of the mitochondrial
targeting sequence for OeAOX1a and OeAOX1d is 28 and 45 amino acid residues, respectively. The
predicted mitochondrial transit peptide is shown in the alignment of Figure 3, in which no conservation
across protein sequences is visible, not within the AOX1-subfamily members across species and not
even within the AOX1-subfamily genes from a single plant species.
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Figure 4. Structural mapping of the sequence diversity of OeAOX1d. The homology-based model of
(a) OeAOX1d_transcript variant X2 and the structure of (b) AOX from T. brucei are displayed using a
cartoon representation, with the helices shown as cylinders. The two identical functional subunits are
colored in yellow (subunit A) and grey (subunit B), and the iron atoms that form the diiron center are
represented by orange spheres, with the coordinating residues displayed using sticks. The region that
corresponds to the sequence change in OeAOX1d_transcript variant X2 is highlighted in pink.

2.2. Analysis of Transcript Expression

2.2.1. OeAOX1 Genes are Differentially Expressed during IBA-induced AR

In order to verify whether the expression levels of OeAOX1a and OeAOX1d genes were changed
during IBA-induced rooting, quantitative real time PCR was performed. Both OeAOX1a and OeAOX1d
genes showed a similar expression pattern throughout the rooting assay (Figure 5A,B). The maximum
peak of up-regulation for both genes occurred at 8 h after IBA treatment. OeAOX1a showed, however,
higher levels of expression at this time point (36.0-fold change, p ≤ 0.01) (Figure 5A) than OeAOX1d
(13.2-fold change, p ≤ 0.001) (Figure 5B) when compared to the levels observed at the corresponding
controls (0 h, without IBA treatment). Looking at days 1 and 2, which can be seen as the recovery time
point after the maximum peak of expression, it can be observed that both genes decreased drastically
reaching even, at day 2, expression values close to the ones observed at 0 h. A second increment of
expression for both genes, although lower than the first increment, was observed at day 4. Here, and
again, the expression levels at this time point, and compared with the ones observed at 0 h, were
higher for OeAOX1a (3.2-fold change, p ≤ 0.001) than for OeAOX1d (1.8-fold change, not statistically
significant). Day 4 corresponds to the end of the induction phase and beginning of the initiation
phase in AR process in olive [40]. From this time point forward, the expression levels decreased again
reaching the minimum peak at day 8, for both genes. A third increment occurs for both genes around
days 10–14. Around days 12–14 corresponds to the time when calli formation becomes apparent before
root emergence. From these time points on and until the end of the rooting trial (30 days), and in
opposition to what was previously observed, the expression levels for OAOX1a were lower than the
ones observed for OeAX1d. For example, at day 22, which corresponds to the end of the initiation
phase and the beginning of the expression phase of the AR process [40], OeAOX1a had a slight 1.8-fold
(p ≤ 0.01) increase, whereas OeAOX1d had a higher increment of 3.7-fold (p ≤ 0.001) when compared
to the expression levels of the corresponding controls.
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Figure 5. Relative mRNA expression of (a) OeAOX1a and (b) OeAOX1d in stem basal segments of
O. europaea L. microcuttings during IBA-induced adventitious rooting. OeACT and OeEF1a were
used as reference genes in data normalization. The relative expression values are depicted as the
mean ± standard deviation of four biological replicates for each time point. The bars represent the
fold-change related to the time point 0 hours after microcuttings treatment and inoculation, which was
set to 1. Statistical significances (* p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001) between the two means were
determined by the t-test using IBM® SPSS® Statistics version 22.0 (SPSS Inc., Armonk, NY, USA), h:
hours, d: days.

2.2.2. Distinct Transcripts Variants Show Different Expression Levels

Quantitative real time PCR was also performed to further investigate whether the distinct
transcript variants (primers were designed for a specific region of each transcript variant) for
each gene (OeAOX1a and OeAOX1d), produced due to APA events, were differentially expressed
during IBA-induced AR. OeAOX1a transcripts with longer 3′-UTRs (OeAOX1a_transcript variant X1)
(Figure 6A) showed higher expression levels at the time points corresponding to the first and second
increments than the transcripts with shorter 3′-UTRs (OeAOX1a_transcript variant X2) (Figure 6B). For
example, the expression levels at 8 h in relation to the control (time point 0 h) for OeAOX1a_transcript
variant X1 were about 48.7–fold higher (p ≤ 0.05), while for OeAOX1a_transcript variant X2 was
around 33.5-fold higher (p ≤ 0.01). At day 4, variant X1 showed a 4.1-fold change (p ≤ 0.05) and
variant X2 a 2.9-fold change (p ≤ 0.05) compared with the time point 0 h. A very similar expression
pattern throughout the rooting assay was observed for both transcript variants. On the contrary,
the shorter OeAOX1d transcripts composed by the four exons (OeAOX1d_transcript variant X1)
(Figure 6C) showed higher expression levels at these time points (8 h: 16.1-fold change, p ≤ 0.001; 4
days: 1.8-fold change, p ≤ 0.001) than the longer transcripts with an alternative PAS located at the
intron 3 (OeAOX1d_transcript variant X2) (Figure 6D) and lacking the exon 4 sequence (8 h: 6.9-fold
change, p ≤ 0.001; 4 days: 1.3-fold change, not statistically significant). As for OeAOX1a, a similar
expression profile over all the time points tested was observed for both variants. Additionally, the
expression profile of transcript variants was very similar to the expression profile exhibited by the
OeAOX1a and OeAOX1d genes (including all sets of transcripts, since primers were designed in a
common region). From day 14 onwards, which corresponds to the time point when roots start to
emerge, both OeAOX1a transcript variants (with shorter (variant X2) and longer (variant X1) 3′-UTRs)
showed a similar level of expression between them when compared to the levels of the corresponding
controls. On the other hand, OeAOX1d transcripts corresponding to the variant X1 were more expressed
than the variant X2. While the expression levels of OeAOX1a gene correlate to the ones shown by
each transcript variant, in the case of OeAOX1d gene this does not happen. The expression levels of
OeAOX1d gene were higher (almost double) than the expression levels of the most expressed transcript
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variant (variant X1). This result suggests that OeAOX1d gene may have other transcript variants
that were not analysed here separately, despite the fact that they have been detected by the primers
designed to a common region among the transcript variants.

Figure 6. Relative mRNA expression of (a) OeAOX1a_transcript variant X1, (b) OeAOX1a_transcript
variant X2, (c) OeAOX1d_transcript variant X1, and (d) OeAOX1d_transcript variant X2 (D) in stem
basal segments of O. europaea L. microcuttings during IBA-induced adventitious rooting. OeACT and
OeEF1a were used as reference genes in data normalization. The relative expression values are depicted
as the mean ± standard deviation of four biological replicates for each time point. The bars represent
the fold-change related to the time point 0 hours after stem microcuttings treatment and inoculation,
which was set to 1. Statistical significances (* p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001) between the two
means were determined by the t-test using IBM® SPSS® Statistics version 22.0 (SPSS Inc., Armonk, NY,
USA), h: hours, d: days, tv: transcript variant.

3. Discussion

Correct classification of homologous AOX genes across plant species is challenging [32]. However,
it gains high importance when the physiological role of those genes should be comparable across
species. Thus, classification is a dynamic process that needs regular updates to develop knowledge [23].
Based on the most recent classification system available for AOX, basal angiosperms and eudicots
contain both AOX-subfamilies (AOX1 and AOX2) subdivided into specific types (AOX1a-c/e, AOX1d,
AOX2a-c, and AOX2d) [17]. Here, 206 sequences from public data bases were analysed. The distribution
of the putative translated peptide encoded by the isolated OeAOX1 sequences in two different clusters

193



Int. J. Mol. Sci. 2018, 19, 597

within the main cluster of AOX1-subfamily revealed the existence of two AOX1-subfamily members in
olive. One of those sequences clustered together with the AOX1d member of A. thaliana (AT1G32350)
and the sequence of Solanum lycopersium available at the NCBI as AOX1b (NP_001234120.1) but
renamed by Costa et al. [17] as AOX1d. Considering this homology, the olive member was named
as OeAOX1d and submitted to the NCBI databases at cDNA and gDNA levels (acc. no. MF410315,
JX912721, and MF410319). Putative AOX2 translated peptides from different O. europaea cultivars
clustered together within the AOX2-subfamily, confirming a single AOX2 member in this species.

Across kingdoms, there is a lack of a general pattern with respect to intron/exon structure in AOX
genes [16]. However, within plants, the most common gene structure described for AOX comprises
four exons interrupted by three introns [41,42]. Exceptions to this gene structure have been reported
in some AOX gene members and different plant species, due to events of intron loss and gain [19].
From the known examples, an intron loss leads to a structure of three exons, and an intron gain to a
structure of five-exons. Despite the typical structure of four exons, AOX gene members are well known
by exons size conservation achieved at the three last exons (129, 489 and 57 bp, respectively). The
combination between gene homology, gene structure, and exons size allows us to be more confident
about the classification of a gene as a member of the AOX family. Cases of miss-annotation regarding
AOX gene members and genes from another membrane-bound di-iron carboxylate protein, the plastid
terminal oxidase (PTOX; EC 1.10.3.11 ubiquinol:O2 oxidoreductase id IPR002680), are still common,
since AOX and PTOX share high level of homology [32]. In general, the exon size conservation in the
4-exons structure of AOX gene members is one of the factors that contributes to the low variability in
protein size. Normally, exon 1 is the one that is variable not only in length but in sequence composition
as well. Protein size typically ranges between 32–41 kDa depending on the species [22,43,44]. Putative
translated OeAOX1 peptides from cv. “Galega vulgar” showed, by in silico analysis, a size that is
in range from 38–40.7 kDa. Both OeAOX1a and OeAOX1d were predicted, with high score, to be
located in the mitochondria. However, high variability in the N-terminal region was observed within
AOX1 members. Sequence variability located in that gene region was previously reported across
AOX members within and between species [31,41,42]. Nevertheless, how this variability can affect
the regulation of gene expression and/or the protein transport and activity is still not known. The
N-terminal region determines interaction with the protein transport system that regulates integration
into the organelle. In many cases, amino acids comprising the signal peptide are cleaved off the protein
once they reach their final destination. A comparison between A. thaliana and O. sativa using a high set
of proteins showed high variability at that region, going from 19 to 109 amino acids in A. thaliana, and
from 18 to 117 amino acids in O. sativa [45]. Specifically on AOX, Campos et al. [41] described mTP
sequence length variability across plant species and between protein isoforms within the same plant
species. More recently, a study that aimed the identification of allelic variation within the AOX1 gene
member considering 39 carrot genotypes described high variability at that region, going from a mTP
sequence with 20 to 41 amino acid residues [31].

Contrarily to the conservation at AOX protein coding sequences, high variability can be
seen in protein non-coding regions, which include introns and untranslated regions (5′-UTR and
3′-UTR) [4,15,28–32,42]. Size and sequence variability located at these regions can have an important
physiological role. Gene architecture, which considers not only the number but also the length of exons
and introns, is nowadays considered as one important regulatory player. Several studies indicate that
gene architecture toward short genes with few introns allows for efficient expression during short cell
cycles. In contrast, genes composed by long introns can be expected to exhibit delayed expression [46].
Long introns are described as a timing mechanism that works for biological signal feedback regulatory
networks [47]. Despite this role in regulation of gene expression, which is associated with gene
expression delays, it is also known that the presence of introns could enhance gene transcription [48].
Some introns harbour non-coding RNAs (e.g., miRNAs and snoRNAs) for which the processing from
introns can speed up or slow down the rate of expression of the host gene [49]. Despite the fact
that no miRNAs were identified within the OeAOX1 sequences, an in silico analysis, performed to
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search for TEs, revealed the existence of several putative retrotransposons located in the adjacent
regions upstream and downstream of the AOX gene position. TEs located in intergenic regions
(up- or downstream target genes) or within a gene sequence (promoter or intron sequences) may
provide regulatory elements affecting gene expression through a variety of mechanisms (for review
see [50]). In plants, TEs can constitute from ca. 10% of A. thaliana genome (Arabidopsis Genome
Initiative 2000) to 85% of the B73 Zea mays genome [51]. Several reports point out the existence of
TEs within AOX gene sequences [52–54]. These results lead us to hypothesize that expression of AOX
genes might be influenced by adjacent TEs.

Simultaneously, introns offer the potential for regulatory functions such as alternative splicing
and APA events. It is nowadays evident that APA acts as a major mechanism of gene regulation being
widespread across all eukaryotic species [39]. In plants, it was reported that 70% of A. thaliana genes
and around 50% of O. sativa genes have at least one alternative poly(A) site [55]. In some specific cases,
variability in transcripts is associated with regulation of flowering time, growth, and developmental
processes [56,57]. As a result of APA events, a single pre-mRNA can produce more than one mRNA.
If alternative PAS is located in internal introns/exons, APA events may lead to the production of
different protein isoforms with differences in subcellular localization, stability, or function by changing
or completely removing functional domains (for review see [39]). It may also result in unstable mRNA
isoforms with a negative feedback on gene expression by generation of truncated transcripts that
are recognized and degraded by a specific mechanism named nonsense-mediated decay (NMD) [58].
From OeAOX1d, two putative protein isoforms could be produced due to an alternative PAS located
at intron 3: (a) OeAOX1d_transcript variant X1 with four exons that encodes the structural feature
typical of AOX in plants, and (b) OeAOX1d_transcript variant X2 with three exons and a partial
sequence of intron 2 that replaced exon 4. This latter transcript encodes a putative truncated protein
that lacks 19 amino acids at the C-terminal end. When this transcript variant was analyzed during
IBA-induced rooting assay, it demonstrated lower differential expression levels (compared to the
control) than variant X1. The sequence alteration present in the OeAOX1d_transcript variant X2 will
affect the structure of helix α6, which can have an impact on the coordination of the diiron center.
This can be predicted by referring to the structure of AOX from T. brucei [38]. In AOX from T. brucei,
the C-terminal region is involved in important inter-subunit interactions. Therefore, it is possible
that the sequence alteration present in the OeAOX1d_transcript variant X2 will also affect interaction
between the two polypeptide chains. This can have implications on the stability of the dimer. However,
further studies will be required to investigate whether both transcripts would be translated to two
different protein isoforms, and if so, whether both are functional. Additionally, if PAS are located in
the 3′-UTRs, APA events will lead to the synthesis of transcripts conserving unchanged the protein
coding sequence but presenting different 3′-UTR lengths. 3′-UTR length can affect the transcript
stability, localization, transport, and translational properties [35]. 3′-UTRs often harbor miRNAs
binding sites and/or other regulatory elements [59] that can act as negative regulators, mostly of
larger transcripts. Many mRNAs use 3′-UTR alternative PAS to achieve tissue-specific expression
and function [60,61]. We found in our study alternative PAS located at the 3′-UTR of the OeAOX1a,
which generates short and long 3′-UTRs. The identification of OeAOX1a sequences carrying 3′-UTR
regions with different sizes may suggest the possibility of differential post-transcriptional regulation.
It should be noted that in our system (IBA-induced AR in olive explants), although both OeAOX1a
transcript variants X1 and X2 (carrying 3′-UTR with different sizes) showed a similar expression
pattern throughout the process, indicating co-regulation, OeAOX1a_transcript variant X1 showed
more pronounced differential expression levels (compared to the control) than variant X2, up to day
8. Differential 3′-UTR sizes of a gene can have positive, negative, or even neutral effects on mRNA
stability and on the resulting protein levels depending on whether the availability of RNA-binding
sites, such as miRNA-binding sites, is influenced [62–65]. Many different RNA-binding proteins (RBPs)
and a variety of signals located at that transcript region can regulate mRNA localization, decay, and
translation [65].
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The expression of both genes, OeAOX1a and OeAOX1d, was dramatically increased in the early
stages of rooting with the maximum peak of transcript accumulation at 8 h after IBA treatment. Three
previous studies addressed the involvement of AOX genes in the process of IBA-induced AR [4,14,15].
They were based on the earlier raised hypothesis, which proposed AOX as a functional marker
candidate for efficient adventitious rooting of O. europaea L. [66,67]. Santos Macedo et al. [4,14] showed
first in semi-hardwood shoot cuttings of an easy-to-root olive cultivar (cv. ”Cobrançosa”) that root
induction was significantly reduced by treatment with an inhibitor of AOX activity (salicylhydroxamic
acid—SHAM). This observation could be confirmed in an in vitro system for olive propagation (cv.
”Galega vulgar”), thus pointing to the general importance of AOX genes during the process of induced
rooting [14]. In the latter work, it could be shown that SHAM-inhibition was in fact specific to rooting
and did not interfere with preceding callus formation. This observation was later confirmed by
Porfirio et al. [68] using the same experimental system. In a first approach, OeAOX2 was identified as
a promising gene candidate for functional marker development towards improving rooting efficiency
in olive [4]. First evidence of an association between rooting ability and OeAOX2 gene expression in
olive cuttings was then provided by Hedayati et al. [15]. This group also confirmed the presence of
polymorphisms in OeAOX2 with a possible correlation to distinct rooting behavior. The present work
adds new information to the rooting system of olive by showing the expression of the OeAOX1a and
OeAOX1d genes by quantitative real time PCR during IBA-induced AR in microcuttings.

Adventitious rooting is considered a developmental process organized in a sequence of
interdependent stages [69–74]. It includes three phases: (1) induction, corresponding to the period
preceding any visible histological occurrence, with molecular and biochemical events; (2) initiation,
starting with the first histological events, like root primordia organization; here, small cells with large
nuclei and dense cytoplasm start to be apparent; and (3) expression, involving the development of the
typical dome shape structures, intra-stem growth, and emergence of root primordial [75–78]. In olive,
induction phase corresponds to the first 4 days after microcuttings treatment and inoculation, when
cells regain meristematic features. From 4 until 14 days, the first meristemoids and morphogenetic
root zones were observed, events corresponding to the initiation phase. These events are followed
by high mitotic activity that eventually leads to the expression phase, which starts at 22 days after
the root-inducing treatment [40]. From our results, it can be seen that both OeAOX1a and OeAOX1d
genes exhibited three increments in their expressions throughout the rooting assay. The first one,
as mentioned above, was the most pronounced, and occurred at 8 h after microcuttings treatment
and inoculation, and corresponded to the beginning of the induction phase. The second increment
was observed at 4 days, which corresponds to the end of the induction phase and beginning of the
initiation phase. The third increment was observed from the end (14 days for OeAOX1d and 18 days
for OeAOX1a) of the initiation phase onwards. It is likely that the first observed increment may be
related to the stress associated with the cut injury and auxin treatment. In fact, as suggested by
Santos Macedo et al. [4], the initial cut of olive microcuttings and its subsequent treatment with auxins
may constitute a stress to the involved cells, and therefore olive AR can be seen as stress-induced
reprogramming of shoot cells [4,66,67]. The second and third increments may be related to the role
that AOX might have on cell differentiation and growth/development. The link between AOX and
cell differentiation and plant growth has been indicated by several reports [7,67,79,80].

Interestingly, Porfirio et al. [68], using the same experimental system, observed elevated free IAA
(indole-3-acetic acid) levels in the first hours after treatment, peaking also at 8 h. It would be worth
investigating further this correlation between the levels of free IAA observed by Porfirio et al. [68] and
the accumulation of AOX1 transcripts found in the present study during the induction phase of olive
rooting. It is likely that a link may exist between altered auxin homeostasis and induced OeAOX gene
expression, as suggested by others [81,82], during AR in olive. In this context, it would be desirable to
investigate also genes involved in the auxin signaling and transport.

It is tempting to speculate that, in our study, AOX genes were highly induced, probably by
increased levels of ROS as a consequence of a stressful situation (cut injury plus auxin treatment) and
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by IBA application to promote rooting. Indeed, it has been reported that different abiotic stresses are
likely to cause the formation of different ROS signatures in plant cells (for review see [83]). Moreover,
the production of ROS by mitochondria was suggested to be a critical factor for the induction of
AOX [13,84], which in turn regulates the amounts of ROS, and therefore AOX has a large impact on
redox regulation at a cellular level on environmental stresses [7]. Auxins can induce the production of
ROS [85] and regulate ROS homeostasis [86], hinting at the relationship between auxin signaling and
oxidative stress [85]. Thus, the marked accumulation of OeAOX transcripts at 8 h observed in our study
may also be the result of the increased levels of free IAA detected by Porfírio et al. [68], which possibly
contributed to elevate the levels of ROS. Moreover, in silico analysis at the OeAOX1 promoter region in
search of cis-acting regulation elements identified different auxin responsive elements (AuxREs) that
could be involved in regulation of AOX gene expression. The identification of different AuxREs in
the promoter region of both OeAOX1 genes allows us to speculate that regulation might be done in a
differential way. Presence of the TGTCTC-motif in OeAOX1a, which belongs to the family of Auxin
Response Factors (ARFs) (see review in [87]), could explain the higher increase in gene expression in
comparison to OeAOX1d that lacks this motif.

In summary, two genes were identified as members of the AOX1-subfamily in the cv.”Galega
vulgar”, with both showing the most common structure of AOX gene members with four exons
interrupted by three introns. Alternative polyadenylation (APA) events were responsible for the
production of transcript variants in both genes. OeAOX1a transcript variants show different 3′-UTR
lengths with no changes at the protein coding sequence. OeAOX1d shows an alternative PAS located
at the intron 3 that leads to the synthesis of one transcript variant showing a truncated protein coding
sequence that lacks the exon 4 sequence. The sequence alteration found in the OeAOX1d_transcript
variant X2 will prevent the structure of helix α6 having an impact on the coordination of the
diiron center and also it can affect the interaction between the two polypeptide chains having
implications in the stability of the dimer. Our findings showed a strong correlation between OeAOX1a
and OeAOX1d transcripts accumulation and the three distinct phases (induction, initiation, and
expression) of the AR process in olive, with the expression of these genes more pronounced at
the induction phase. The elevated IBA-induced expressions at this phase may be related to the
stressful conditions associated with AR process and the application of IBA for rooting induction.
A possible link between OeAOX1 induction and altered auxin homeostasis in olive AR may exist,
since OeAOX1 transcripts were increased at the same time point for which earlier studies showed
elevated levels of free auxins. Additionally, different transcript variants for each gene studied here,
although showing a similar expression pattern, demonstrated different levels of expression during
AR, which would be worth exploring further. Further studies will be required to clarify whether
the diverse transcripts encountered may give rise to distinct functional protein isoforms and also to
understand the physiological role of such variability. Taken together, these results contribute to a better
understanding of the molecular mechanisms underlying the stress stimulus needed for the induction
of adventitious roots. Thus, the results may allow us to develop more targeted and effective rooting
induction protocols, which in turn can help to increase the rooting ability of difficult-to-root cultivars.

4. Materials and Methods

4.1. Characterization of the AOX Genes at the cDNA and Genomic Levels

4.1.1. Plant Material

Olea europaea L. explants of cv. ”Galega vulgar” (clone 1441), established under in vitro conditions
since 2005, were maintained until today following the procedure described by Peixe et al. [88]. The
derived in vitro grown plantlets were used for gene isolation. Leaves were collected from a single
plantlet and used for total RNA and genomic DNA (gDNA) extractions.
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4.1.2. Isolation of Complete OeAOX1-Subfamily Gene Members

The isolation of complete gene sequences was performed in several steps. The first one was based
on the protocol described by Saisho et al. [21] for isolation of the AOX gene members in A. thaliana
and further referred to by different authors for gene isolation in different plant species [41,42,79].
The isolation of mainly two different sequences belonging to the AOX1-subfamily was previously
reported by Santos Macedo et al. [14]. Based on that information, gene specific primers were designed
in order to isolate gene ends of the identified OeAOX gene fragments by 5′ and 3′ RACE-PCRs. Total
RNA used for cDNA synthesis was previously extracted using the RNeasy Plant Mini Kit (Qiagen,
Hilden, Germany) with on-column digestion of DNA applying the RNase-Free DNase Set (Qiagen,
Hilden, Germany), according to the manufacturer’s protocol. The concentration of total RNA and its
purity was determined with the NanoDrop-2000C spectrophotometer (Thermo Scientific, Wilmington,
DE, USA). For both ends, 1 μg of total RNA was used to synthesize the first-strand cDNA using the
SMARTerTM RACE cDNA Amplification kit (Clontech Laboratories, Inc., Mountain View, CA, USA)
according to the manufacturer’s instructions. RACE-PCRs were carried out separately using 1 μL of
the corresponding single strand cDNA as template and 0.2 μM of the forward/reverse gene specific
primers (depending if 3′ or 5′ end isolation) (Table S1) combined with 0.2 μM of the Universal Primer
Mix (provided with the kit) following the instructions recommended by the manufacturer. PCRs were
all carried out in a 2770 thermocycler (Applied Biosystems, Foster City, CA, USA).

For complete gene isolation, gDNA was isolated using the DNeasy Plant Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s protocol. The amount of gDNA and its purity was
determined with the NanoDrop-2000C spectrophotometer (Thermo Scientific, Wilmington, DE, USA).
One gene-specific primer set was designed for each OeAOX gene (Table S1) based on the previously
isolated 5′ and 3′-UTR sequences. Ten ng of gDNA were used as template with 0.2 μM of each specific
primers. PCRs were performed using the Phusion™ High-Fidelity DNA Polymerase (Finnzymes,
Espoo, Finland) according to the manufacturer’s protocol. PCR was carried out in a 2770 thermocycler
(Applied Biosystems, Foster City, CA, USA) running for 35 cycles each one consisting in 10 s at 98 ◦C,
30 s at 55 ◦C, and 2 min at 72 ◦C. An initial step at 98 ◦C for 30 s and a final step at 72 ◦C for 10 min
were used.

4.1.3. Cloning and in Silico Sequence Analysis

PCR fragments were separately cloned into a pGem®-T Easy vector (Promega, Madison, WI, USA)
and used to transform E. coli JM109 (Promega, Madison, WI, USA) competent cells. Plasmid DNA
was further extracted from putative recombinant clones by using the GeneJET Plasmid Miniprep kit
(Thermo Scientific, Vilnius, Lithuania) and further sequenced in sense and antisense strands (Macrogen
company, Seoul, South Korea: www.macrogen.com).

CLC Main Workbench 7.5.1 software (ClCbio, Aarhus N, Denmark) was used to edit sequences.
Intron location was made using the software Splign (https://www.ncbi.nlm.nih.gov/sutils/splign/
splign.cgi?textpage=online&level=form).

In order to clarify the question related to the number of genes that compose the AOX1-subfamily,
a blast search using the AOX1 from A. thaliana L. (acc. no.AT3G22370) deposited at the NCBI—National
Center for Biotechnology Information (GenBank) was made at the web page of olive genome databases
(http://denovo.cnag.cat/genomes/olive/) using the Oe6 browser. To get confirmation, the retrieved
sequences were then blasted at the NCBI data bases using the BLAST algorithm [89] (http://www.
ncbi.nlm.nih.gov/) (BLASTn) at the whole-genome shot gun contigs (wgs). To identify AOX sequences
from other olive cultivars, a BLASTn search using the same sequence was made at different NCBI
databases (nucleotide collection, nr/nt; transcriptome shotgun assembly, TSA; expressed sequence
tags, est).

To perform a comparison between AOX proteins from higher plants, sequences were retrieved
from the whole genomes available at the Plaza (http://bioinformatics.psb.ugent.be/plaza/) and the
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Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html) databases using a BLAST search analysis
based on the exon 3 as the most conservative region across AOX genes and plant species.

Sequences retrieved were aligned in MUSCLE (http://www.ebi.ac.uk/Tools/msa/muscle/)
following the standard parameters. Phylogenetic reconstruction was performed in MEGA 7
software [90] by Neighbor-Joining (NJ) and the inferred tree was tested by bootstrap analysis
using 1000 replicates, “number of differences” as the substitution model, and “pairwise deletion”
for gaps/missing data treatment. Graphical view was edited in the Fig Tree v14.0 software
(http://tree.bio.ed.ac.uk/software/figtree/).

The freely available TargetP software [91] was used to predict the protein subcellular localization
and the position of the cleavage sites of mitochondrial targeting signals (http://www.cbs.dtu.dk/
services/TargetP/) using the translated peptide corresponding to exon 1. The prediction of putative
isoelectric point (pI) and the molecular weight was obtained using the freely available tool PeptideMass
at the Expasy software (http://web.expasy.org/peptide_mass/).

4.1.4. Homology-Based Model

The model of AOX1d was generated using the structure of AOX from T. brucei (PDB ID: 3VV9) [38]
as a template. Only the region between residues 159 and 313 was modelled, since the N- and C-terminal
regions did not align well with the template. The model was built using the software modeler [92],
version 9.6, and setting the refinement degree to slow. The final model corresponds to the one with the
lowest value of the objective function, out of 20 generated structures.

4.1.5. In Silico Identification of Regulatory Elements Located at the AOX Gene Boundaries

For the identification of putative miRNA precursor sequences located at the introns and UTRs of
the isolated OeAOX genes, the publicly available software miR-abela (http://www.mirz.unibas.ch/
cgi/pred_miRNA_genes.cgi) was used. Further steps related with pre-miRNAs validation, prediction
of the secondary structure of predicted pre-miRNA, screening of potential miRNAs, and identification
of target genes candidates were developed according to the procedure described by Velada et al. [42].

For identification of transposable elements (TE) in the vicinity of the OeAOX genes (using
olive genome sequencing information), contigs encompassing these genes were self-aligned using
Blast2Seq at the NCBI (blast.ncbi.nlm.nih.gov). The contigs were also used as queries to search
GeneBank nucleotide database restricted for the Olea genus (taxid:4145). Hits matching known
O. europaea TEs were retained. Regions flanked by putative LTRs not showing similarity to known
Olea retrotransposons were used as queries for Censor (www.girinst.org) to search for the most similar
elements in the RepBase. Target site duplications (TSDs) were identified manually. Additional
manipulations and alignments were performed in BioEdit 7.2.5 [93]. All names of olive LTR
retrotransposons are reported after Barghini et al. [94].

For identification of transposable elements (TE) in the vicinity of the OeAOX genes (using
olive genome sequencing information), contigs encompassing these genes were self-aligned using
Blast2Seq at the NCBI (blast.ncbi.nlm.nih.gov). The contigs were also used as queries to search
GeneBank nucleotide database restricted for the Olea genus (taxid:4145). Hits matching known
O. europaea TEs were retained. Regions flanked by putative LTRs not showing similarity to known
Olea retrotransposons were used as queries for Censor (www.girinst.org) to search for the most similar
elements in the RepBase. Target site duplications (TSDs) were identified manually. Additional
manipulations and alignments were performed in BioEdit 7.2.5 [93]. All names of olive LTR
retrotransposons are reported after Barghini et al. [94].

To screen for the presence of cis-regulatory elements located at the promoter region that could
be related with regulation of gene expression by auxins, a region comprising 1.5 Kb upstream the
translation start site of both AOX1 gene sequences was considered for analysis. Promoter region of
OeAOX1a (Oe6_s00216) and OeAOX1d (Oe6_s05781) was retrieved from the whole genome sequencing
project (http://denovo.cnag.cat/genomes/olive/). The freely available New PLACE tool—A Database
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of Plant Cis-acting Regulatory DNA elements (https://sogo.dna.affrc.go.jp/cgi-bin/sogo.cgi?lang=
en&pj=640&action=page&page=newplace, [95]) and PlantCARE (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/, [96]) were used.

4.2. Transcript Expression of the AOX1-subfamily Members during AR on in Vitro Cultured Stem Segments

4.2.1. Plant Material and in Vitro Rooting Experiments

The in vitro grown plantlets of cv. ”Galega vulgar” (clone 1441), described above, were used as
initial explant source for the AR experiment. Rooting treatments and culture conditions were adapted
from Macedo et al. [40]. In brief, stem segments (microcuttings) with four-to-five nodes were prepared
from the upper part of in vitro-cultured plantlets and all leaves were removed with the exception of
the upper four. The base (approx. 1.0 cm) of each microcutting was immersed in a sterile solution of
14.7 mM IBA (indole-3-butyric acid) [14] for 10 s. Subsequently, the microcuttings were aseptically
inoculated in 500 mL glass flasks containing 75 mL semi-solid olive culture medium (OM), without
plant growth regulators and supplemented with 7 g/L commercial agar-agar, 30 g/L d-mannitol, and
2 g/L activated charcoal [97]. Medium pH was adjusted to 5.8 prior autoclaving (20 min at 121 ◦C,
1 kg/cm2). Twenty microcuttings were inoculated per flask, and four flasks were used per time point
(4 and 8 h and 1, 2, 4, 6, 8, 10, 14, 18, 22, 26, and 30 days). All cultures were kept in a plant growth
chamber at 24 ◦C/21 ◦C (±1 ◦C) day/night temperatures, with a 15 h photoperiod, under cool-white
fluorescent light at a photosynthetically active radiation (PAR) level of 36 μmol/m2 s−2 at culture
height. During the in vitro rooting experiment, the segments from the basal portion (approx. 1 cm
from the base) of the microcuttings were collected from each flask at the time points mentioned above.
Basal segments from microcuttings prepared as described above, but not immersed in IBA and not
inoculated in OM medium, were also collected and these corresponded to the time point 0 h (control
group). All samples were flash frozen in liquid nitrogen and stored at −80 ◦C for subsequent analyses.

4.2.2. RNA Isolation and First-Strand cDNA Synthesis

Total RNA was isolated with the Maxwell 16 LEV simplyRNA purification kit (Promega,
Madison, WI, USA) on the Maxwell 16 Instrument (Promega, Madison, WI, USA) according to
the supplier’s instructions, and eluted in 50 μL volume of RNase-free water. The concentration
of total RNA was determined with the NanoDrop-2000C spectrophotometer (Thermo Scientific,
Wilmington, DE, USA), and the total RNA integrity was analyzed by agarose gel electrophoresis
through visualization of the two ribosomal subunits in a Gene Flash Bio Imaging system (Syngene,
Cambridge, UK). GoScript Reverse Transcription System (Promega, Madison, WI, USA) was used to
synthesize complementary DNA (cDNA) from RNA samples (using 1 μg of total RNA), according to
the manufacturer’s instructions.

4.2.3. Quantitative Real-Time PCR

Real-time PCR was performed in the Applied Biosystems 7500 Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA). Real-time PCR reactions were carried out using 1X Maxima SYBR
Green qPCR Master Mix, 10 ng of cDNA, and the primers for each target gene and the corresponding
transcript variants, as well as for the reference genes used here, as shown in Table S2, in a total volume
of 18 μL. Primers for the OeAOX1a and OeAOX1d genes were designed to a common region in the exon
4 in order to detect and amplify all set of distinct transcripts variants. Primers to detect and amplify
transcript variants for each gene were designed for a specific region for each variant (see primers
localization in Figure 2 (for OeAOX1a) and Figure S6 (for OeAOX1d)). Primers were designed based on
the OeAOX1a and OeAOX1d sequences deposited in the NCBI with the Primer Express v3.0 (Applied
Biosystems, Foster City, CA, USA), using the default properties given by the software. Regarding
the reference genes, actin (OeACT) and the elongation factor 1a (OeEF1a) were selected in a previous
analysis as the most stable genes for this experimental system, following an analysis described by
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Velada et al. [27]. All primer pairs were checked for their probability to form dimers and secondary
structures using the primer test tool of the software. The reactions were performed using the following
thermal profile: 10 min at 95 ◦C, and 40 cycles of 15 s at 95 ◦C and 60 s at 60 ◦C. No-template controls
(NTCs) were used to assess contaminations and primer dimers formation. A standard curve was
performed using an undiluted pool containing all cDNA samples and three four-fold serial dilutions,
with a total of four points. All samples were run in duplicate. Melting curve analysis was done to
ensure amplification of the specific amplicon. Quantification cycle (Cq) values were acquired for each
sample with the Applied Biosystems 7500 software (Applied Biosystems, Foster City, CA, USA).

4.2.4. Expression Analysis of Transcripts

For expression levels normalization of the transcripts under study, Cq values were converted into
relative quantities (RQ) by the delta-Ct method described by Vandesompele and co-authors [98]. The
normalization factor was determined by the GeNorm algorithm [98] and corresponds to the geometric
mean between the RQ of the selected reference genes for each sample. For each gene of interest,
calculating the ratio between the RQ for each sample and the corresponding normalization factor, a
normalized gene expression value was obtained. The graphs show the mean ± standard deviation
of four biological replicates, and the bars represent the fold-change related to the control group (0 h),
which was set to 1. Statistical significances (p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001) between means were
determined by the t-test method using the IBM® SPSS® Statistics version 22.0 (SPSS Inc., Armonk,
NY, USA).

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/19/2/597/s1.
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Abbreviations

AOX Alternative oxidase
AR Adventitious rooting
IBA indole-3-butyric acid
AR adventitious rooting
SNP single nucleotide polymorphism
QTL Quantitative Trait Locus
UTR Untranslated region
APA alternative polyadenylation
mRNA Messenger Ribonucleic acid
PAS poly(a) site
gDNA Genomic Deoxyribonucleic acid
NCBI National Center for Biotechnology Information
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TSA transcriptome shotgun assembly
NJ Neighbor-Joining
RACE Rapid amplification of cDNA ends
RT-qPCR Reverse transcription-quantitative real time polymerase chain reaction
ORF Open reading frame
cDNA complementary DNA
LTR long terminal repeats
TSD Target site duplications
PCR polymerase chain reaction
mTP mitochondrial transit peptides
snoRNAs Small nucleolar RNAs
TEs transposable elements
NMD nonsense-mediated decay
RBPs RNA-binding proteins
SHAM salicylhydroxamic acid
ROS Reactive oxygen species
ACT actin
EF1a elongation factor 1a
Cq Quantification cycle
RQ relative quantities
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Abstract: Plants have a non-energy conserving bypass of the classical mitochondrial cytochrome
c pathway, known as the alternative respiratory pathway (AP). This involves type II NAD(P)H
dehydrogenases (NDs) on both sides of the mitochondrial inner membrane, ubiquinone, and the
alternative oxidase (AOX). The AP components have been widely characterised from Arabidopsis,
but little is known for monocot species. We have identified all the genes encoding components of the
AP in rice and barley and found the key genes which respond to oxidative stress conditions. In both
species, AOX is encoded by four genes; in rice OsAOX1a, 1c, 1d and 1e representing four clades, and
in barley, HvAOX1a, 1c, 1d1 and 1d2, but no 1e. All three subfamilies of plant ND genes, NDA, NDB
and NDC are present in both rice and barley, but there are fewer NDB genes compared to Arabidopsis.
Cyanide treatment of both species, along with salt treatment of rice and drought treatment of barley
led to enhanced expression of various AP components; there was a high level of co-expression of
AOX1a and AOX1d, along with NDB3 during the stress treatments, reminiscent of the co-expression
that has been well characterised in Arabidopsis for AtAOX1a and AtNDB2.

Keywords: alternative oxidase; NADH dehydrogenase; rice; barley; oxidative stress

1. Introduction

The alternative respiratory pathway of plant mitochondria is an important bypass of the
energy-conserving classical electron transport (ETC) pathway [1]. In the classical ETC, oxidation
of mitochondrial NADH occurs via rotenone-sensitive Complex I and cytochrome c (cyt c) oxidase,
concomitantly generating a proton motive force that drives ATP synthesis via ATP synthase. Plants
have a non-phosphorylating (non-energy conserving) bypass of the cyt c pathway, evading adenylate
control of cellular redox poise [2–4]. This bypass, known as the alternative respiratory pathway (AP),
involves rotenone-insensitive type II NAD(P)H dehydrogenases (NDs) on both the outer and inner
surface of the mitochondrial inner membrane, ubiquinone, and the alternative oxidase (AOX). Activity
of the AP, however, does not generate a proton gradient and excess energy is released as heat. There is
strong evidence that operation of the AP prevents over-reduction of the ETC [5–8], thereby minimizing
the generation of reactive oxygen species (ROS) and allowing a degree of metabolic flexibility in the cell.
A large number of publications have reported that this pathway responds to temperature, nutrients,
heavy metals, high light, drought and oxidative stress [4].

In Arabidopsis, members of the AP include seven type II NDs (NDB1–4, NDA1–2, and NDC1)
and five AOXs (AOX1a–d and AOX2) [9]. NDB1-4 have been localized to the external face of the
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mitochondrial inner membrane, while NDA1 and 2, and NDC1 were determined to be internal
(facing the matrix), based on import assays [10,11]. Transcript, protein and activity levels of NDs
and AOX appear to be regulated in a tissue, developmental, and stress-inducible manner [11–15].
This suggests specialization of function and possible formation of specific ND/AOX pathways in
response to particular stimuli and there is evidence that an alternative electron transport chain of
NDA2, NDB2 and AOX1a forms in Arabidopsis during many stresses [14].

The majority of studies to date on the response of the AP to stresses have focussed on Arabidopsis
and other dicot plants, while there have been few studies on monocots, including crops such as rice
and barley. In rice, Oryza sativa, Ito, et al. [16] first identified OsAOX1a and OsAOX1b isoforms, which
were up-regulated in whole seedlings during cold stress. Considine, et al. [17] and Saika, et al. [18]
identified a third isoform OsAOX1c, which showed developmentally regulated expression patterns and
was not stress-responsive. Considine, et al. [17] also identified an additional gene OsAOX1d that was
thought to be not expressed, but more recently Costa, et al. [19] reported a number of corresponding
ESTs found in germinating tissue. OsAOX genes have been shown to respond to different stresses such
as cold, drought, dehydration, and salt [16,20–23], but not all studies have assessed all three isoforms
and very few have assessed the corresponding protein and activity levels. In contrast, while rice
orthologues for the ND family have been described [3,24] there have been no studies on this gene
family’s response to stress.

Even less is known about the AP components in barley, Hordeum vulgare. The HvAOX gene family
has been described by Costa et al. [19], identifying four isoforms, HvAOX1a, HvAOX1c, HvAOX1d1
and HvAOX1d2, but the orthologues/homologues of the ND family are as yet unidentified. There are
two reports showing that AOX responds to stress in barley. An AOX-like gene in H. spontaneum (wild
barley) was up-regulated in leaves during cold stress, and HvAOX1a in H. vulgare, cv. Golden Promise
during short-term heat stress in spikes at anthesis, and AOX protein levels were up-regulated under
nutrient stress and UVB stress in highland barley [25,26]. Clearly, the stress-responsiveness of AP
components needs further examination in this important crop.

It has been suggested that AOX sequence variability has the potential to be used as a marker for
selective breeding [27], but it is likely that other components such as the NDs, which are required for
better oxidative stress responses, also need to be considered. AOX has been well studied in many
species, especially in Arabidopsis, but the NDs have received less attention. In this study, we expand
these studies into the cereal crops, rice and barley, identifying the alternative respiratory pathway
components in O. sativa and H. vulgare, and investigate the expression of AOX and ND genes in
different tissue types at both the transcript and protein level under mitochondrial ETC-inhibiting
and ROS-generating conditions. The results provide a platform for investigations of these genes as
potential selective markers for rice and barley breeding.

2. Results

2.1. Identification of the Genes Encoding Alternative Respiratory Pathway (AP) Components in Rice and Barley

2.1.1. Alternative Oxidase

Previous studies have identified the gene family encoding AOX in rice [16–18] and recently
Costa et al. [19] have reclassified these genes as OsAOX1a, OsAOX1c, OsAOX1d (previously
OsAOX1b) and OsAOX1e. This nomenclature was based on the fact that OsAOX1b was more
like an orthologue of the eudicot AOX1d gene. Sequence searching (BLAST) of the Rice Genome
Annotation Project database (http://rice.plantbiology.msu.edu) identified four gene sequences
homologous to Arabidopsis: OsAOX1a (LOC_Os04g51150), OsAOX1d (LOC_Os04g51160), OsAOX1c,
(LOC_Os02g47200), and OsAOX1e (LOC_Os02g21300) in agreement with Costa et al. [19]. Homologous
sequences for all OsAOX genes identified in japonica rice were also present in indica rice (Table S1).
Pairwise alignment of CDS sequences revealed that all OsAOX isoforms from japonica rice were very
similar or identical to those of indica rice (Table S1) consistent with them being closely related.
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The isoforms of HvAOX in barley, H. vulgare, were recently reported in the AOX phylogeny
study of Costa et al. [19], where four AOX partial genomic sequences were identified from a
few ESTs. Prior to this, only one report of an AtAOX1a-like gene had been identified during a
microarray analysis of high temperature stress in barley floral tissue [28]. To confirm these findings,
the three cDNA sequences of OsAOX (Table S1) were used as queries to conduct BLASTN searches
within H. vulgare mRNA sequence databases, using NCBI (https://www.ncbi.nlm.nih.gov) and IPK
(http://webblast.ipk-gatersleben.de/barley_ibsc); four putative cDNAs were found in H. vulgare,
cv. Haruna Nijo (Table 1). These were of similar size except for HvAOX1c. The putative HvAOX
cDNA sequences were used to conduct BLASTN search against the assembly WGS-Morex database
on IPK to confirm correct identification. Genomic contig sequences from cv. Morex demonstrate
high sequence identity with sequences identified by Costa et al. [19] and provide an estimation of
chromosomal location (Table 1). Two of the rice genes are located on the same chromosome, where
a common tandem position for OsAOX1a and OsAOX1d genes was identified in rice chromosome
4 (Figure 1A, [19]). A strong colinearity with rice chromosome 4 was found in barley chromosome
2H with an additional likely duplication leading to tandem repeat HvAOX1d1 and HvAOX1d2 in
close proximity on the chromosome (Figure 1A). In contrast, two other AOX genes in rice, OsAOX1c
and OsAOX1e, were localised on different arms of rice chromosome 2 (Table S1), while only a single
HvAOX1c was identified on barley chromosome 6H, in a strongly colinear genetic region to those for
rice OsAOX1c (Figure 1B, Table 1). No barley gene was identified homologous to rice OsAOX1e.

Figure 1. Rice and barley comparative maps with positions of identified AOX genes. (A) AOX1a
and AOX1d; (B) AOX1c and AOX1e. Corresponding genes are indicated by dashed lines.
Information about rice and barley genes are their locations was extracted from web-sites, respectively:
http://rice.plantbiology.msu.edu and http://pgsb.helmholtz-muenchen.de/plant/barley.
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2.1.2. Type-II NADH Dehydrogenase Family

The gene family of Type-II NAD(P)H dehydrogenases in plants is divided into three subfamilies:
NDA, NDB and NDC [10,29], with NDA and NDC proteins located on the inside of the inner
mitochondrial membrane, facing the matrix space, and NDB proteins on the outside of the inner
membrane, facing the intermembrane space [11]. Orthologues of these genes in rice have been
identified previously [3,24] and their designations correspond to the gene sequences used in this
study (Table S1). Sequence alignment studies showed that, similarly to the AOX genes, the ND
genes from japonica rice are nearly identical to those from indica rice except for NDB3, which in
japonica appears to have a shorter sequence compared to that in indica rice. An analysis of the gene
structure for rice ND genes shows that generally they contain a similar number of exons, however the
intronic regions are often longer than members of the ND gene family in Arabidopsis [29]. Importantly,
the discrepancy between japonica and indica can be explained by an additional intron present in
exon 5 in the japonica OsNDB3 gene, which has been documented incorrectly in current databases
(http://rice.plantbiology.msu.edu/cgi-bin/ORF_infopage.cgi) as a coding region. The reading of
this intronic region as coding sequence results in a premature termination codon, giving a 357 aa
protein rather than the 580 aa protein predicted from the indica OsNDB3 gene (Figure 2 and Figure S1).
Evidence for this insertion region being an intron comes from its absence in rice ESTs found in NCBI
for this region of the genome.

Figure 2. Identification of an additional intron in the sequence of OsNDB3, japonica rice, which encodes
a predicted OsNDB3 polypeptide of 580 aa, correcting the annotated size of 357 aa. A schematic
presentation of the OsNDB3 gene structures in both japonica and indica rice with the missing or
corrected intron. Exons are shown as black boxes or as clear boxes after the premature stop-codon of
the missed intron. Start-codons on 5′-end and stop-codons on 3′-end are shown in purple. The predicted
sizes of the polypeptides are indicated.

The O. sativa ND cDNA sequences (Table S1) were used to conduct BLASTN searches on NCBI
revealing 6 barley ND sequences (Table 1). A BLASTP search of the predicted O. sativa protein sequences
against NCBI and IPK databases revealed the corresponding protein sequences. All ND genes are
predicted to encode proteins in the range of 54 to 65 kDa, similarly to Arabidopsis. Chromosome
location was also identified for these genes (Table 1).

An analysis of the sequence identity between Arabidopsis and rice ND genes revealed that
OsNDB2 and OsNDB3 have highest identity with AtNDB3 (Table S2); however, a previous study [24]
used OsNDB2 notation for the gene (LOC_05g26660), so we have retained this designation here.
A relationship tree of sequences from Arabidopsis, rice and barley grouped the corresponding proteins
into three clades, NDA, NDB and NDC, but it also confirmed the close sequence relationship between
NDB2 and NDB3 in both rice and barley (Figure 3). No orthologue for AtNDB4 was apparent in
these monocots.
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Figure 3. Relationship tree that shows the sequence homology of alternative dehydrogenases from
rice, barley and Arabidopsis. Clades A, B and C correspond to NDA, NDB and NDC, respectively.
The tree was constructed using the Neighbour-Joining method in MEGA 7. Numbers at each node are
the percentage bootstrap values of 1000 replicates. The scale bar indicates the number of amino acid
substitutions at each site.

2.2. Subcellular Localisation and Structural Similarities

Using a bioinformatics approach, the subcellular location of rice and barley AOX was confirmed
to be mitochondrial. The situation with the ND proteins is not so clear. Arabidopsis NDs contain
signals in their sequences that can target these proteins to subcellular compartments other than the
mitochondria; for example, AtNDC1 can be targeted to both the chloroplast and the mitochondrion [30].
More recently, Xu et al. [24] indicated that OsNDB1 and OsNDB2 contain both mitochondrial
and peroxisomal (PTS1) targeting signals, and showed that when the C-terminal sequence of
these proteins was fused to GFP they were targeted to the peroxisome in vivo. OsNDB3 was not
included in that study and so its location remains uncertain. We used a number of bioinformatic
targeting programs to reassess the putative subcellular location of all the rice and barley ND proteins
(Table S3); all contained mitochondrial targeting information and HvNDB1 and HvNDB2, like their
rice counterparts, were predicted also to contain a PTS1 sequence, a small amino acid sequence found
at the C-terminal end of peroxisomal proteins [11,30]. Since the rice proteins have been demonstrated
to be targeted to the peroxisome [24], it is likely that this is also true for HvNDB1 and HvNDB2.
Interestingly, OsNDB3 and HvNDB3 were not predicted to target to the peroxisome, reminiscent of
AtNDB2 and AtNDB4 that are also confined to the mitochondria [30].

AOX proteins are characterised by conserved cysteine residues (CysI and CysII), four helical
regions, and conserved glutamine and histidine residues that act as iron ligands [31]. The cysteines
have been linked to post-translational regulation of AOX, being involved in the formation of an
inactive dimer via a disulphide bond, which when reduced allows the enzyme to be active ([31] and
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references therein). CysI and CysII [31–34] and more recently CysIII [35], have been shown also to be
important in the response of these AOX isoforms to metabolites that activate AOX, such as pyruvate
and glyoxylate [36]. As previously reported, OsAOX1d (formerly OsAOX1b) has a serine substitution
at CysI and CysII positions [16], indicating that it cannot form a covalent disulphide-linked dimer and
therefore may not be inactivated in vivo. However, it may have a rather low activity. When AtAOX1a
was mutated to replace CysI with a serine, it no longer responded to pyruvate but was instead activated
by succinate [34,35]. This is also true of a naturally occurring tomato AOX [37]. However, when serine
was substituted for CysI in AtAOX1c or d, succinate did not stimulate [35], presumably because of
other sequence differences in these proteins. Whether OsAOX1d is activated by succinate is not known
and has to be experimentally determined before we can judge whether it is regulated in vivo.

Interestingly, while no AOX isoform in barley has a serine substitution at the CysI position,
HvAOX1d1 and HvAOX1d2 have serine at the CysII position. This is not expected to affect the
enzyme’s regulation by dimerization via oxidation-reduction, but it may affect its stimulation by
glyoxylate [31]. All AOX isoforms in rice and barley have leucine at the CysIII position, which is similar
to AtAOX1d, not AtAOX1a (Figure 4).

HvAOX1d1 and 2 are particularly interesting because they have a C, S, L (CysI, CysII, CysIII)
configuration (Figure 4). This configuration has not been reported for any other AOX protein to date,
but when AtAOX1d was mutated to a C, S, L form, its basal activity (i.e., without an organic acid
activator) increased quite dramatically [35]. It is possible, therefore, that the HvAOX1d isoforms are
also super active, but again, this needs to be experimentally proven in a heterologous assay system.

Figure 4. Alignment of a section of AOX isoforms in rice and barley. The amino acid sequences were
aligned using the Clustal program. The region showing all the cysteine residues of these AOX proteins
is shown. OsAOX1d has a serine at Cys1; HvAOX1d1, HvAOX1d2 and OsAOX1d have a serine at
CysII; all rice and barley AOX isoforms have a leucine at CysII instead of a cysteine or phenylalanine.

An alignment of the rice and barley ND protein sequences showed that they all contain both of
the conserved dinucleotide folds (DNF) that are involved in Flavin and NAD(P)H binding. It has
been shown that the DNF sequence at the C-terminal end of these proteins is involved in NADH and
NADPH binding and an analysis of this DNF structure, which has a βαβ motif, has shown that a
residue at the end of the second β-pleated sheet can influence substrate specificity and the key residues
involved have been denoted in Figure 5 [38]. A glutamate (E) in this position enables NADH binding
and repels the phosphate on NADPH. Isoforms that show specificity for NADPH have either an
uncharged glutamine (Q) or asparagine (N) at this position. These residues have been experimentally
confirmed to be involved in NADPH binding via recombinant expression of the Arabidopsis NDs [39].
On this basis, a structural analysis of the rice and barley ND sequences suggests that NDB1 and NDC1
are NADPH specific, while all the others are likely to be NADH specific (Figure 5). Recently, it has
been shown that AtNDC1 encodes an enzyme involved in vitamin K synthesis in the chloroplast [40].
Its role in mitochondria is unknown, but it is targeted to the matrix side of the IM and may be the
protein responsible for matrix NADPH oxidation, detected in some plant mitochondria [41].
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Figure 5. An alignment of the NAD(P)H binding domain in rice and barley ND families with
Arabidopsis homologues. The sequences were aligned using the Clustal program. Substrate specificity
is given on the right for each enzyme that has been experimentally determined [10,39,42]. Residues
are Δ, basic or hydrophilic; �, hydrophobic; θ, acidic; and G, Glycine. The acidic residue alters the
specificity for NADH- and NADPH-specific proteins and is indicated as an arrow.

The NDB proteins, when aligned with NDAs and NDC, contain additional amino acid sequence in
which are located EF-hand motifs that have been linked to calcium binding. The conserved N-terminal
EF-hand motif has been shown to be conserved in Arabidopsis NDB where it has been experimentally
demonstrated to bind calcium [39,43]. All rice and barley NDBs contained this EF hand, which suggests
that these dehydrogenases may be regulated by calcium. In Arabidopsis, AtNDB4 lacks critical key
residues in its EF-hand motif and has been shown to not bind calcium [39], but rice and barley do not
appear to have this calcium-independent NDB protein (Table 1, Figure 2).

2.3. Expression of AP Components under Chemical-Induced Stress

A focus of this work was to determine the stress responsive components of the AP in the monocots
rice and barley. Initially, plants were exposed to KCN and transcript abundance of AP component
genes determined and compared to untreated controls. KCN inhibits cytochrome oxidase leading
to an over-reduction of the electron transport chain and accumulation of ROS [44]. In this study,
OsAOX1e expression was not assessed. While Costa et al. [19] found a small number of ESTs with
partial sequence corresponding to this gene, they were isolated from germinating seeds and are more
likely to be linked to development. In untreated tissues, OsAOX1c was the most highly expressed
AOX gene in shoots but not roots (Table S4). In contrast, in untreated barley, HvAOX1c, was the lowest
expressed gene in both shoots (not detectable) and root tissue (Table S4). After 6 h of KCN treatment,
all AOX isoforms in both rice and barley increased in expression in both shoots and roots, except for
AOX1c (Tables 2 and 3). In KCN-treated rice, OsAOX1d was the most responsive of the AP genes,
in both roots and shoots. OsAOX1a transcript returned to lower levels 24 h after treatment, whereas
the increase in expression was sustained for OsAOX1d in shoots (Table 2). HvAOX1a, HvAOX1d1
and HvAOX1d2 were expressed at similar levels in control roots and shoots (Table S4), and were very
responsive to KCN treatment, but this was not sustained at 24 h in any tissue (Table 3 and Figure 6).
An analysis of AOX protein levels in barley tissue total protein extracts showed that AOX protein was
detectable in control root samples, but not in shoot tissue. However, AOX protein increased in both
shoot and root tissue after 24 h exposure to KCN (Figure 6).
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Figure 6. Chemical treatment increases AOX protein levels in barley shoot and root tissue. Barley
seedlings (14 days old) were exposed to 5 mM potassium cyanide (KCN) for up to 24 h, then root and
shoot tissue were used for crude protein extractions. (A) Immunoblot of crude protein extracts under
reduction conditions. The expected size for HvAOX is 35–37 kDa. Expression levels of AOX isoforms
were determined using qRT-PCR in shoots (B) and roots (C). Expression data were normalized with
reference genes Actin, Ubiquitin and Pdf (Protein phosphatase) and shown as mean of 4 biological
replicates. Gene expression data were derived from the same experiment as presented in Table 3,
but shown as normalised expression instead of fold-change, to demonstrate the relative level of
expression between genes. * denotes significantly different (p < 0.01) from the control (C).

Prior to KCN treatment, OsNDA1, OsNDB2, OsNDB3 were the most highly expressed of the
ND genes in both roots and shoots (Table S4). In contrast, in untreated barley tissue the most highly
expressed ND genes were HvNDA2, HvNDB3 and HvNDB1, while HvNDA1 was not detectable
(Table S4). In rice, OsNDA1 and OsNDB3 expression was upregulated within 6 h of KCN treatment in
shoots and roots, but was not sustained at 24 h. OsNDB2 was upregulated in shoots after 6 h and in root
tissue after 24 h. OsNDA2 expression also increased in roots (Table 2). After KCN treatment, HvNDA2
and HvNDB3 were upregulated in shoots and roots and HvNDB2 to a lesser extent in shoots after 6 h
(Table 3). Again, the HvNDB2 response was sustained in shoots at 24 h. HvNDA1 was not detectable in
control tissue, but showed a little expression, at the limit of detection after KCN treatment, therefore a
fold-change could not be calculated although this gene may also be stress-responsive (Table 3).

2.4. Expression of Rice and Barley AP Components under Abiotic Stress

Data from Genevestigator show that the same stress-responsive genes identified in the KCN
treatment in rice are up-regulated under many abiotic and biotic stresses, including cold, drought,
nutrient stress, and arsenate treatment (Table S5). Interestingly, in the salt studies available, OsAOX1a,
OsAOX1d, OsNDB3 and OsNDB2 showed the highest up-regulation in shoot tissue, but were
down-regulated in root tissue. We explored this further in rice exposed to 120 mM NaCl over a
12 days period to examine the specific AP response. In shoots, OsAOX1a, was up-regulated early in
the stress while OsAOX1d, showed a later response and OsAOX1c was only up-regulated at 12 days
(Figure 7A). In the roots, there was a decline in the abundance of all AOX isoform transcripts after
the stress (Figure 7B). To elaborate this response further, mitochondria were isolated from shoot and
root tissue at 9 days after salt application and respiratory activities determined. In both shoot and root
mitochondria there was an increase in AOX capacity. In shoots this was reflected in an increase in
AOX protein, especially as the monomeric active form (Figure 7C). The two bands present may reflect
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different gene products, but only N-terminal sequencing would confirm this. However, in soybean,
different apparent Mr of AOX proteins in immunoblots was not indicative of different size proteins [45]
In root mitochondria, overall AOX protein abundance did not change but there was a shift from the
oxidised dimer to the monomeric form, consistent with the increase in AOX capacity. All the data
for roots are consistent with the view that in response to salt stress, existing AOX protein is activated
post-translationally, while in shoots there may be an increase in overall AOX protein as well as a
post-translational activation.

Figure 7. Response of alternative oxidases (AOXs) in rice under salt stress. Fold change expression
of AOX isoforms, AOX1a, AOX1c and AOX1d in seedling shoots (A) and roots (B) were analysed in
response to 120 mM NaCl using qRT-PCR over a period of 12 days. Data are shown as the mean ± SE
of three biological replicates relative to the control at each time point set as 1.0. Significant differences
are indicated by asterisks (*) at p < 0.01 (t-test). Immunoblots of the AOX protein present in purified
mitochondria from salt-treated and non-treated (control) shoots (C) and roots (D) harvested 9 days
after the start of salt application. The numbers below each lane of the blot, represent the AOX capacity
determined for the purified mitochondria for that treatment.

In this study, in shoots from salt stressed plants, OsNDB3 was the first ND gene to be up-regulated
(day 6) while by day 12, OsNDA1, OsNDB1, OsNDB2 and OsNDC1 were all up-regulated, in agreement
with Genevestigator data (Figure 8; Table S5). In roots, OsNDB3 was up-regulated at the earliest
time-point, followed by OsNDB1 at day 2 and OsNDB2 at day 6 and OsNDC1 at day 12 (Figure 8).
Further, there was a significant decrease in OsNDA1 and OsNDA2 levels in roots, reminiscent of
the OsAOX gene response in root tissue. It is unknown whether this change in OsNDA transcript
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levels reflects a change in corresponding protein levels or activities. Antibodies for each ND in rice
or barley are currently not available, but an antibody raised to a peptide-specific for the OsNDB2
isoform was developed and used to detect NDB2 protein in mitochondria isolated from shoot and
root tissue. OsNDB2 protein was detectable in control shoot but not in root mitochondria (Figure 9C).
There was an increase in OsNDB2 protein in mitochondria from day 9 salt treated shoot tissue but not
root mitochondria, consistent with transcript data collected for this tissue (Figure 9A,B).

Figure 8. Expression of alternative dehydrogenases (NDs) in rice under salt stress. Fold change
expression of ND isoforms, OsNDA1, OsNDA2, OsNDB1, OsNDB2, OsNDB3 and OsNDC1, in seedling
shoots (A) and roots (B) were analysed in response to 120 mM NaCl using qRT-PCR over a period of
12 days. Data are shown as the mean ± SE of three biological replicates relative to the control at each
time point set as 1.00. Significant differences are indicated by asterisks (*) at p < 0.01 (t-test).
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Figure 9. Expression of OsNDB2 in rice under salt stress. Expression was analysed in seedling roots
(A) and shoots (B) exposed to 120 mM NaCl over the period of 15 days using qRT-PCR. Data are shown
as the mean relative gene expression ± SE of three biological replicates; (C). An immunoblot of the
OsNDB2 protein present in mitochondria isolated from salt-treated and control shoots harvested
9 days after the start of salt application. CR-control roots; TR-treated roots; CS-control shoots;
TS-treated shoots.

Genevestigator data showed that the same stress-responsive genes identified in the KCN
treatment of barley were also up-regulated by many abiotic and biotic stresses (Table 3 and Table S6).
HvAOX1a, HvAOX1d1 and HvAOX1d2 were the stress-responsive AOX isoforms, along with HvNDB3.
No information for HvNDB2 is available in Genevestigator. Interestingly, HvNDA1 was reported to
increase in some perturbations, but as the HvNDA1 and HvNDA2 show high sequence identity, it is
possible that there may be a mis-identification of these genes in Genevestigator. Increases in abundance
of AP gene transcripts occur with biotic stress in barley and are also seen in abiotic stresses such as
cold and drought. To elaborate on the response to drought, total protein extracts were made from
shoot tissue of barley grown under normal or moderate drought conditions and probed with the AOX
antibody. Shoots from drought treated plants had higher AOX protein levels than control samples,
indicating transcriptional and/or translational control (Figure 10). Since these protein extracts were
obtained under reducing conditions, it is not clear if there is also a post-translational level of activation
via disulphide reduction under these conditions, and this is worth further investigation.
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Figure 10. Detection of AOX protein in barley exposed to moderate drought stress. Soil grown
12 days old barley seedlings (Hordeum vulgare, cv. Golden Promise) were exposed to drought stress
by withholding water for 14 days under greenhouse conditions. AOX protein was detected in total
protein extracts of shoot tissue in plants grown in well-watered controls (C) and drought, withhold
conditions (D) resolved under reducing conditions. The relative water contents for the plant were 83%
and 69% in control and drought conditions, respectively.

It is well documented that AtAOX1a and AtNDB2 show a high level of co-expression under
various stress conditions [14]. Transcriptomic datasets for perturbations in Genevestigator were
scanned to determine the genes showing the highest correlation of expression with AtAOX1a and
AtNDB2 as well as all rice and barley AP genes. Table S7 shows the level of correlation between AP
genes. For example, AtNDB2 is the sixth most correlated gene expressed with AtAOX1a, confirming
the close co-expression relationship between these genes during stress. Interestingly, AtNDA2 is
also highly expressed with AtNDB2 and AtAOX1d lies within the top 100 genes for co-expression
with AtAOX1a.

A similar analysis of rice and barley AP genes suggests that co-expression of AOX and ND genes
also occurs in monocots. In both rice and barley, the genes with strongest correlated expression are
AOX1a and AOX1d (HvAOX1d1 and HvAOX1d2, in barley). In rice, OsNDB3 and OsNDA1 are the
isoforms most highly co-expressed with AOX isoforms. For barley, a close co-expression relationship
exists between HvNDB3, HvAOX1d1 and HvAOX1d2 (Table S7).

3. General Discussion

Plant mitochondria contain a complex electron transport chain, characterised by ND and AOX
proteins that constitute an alternative pathway, AP, which is not linked to energy conservation.
Evidence suggests that the AP plays a role in plant abiotic stress tolerance through minimising
ROS [44,46], influencing stress related amino acid synthesis [47], protecting cytochrome oxidase from
ROS under photoinhibitory conditions, such as drought [48], and influencing stomatal function [49].

Many studies that have examined the role of the AP in plant growth and stress responses have
focused on AOX, with the NDs often overlooked, and have rarely used monocot species. In this study,
we have identified all the genes associated with the components of the AP in rice and barley, examined
their expression under stress and identified the key genes involved in stress response.

As described previously, AOX is encoded by four genes in rice and barley, all clustering within
the AOX1-like gene clade and none in the AOX2-like gene clade [19]. Recently, AOX2-like genes have
been found in ancient monocot ancestors [50], but they are yet to be found in more recent monocots,
such as rice. OsAOX1a and OsAOX1d were found to be located in a tandem arrangement on the
same chromosome, and we now show that this section of the rice genome maps to a similar region in
barley where a gene duplication has resulted in formation of HvAOX1d1 and HvAOX1d2, which are
closely related in sequence. These closely located genes are highly co-expressed in both rice (OsAOX1a
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and OsAOX1d) and barley (HvAOX1a, HvAOX1d1 and HvAOX1d2) in the stress experiments in
this study and in previous studies reported in Genevestigator data. While this co-expression was
evident in previous studies where rice plants were exposed to stresses such as chilling, drought and
salinity [20,22,51], this is the first report of this response for barley (Tables S6 and S7). AOX1c was not
stress responsive in either rice or barley in our experiments. In other species there are some AOX1
genes that do not respond to stress (e.g., AtAOX1b and 1c in Arabidopsis, based on observations from
the Genevestigator Perturbations data set), so this is not unique. However, the level of expression
of AOX1c differed greatly between the two species. OsAOX1c was constitutively expressed in both
shoot and root tissue of rice. In contrast, HvAOX1c was expressed at very low levels in shoots and was
not detectable in roots of 12 days old barley plants, suggesting a species difference in the regulatory
elements present in the promoter regions of this gene and tissue-specific roles not yet uncovered.

We also report for the first time a preliminary characterisation of the barley ND genes. All three
subfamilies of plant ND genes, NDA, NDB and NDC are present in both rice and barley, but both
species have fewer NDB genes than the well characterised Arabidopsis. The amino acid sequence can
be a guide to substrate specificity of ND proteins. On this basis, apart from NDB1 and NDC1, all the
rice and barley NDs apparently use NADH as a substrate, as described for Arabidopsis [39]. All the
NDBs we have identified contain a conserved EF hand motif and so have the potential to be regulated
by calcium binding, but rice and barley lack an equivalent to AtNDB4, an NADH-specific ND that
does not bind calcium. The role of this protein in Arabidopsis has not yet been clarified, but its absence
in rice and barley suggests a metabolic difference between these species. Further analysis revealed that
the barley and rice NDB3 proteins lack the peroxisomal targeting sequences previously identified for
OsNDB1 and OsNDB2 [24], suggesting that NDB3 in rice and barley is orthologous to AtNDB2.

Experiments with chemical and abiotic stress treatments show that a number of ND genes in
both rice and barley are responsive to oxidative stress along with AOXs. The most stress-responsive
of these genes was NDB3 in both monocots, but NDA1 or 2 and NDB2 also responded. However,
NDB2 showed a different temporal response during KCN and salinity treatment of rice with lower, but
sustained expression, possibly reflecting a response to different signals during the stress. Experiments
with an antibody specific for OsNDB2 showed that the protein also increased in roots of stressed plants.
Data in Genevestigator confirms the transcriptional response of these ND genes to a large number of
stresses, both biotic and abiotic. Taken together, these observations indicate that NDB3 is the main
stress-responsive ND gene in rice and barley, further suggesting that it serves a similar functional role
as AtNDB2.

A more detailed analysis of the response of rice to saline conditions also suggested post-translational
regulation of AOX by stress. Transcript abundance of various AOX genes, but especially OsAOX1a
and OsAOX1d, gradually increased in shoots but decreased in roots. The results with shoots agree
with those of Ohtsu et al. [20] and Feng et al. [21]. In contrast, Feng et al. [51] reported an increase of
transcript abundance of AOX1a and AOX1d when roots were exposed to 200 mM and 300 mM salt
stress for 12 h, but their experimental conditions may have caused a “salt shock”, which was avoided
in our experiments. Ohtsu et al. [20] also reported an increase in transcript abundance of OsAOX1a and
OsAOX1d under a similar ‘salt shock’ experiment, which then decreased gradually. In our experiments,
salt concentration was gradually increased over time with several increments, perhaps resulting in
different signals. Microarray data from Genevestigator clearly demonstrate the tissue-specific nature
of OsAOX1 expression in rice in response to salinity stress and the patterns of OsAOX1a and OsAOX1d
expression in various tissues from different cultivars are consistent with our results. In particular,
there was a reduction of OsAOX1a and OsAOX1d transcript abundance in roots from the cultivars
Pokkali, IR63731, IR29 and FL478, eight days after salt application (Table S5). Despite this decrease
in AOX gene transcript over the long term, AOX capacity increased in mitochondria isolated from
salt stressed rice root tissue. This may reflect post-translational regulation by reduction of AOX from
its inactive oxidised dimer to an active reduced form. Such post-translational regulation of AOX
capacity has also been observed during high light stress in the shade plant Allocasia [52] and in soybean
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leaves [53]. Since OsAOX1d has a serine at the CysI site involved in redox control of AOX activity,
which will prevent its conversion to an inactive covalently linked dimer, it is likely that the protein we
detected immunologically in roots was another AOX isoform.

The difference in results between the studies of Feng et al. [51], Ohtsu et al. [20] and the present
study, suggests that different signals were involved in the roots under the different conditions imposed,
one leading to a transcriptional upregulation of AOX genes, the other to post-translational regulation
of existing protein. This may reflect different roles of AOX in response to a direct oxidative stress
(KCN) versus salt stress where it might play a role in metabolite synthesis, but this remains to be
proven. However, it does highlight the complexity of regulation of AOX and AP in plants.

Less is known currently about the response of barley AP components to stress. Up-regulation of
an AOX gene in response to cold has been reported for wild barley [54] and heat stress (HvAOX1a)
for the commercial cultivar Golden Promise [28]. More recently, Zhao et al. [25] and Wang et al. [26]
reported an increase in AOX protein linked to varieties of highland barley showing improved tolerance
to low N, UVB and salt. We have undertaken a more detailed analysis of the AOX and ND gene
family to oxidative, abiotic and biotic stresses, building on the previous work and confirming that
these transcriptional responses are translated into higher AOX protein levels under drought stress.
This suggests that AOX may play a similar role during drought to that shown in tobacco [48]. Whether
ND protein increases as well awaits the development of antibodies to detect these proteins.

In conclusion, we have shown that there is a high level of co-expression of AOX1a and AOX1d,
together with NDB3, in response to chemical and environmental stresses in rice and barley. This is
reminiscent of the co-expression that has been well characterised in Arabidopsis for AtAOX1a and
AtNDB2. Our results pave the way for an assessment of the role the AP path in these important cereal
crops plants and the possible use of AP components as molecular markers in breeding programs.

4. Materials and Methods

4.1. Plant Material

Oryza sativa ssp. japonica, cv. Nipponbare or Hordeum vulgare, cv. Golden Promise were used for
transcript level, protein level and enzyme activity analyses as described individually for each experiment.

4.2. Gene Identification

Nucleotide and amino acid sequences for all Arabidopsis AOXs (AtAOX1a, At3g22370; AtAOX1b,
At3g22360; AtAOX1c, At3g27620; AtAOX1d, At1g32350; AtAOX2, At5g64210) and NDs (AtNDA1,
At1g07180; AtNDA2, At2g29990; AtNDB1, At4g28220; AtNDB2, At4g05020; AtNDB3, At4g21490;
AtNDB4, At2g20800; AtNDC1, At5g08740) were retrieved from the The Arabidopsis Information
Resource [55] and used for BLASTp/BLASTn searches against protein/genomic reference sequences
in the MSU RGAP Release 7 on Rice Genome Annotation Project database [56] to identify
alternative pathway homologs in japonica rice. Putative japonica rice AP genes were then used in
BLASTp/BLASTn searches against O. sativa ssp. indica group sequences on the Gramene database [57]
to identify AOX and ND homologs in indica rice. The rice AP sequences (Table S1) were also used for
BLASTp/BLASTn searches against reference sequences of genes from NCBI [58] and the International
Barley Sequencing Consortium database [59] to identify AP homologs in barley. Protein sizes were
determined using the predicted amino acid sequence and the ExPASy tool [60].

4.3. Protein Relationship Analyses

A protein relationship tree of NDs from rice, barley and Arabidopsis, was constructed using the
neighbour-joining method [61] in the MEGA7 computer program [62]. Protein sequences identified
above (Table 1 and Table S1) were aligned in Clustal Omega [63] following standard parameters.
Phylogenetic tree construction was carried out using the Neighbour-joining method and Bootstrap
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of 1000 replications; “number of differences” as the substitution model and “complete deletion” for
gaps/missing data treatment.

4.4. Subcellular Localization

Computational determination of the subcellular localization of identified AP genes from rice
and barley was carried out using publicly available subcellular localization prediction programs;
TargetP [64], Predotar [65], ChloroP 1.1 [66] and Plant-mPLOC [67]. Proteins targeting to the
peroxisomes were predicted using PredPlantPTS1 [68].

4.5. Genevestigator Expression Analyses

Microarray probe-set IDs with high homology were retrieved for all Arabidopsis, rice and barley
AP genes, except barley HvNDB2, which was not represented on the Affymetrix Barley Genome Array
chip. At the time of analysis, the transcriptomic databases for rice and barley contained data for 2656
and 1822 samples, respectively, and featured many different stress experiments. The ‘Perturbation’
dataset was screened using the Condition Search Tool within Genevestigator [69] to assess the
stress-responsiveness of each gene in all microarray datasets available on Genevestigator. Fold changes
for each AP gene in response to selected biotic and abiotic stress treatments are given in Tables S5 (rice)
and S6 (barley). The Similarity Search Tool for Co-expression was also applied to the “Perturbation”
dataset to identify genes that may be co-expressed with particular AP genes from Arabidopsis, rice
and barley during stress (Table S7).

4.6. Screening for Responsive AP Genes under Oxidative Stress

To generate oxidative stress, rice seedlings (O. sativa ssp. japonica, cv. Nipponbare) were grown on
Petri dishes for three weeks, then exposed to the respiratory inhibitor, potassium cyanide (KCN, 5 mM)
and barley seedlings (H. vulgare, cv. Golden Promise) were grown for two weeks on damp paper towel
in petri dishes, then exposed to KCN (5 mM). RNA for gene expression analysis was extracted from
shoot and root tissue collected at 6 h and 24 h for both KCN treated and control (no KCN) tissue.

O. sativa (cv. Nipponbare) seedlings grown in a hydroponic system, were exposed to salinity
stress following transplantation of the seedlings (7–10 days old) to 12 L hydroponic tanks filled with
constantly aerated nutrient solution [70], at 26 ◦C/22 ◦C (day/night), 12 h photoperiod and 75%
relative humidity, 400–500 μE m−2·s−1. The solution was changed after two weeks and 120 mM
salt stress was applied in two increments, 50 mM followed by a further 70 mM NaCl two days later.
Supplementary CaCl2, 0.75 and 1 mM, was added respectively to keep constant activity of calcium.
Salt was applied gradually for several increments, to avoid a salt “shock” and calcium was present to
remove any complications from an induced calcium deficiency that can occur in the presence of sodium
ions [71]. Root and shoot tissues were harvested from salt-treated and control tanks at pre-determined
time points, and either snap-frozen in liquid nitrogen for gene expression analyses or used fresh for
mitochondrial isolation and enzyme activity assays.

Drought tolerance assays were carried out using barley seedlings grown in soil. Seedlings (7 days
old) of H. vulgare (cv. Golden Promise) were transferred from Petri dishes into Osmocote soil in pots.
Each pot contained the same dry weight of soil and the same volume of water. The pants were grown
in a glasshouse for 7 days at 23 ◦C/15 ◦C (day/night), 13 h photoperiod (1500 μmol m−2·s−1), with
equal watering (to weight) before the drought treatment was initiated by completely withholding
water for 14 days. Control plants continued to be watered as necessary. Shoot tissues were harvested
from drought treated and control plants, immediately snap-frozen in liquid nitrogen and subsequently
used for protein extraction and immunoblotting analyses.

4.7. Gene Expression Analysis Using qRT-PCR

Samples were snap frozen in liquid nitrogen then stored at −80 ◦C until use. In experiments with
rice, the leaves (two youngest) and root were sampled separately. In experiments with barley the entire
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shoot and root were harvested separately. Total RNA was extracted using the TRIZOL-like extraction
method [72] following recent modifications [71]. Genomic DNA contamination was eliminated by
DNase treatment using DNase I (Invitrogen-ThermoFisher, Waltham, MA, USA). Single stranded
cDNA synthesis was performed on 1 μg of DNase-treated RNA using iScript cDNA Synthesis Kit
(Bio-Rad, Hercules, CA, USA). The qRT-PCR analysis was performed with a CFX96 Real Time PCR
Detection System (Bio-Rad). For rice, reactions (10 μL) included SsoFast EvaGreen Supermix Master
Mix (Bio-Rad) and 0.6 μM gene-specific primers (Table S8). For barley, reactions (10 μL) included KAPA
SYBR-Fast qPCR Universal ReadyMix (Geneworks, Thebarton, Australia) and 0.2 μM gene-specific
primers (Table S8).

The gene expression data obtained were normalized using the geometric average expression of
three stable reference genes. For rice these were OsElF1 [70], OsPplase [73] and OsActin [73]. For barley,
these were HvActin, HvUbiquitin and HvPdf (Protein phosphatase) based on their stable expression
levels according to data from Genevestigator.

4.8. Protein and Enzyme Activity Assays in Isolated Rice Tissue Mitochondria

Mitochondrial isolation was carried out following the method described by Kristensen, et al. [74]
with slight modifications. Purification of isolated mitochondria was carried out using a discontinuous
Percoll gradient, which consisted of four layers: 6 mL of 60% (v/v) Percoll, 8 mL of 45% (v/v) Percoll,
10 mL of 28% (v/v) Percoll and 10 mL of 5% (v/v) Percoll.

4.9. Oxygen Electrode Assays

The oxygen uptake rate of mitochondria isolated from rice shoots or roots was measured in a
standard reaction medium (0.3 M mannitol, 10 mM TES, 10 mM KH2PO4, 2 mM MgCl2, pH 7.2 at 25 ◦C
using a Clark-type Oxygraph Plus oxygen electrode system (Hansatech Instruments Ltd., Pentney, UK).
Total oxygen consumption rate of AOX was measured in the presence of the following components;
10 mM succinate, 5 mM pyruvate, 1 mM NADH, 1mM ATP, 1 mM ADP, 5 mM DTT. The cyanide
resistant and the residual oxygen consumption rates were determined in the presence of 1 mM KCN
and 250 nM OG (Octyl Gallate), respectively.

4.10. Immunoblot Analysis

Detection of AP protein levels in salt-treated and control rice shoot and root tissues was carried out
on isolated mitochondria resolved on a 10% (v/v) Tris-glycine SDS-PAGE followed by immunoblotting.
For barley tissue samples, protein was extracted from whole shoot or root tissue following the
procedure of Umbach, et al. [75]. For both rice mitochondria and barley total protein extracts, samples
were prepared either in the presence or absence of 200 mM DTT as indicated. Blots were probed with
the monoclonal AOA antibody, with the peptide recognition sequence of RADEAHHRDVNH [76],
or anti-porin antibody to show equal loading of samples on gel (supplied by Professor Harvey Millar,
University of Western Australia).

The abundance of NDB2 protein was estimated by probing immunoblots with 1:8000 diluted
polyclonal antibody OsNDB2, that was prepared by Biomatik (http://www.biomatik.com) with the
peptide recognition sequence of CQDNQVLQINDGTGKKR.

4.11. Statistical Analyses

Data are generally expressed as mean ± SEM (Standard Error of the Mean). Analysis of variance
or t-test was performed to determine whether there were significant differences between means of
control and treated samples at 95% confidence level using GraphPad Prism (La Jolla, CA, USA).
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Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/3/915/
s1.
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Abstract: Environmental stresses, including ammonium (NH4
+) nourishment, can damage key

mitochondrial components through the production of surplus reactive oxygen species (ROS) in the
mitochondrial electron transport chain. However, alternative electron pathways are significant for
efficient reductant dissipation in mitochondria during ammonium nutrition. The aim of this study
was to define the role of external NADPH-dehydrogenase (NDB1) during oxidative metabolism of
NH4

+-fed plants. Most plant species grown with NH4
+ as the sole nitrogen source experience a

condition known as “ammonium toxicity syndrome”. Surprisingly, transgenic Arabidopsis thaliana
plants suppressing NDB1 were more resistant to NH4

+ treatment. The NDB1 knock-down line
was characterized by milder oxidative stress symptoms in plant tissues when supplied with NH4

+.
Mitochondrial ROS accumulation, in particular, was attenuated in the NDB1 knock-down plants
during NH4

+ treatment. Enhanced antioxidant defense, primarily concerning the glutathione pool,
may prevent ROS accumulation in NH4

+-grown NDB1-suppressing plants. We found that induction
of glutathione peroxidase-like enzymes and peroxiredoxins in the NDB1-surpressing line contributed
to lower ammonium-toxicity stress. The major conclusion of this study was that NDB1 suppression
in plants confers tolerance to changes in redox homeostasis that occur in response to prolonged
ammonium nutrition, causing cross tolerance among plants.

Keywords: ammonium toxicity; external type II NADPH dehydrogenase; glutathione metabolism;
reactive oxygen species; redox homeostasis

1. Introduction

Cellular oxidation-reduction status functions as an integrator of subcellular metabolism and
responds to signals from the external environment [1–3]. NADP(H) and NAD(H) mediate the flow of
reductive power between cellular processes [4], and NAD(P)H can be oxidized by the mitochondrial
electron transport chain (mtETC), located in the inner mitochondrial membrane. In plants, mtETC is
composed of four multi-subunit complexes: complex I (NADH dehydrogenase), complex II (succinate
dehydrogenase), complex III (cytochrome c reductase), and complex IV (cytochrome c oxidase).
Plant mitochondria also possess unique electron routes that can bypass the pathway from complexes
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I or II to complex IV. These additional electron pathways include external and internal type II
dehydrogenases (NDex and NDin, respectively) and the alternative oxidase (AOX) [5,6]. NAD(P)H
dehydrogenases are encoded by three gene families (NDA, NDB and NDC). NDex enzymes encoded
by NDB1 utilize NADPH, whereas the enzymes encoded by NDB2, NDB3, and NDB4 utilize NADH;
NDB1 and NDB2 isoforms are also Ca2+-dependent or Ca2+-stimulated [6–8]. The NDin isoforms
NDA1, NDA2, and NDC1 utilize NADH, while the NDC1 isoform may also utilize NADPH.
AOX genes belong to two subfamilies, which in Arabidopsis are composed of AOX1a-d and AOX2 [9].

The path of electrons from complex I through ubiquinone to complexes III and IV
(cytochrome pathway) couples the oxidation of reductants to the reduction of O2 to H2O.
The accompanying translocation of protons builds an electrochemical proton gradient that drives
oxidative phosphorylation by ATP synthase (ATPase) to produce energy-rich ATP molecules.
In contrast with the cytochrome pathway, whose activity is under adenylate control, the additional
“alternative” routes are not linked to ATP synthesis or controlled by adenylates. This is because the
AOX, NDin, and NDex pathways dissipate excess reductants without proton motive force generation.
This prevents over-reduction of the ubiquinone pool or hyperpolarization of the mitochondrial
membrane potential, which could inhibit respiration. Plant mitochondria play a central role as
reductant sinks, regulating cellular redox homeostasis and preventing redox poise in cells [4,10].
Although the additional pathways do not contribute to ATP production, their activity is crucial to
minimize the production of reactive oxygen species (ROS). Alternative pathway activity is induced
when superfluous reductants require oxidation [11,12]. Plant mitochondria can oxidize NAD(P)H
from the matrix via complex I or via NDin, and can also oxidize cytosolic NAD(P)H present
in the intermembrane space via NDex activity. NDex and NDin have low substrate affinity for
NAD(P)H [13] and may be important when excessive reducing power must be oxidized [14]. Whereas,
the AOX pathway is important for preventing over-reduction in chloroplasts and to balance redox
partitioning during photosynthesis, photorespiration, and respiration [12,15]. Research has indicated
the importance of NDin and NDex enzymes in regulating mitochondrial and cytosolic reductant
pools. In particular, two Arabidopsis RNA interference (RNAi) lines, suppressing the NDB1 gene for
external Ca2+-dependent NADPH oxidation by 90%, have highly similar effects on cellular NADP(H)
homeostasis and consequentially on growth rate, respiratory metabolism and defense signaling,
as shown by metabolome, transcriptome and flux analysis [16].

A disruption in cellular redox homeostasis, which might occur under stress conditions,
is deleterious to plant cells because the production of ROS can be dramatically enhanced [17,18].
In plant tissues, ROS are formed by the inevitable leakage of electrons to O2 from the electron transport
chains of chloroplasts, mtETC, or as a by-product of metabolic pathways, which may be localized in
cellular compartments such as peroxisomes. ROS can damage membranes, proteins, and nucleic acids;
inhibit enzymes; and even induce programmed cell death in plants [19]. When ROS production is not
effectively balanced by scavenging mechanisms, oxidative stress may occur.

To buffer the toxic effects of ROS, plants have developed several antioxidative systems [20].
The major plant low-mass antioxidants include glutathione and ascorbate, which are present in all
cellular compartments. The production of ascorbate (the reduced form AsA) in plants is associated
with the mtETC, i.e., the last step of synthesis is catalyzed by L-galactono-γ-lactone dehydrogenase,
an enzyme attached to complex I [21]. The biosynthesis of glutathione, a tripeptide, requires two
enzyme-mediated steps, as characterized in Arabidopsis. The enzymes are glutamate-cysteine ligase
(GSH1), which is localized in plastids, and glutathione synthetase (GSH2), which is found in plastids
and in the cytosol [22,23].

Glutathione is the most abundant non-protein thiol in cells and its nucleophilic activity is
exploited in several stress response pathways to detoxify ROS [23,24]. Reduced glutathione
(GSH) can directly reduce all kinds of ROS (1O2, O2·−, HO·, H2O2), while itself being oxidized
and forming a disulfide form (GSSG). Moreover, GSH can form disulfides with Cys-residues in
proteins (S-glutathionylation), protecting them from irreversible oxidation and regulating their

231



Int. J. Mol. Sci. 2018, 19, 1412

activity [25]. Glutathione also has a critical function as an electron donor in other enzymatic
detoxification systems. In the ascorbate-glutathione cycle (composed of the enzymes ascorbate
peroxidase (APX), dehydroascorbate (DHA) reductase (DHAR), monodehydroascorbate reductase
(MDHAR), and glutathione reductase (GR)), APX is ultimately responsible for the decomposition of
H2O2 [26]. The ascorbate-glutathione cycle depends on three redox couples: AsA/DHA, GSH/GSSG,
and NAD(P)H/NAD(P), the latter providing the reductant for the former two. In the process of
ROS elimination, the network of glutathione peroxidase-like enzymes (GPX), peroxiredoxins (Prx),
thioredoxins (TRX) and glutaredoxins (Grx), play an important role [27]. Briefly, GPX and Prx, in their
catalytic activity, reduce H2O2 but also show a strong preference for organic hydroperoxides and
peroxinitrite. As a result, GPX and Prx can protect the plant cell not only from ROS but also directly
from other stress symptoms such as lipid peroxidation. Further, these enzymes are reduced by TRX in
a NADPH- or reduced ferredoxin-dependent manner [28]. Grx, however, can reduce disulfide bonds
in protein, a process which is dependent on GSH and that regulates the oxidation state of proteins.
Overall, glutathione metabolism requires sulfide group reduction, which is essentially achieved by GR
activity using electrons from NADPH. Therefore, GR has been proposed to recycle GSH and to regulate
the glutathione redox state in cells [23]. Accordingly, GSH and GSSG form a redox couple that mediate
the transfer of reducing equivalents from NADPH to ROS. It is well established that glutathione and
ascorbate have a redox potential and are involved in the redox regulation of cells [29,30]. In recent
years, the contribution of these low-mass antioxidants to redox-connected retrograde signaling has
been identified.

Changes in redox state can be evaluated in plant tissues using different approaches. The role
of mitochondria and chloroplasts in maintaining cellular redox balance has been demonstrated
in studies in which the activity of the mtETC was altered using inhibitors [31,32]. Mutants are
useful tools for investigating the influence of specific proteins in vivo on redox metabolism in plant
cells. Another strategy is to investigate stress conditions affecting the intracellular redox balance.
The responses of plants to diverse abiotic and biotic stress factors have been analyzed extensively
in recent years. In their natural environment, plants must adapt to fluctuations in the availability
of nutrients, including nitrogen; this implies the potential existence of a method of sensing mineral
availability and executing a rapid metabolic response [2,33]. Plants can utilize two different inorganic
nitrogen sources, mostly in the forms of ammonium (NH4

+) or nitrate (NO3
−) [34]. It has been

proposed that the application of NH4
+ as the sole source of nitrogen affects redox homeostasis

in plant cells [35,36]. When comparing NH4
+ with NO3

− nutrition, a surplus of reductants may
be expected in plant tissues; this is because NO3

− must first be reduced to NH4
+ in a two-step

reduction reaction before its incorporation into amino acids. In the first step, NO3
− must be reduced

to nitrite (using NADH) in a reaction catalyzed by cytosolic nitrate reductase (NR), and then to
NH4

+ (using NADPH or reduced ferredoxin) via nitrite reductase (NiR) in the plastids [37,38].
In contrast, when NH4

+ is supplied as the exclusive nitrogen source, thus NO3
− reduction is omitted,

the consumption of reducing equivalents is lower in the cytosol and chloroplasts. In terms of energy
economy, NH4

+ seems to represent a better source of nitrogen nutrition for plants, as its assimilation
requires less energy than NO3

− [37,39]. Ammonium nutrition can, however, potentially lead to
an accumulation of reductants in these compartments, and consequentially NDex, NDin and AOX
enzymes have been observed to be acutely induced by short-term NH4

+ supply [38]. Nevertheless,
plants cultured on NH4

+ as the sole nitrogen source exhibit symptoms of toxicity (e.g., growth
inhibition), commonly referred to as “ammonium syndrome” [40,41]. We have previously shown that
an intracellular redox imbalance during NH4

+ assimilation may lead to oxidative stress in Arabidopsis
plant tissues [42]. The increased mtETC activity and possible over-reduction of the mtETC in response
to NH4

+ nutrition can also induce excessive mitochondrial ROS generation. Plant mitochondria have
subsequently been identified as the primary source of ROS during extended NH4

+ nutrition [42,43].
Extensive research has been devoted to the identification of the mechanisms behind the causes of

NH4
+ toxicity in plants, as it would be advantageous to minimize the effects of ammonium syndrome
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as a way to increase crop biomass production [44–46]. Mitochondria-associated metabolic reactions
such as respiration may potentially increase nitrogen use efficiency [47–49]. It can therefore be expected
that, for the proper functioning of plants grown on NH4

+ as the sole source of nitrogen, it is important
to dissipate excess reducing power arising in the cytosol or chloroplast. Since NDex are the major
entry point of cytosolic NAD(P)H not used in metabolic reactions, their function may be primarily
important during NH4

+ nutrition. This was also indicated, in our previous study, where the main
isoform of additional dehydrogenases elevated under growth on NH4

+ was NDB1 [42].
The aim of the present study was to investigate the role of the Ca2+-dependent external NADPH

dehydrogenase, NDB1, during NH4
+ nutrition. Transgenic Arabidopsis RNA interference lines

suppressing NDB1 [16] were utilized in these studies. In the absence of NDex, an over-reduction of the
redox-state might represent a burden for plants during NH4

+ nutrition. However, NDB1 knock-downs
were surprisingly less sensitive to prolonged NH4

+ nutrition. In this study, we investigated redox/ROS
homeostasis in plants grown on different nitrogen sources. It was shown that the improved tolerance
to NH4

+ in NDB1 suppressing plants may be connected to elevated glutathione metabolism, including
S-glutathionylation of proteins or altered responses of the redox regulatory network.

2. Results

NDB1 knock-down plants grown for 8 weeks in hydroponic culture under a short-day photoperiod
had a similar rosette size and fresh weight as wild-type (WT) plants grown on the same nitrogen source
(Figure 1A,B). Ammonium nutrition caused approximately 90% growth inhibition in both NDB1 and
WT plants (Figure 1B).

Figure 1. Phenotype of Arabidopsis thaliana NDB1-suppressing line 1.5 (NDB1) and wild type ecotype
Col-0 (WT) after 8 weeks’ growth in hydroponic cultures on 5 mM NO3

− or 5 mM NH4
+ as the sole

nitrogen source. (A) Visual appearance of representative plants. All images are in the same scale;
(B) Fresh weight (FW) of rosettes of WT and NDB1 knock-down plants on respective nitrogen sources.
Bars with different letters are statistically different (p < 0.05) by ANOVA.

2.1. Changes in Respiration and Pyridine Nucleotide Status in NDB1 Suppression Plants Cultured on NO3
−

or NH4
+

In NH4
+-grown plants, excess reductants not used in cytosolic reactions can be oxidized by

type II dehydrogenases to prevent over-reduction of the mtETC. In general, ammonium nutrition
induced higher total respiration (Vt), cytochrome pathway capacity (Vcyt), and alternative pathway
capacity (Valt) in both NDB1 and WT plants (Table 1). Growth on NH4

+ led to a slightly lower Vt in
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NDB1 knock-down than in WT plants (Table 1). However, Vcyt and Valt were similar between NDB1
knock-down and WT plants for each nitrogen treatment (Table 1).

Table 1. Respiratory parameters in NDB1-suppressing and WT Arabidopsis plants grown on NH4
+ and

NO3
− (control) as the only source of nitrogen. Values are shown for total respiration (Vt), cytochrome

pathway capacity (Vcyt), and alternative pathway capacity (Valt) in dark-adapted leaves. Results with
different letters are statistically different (p < 0.05) by ANOVA.

WT NO3
− WT NH4

+ NDB1 NO3
− NDB1 NH4

+

Oxygen consumption (nmol O2 min−1 g−1 FW)

Total respiration (Vt) 40.54 a ± 9.93 93.16 c ± 3.67 41.38 a ± 5.99 72.92 b ± 2.96
+SHAM (Vcyt) 37.31 a ± 7.65 66.09 b ± 6.39 36.46 a ± 10.84 55.45 ab ± 4.62
+KCN (Valt) 5.94 a ± 3.11 38.98 b ± 10.58 5.82 a ± 1.38 46.47 b ± 2.74

We next examined how silencing of NDB1 affects the redox state of pyridine nucleotides.
Under nitrate nutrition in NDB1 knock-down plants, we observed a slightly increased NADPH
concentration, similar to that shown in [16]. Overall, however, NDB1 silencing did not significantly
perturb the redox state of NADP(H) in leaves in both growth conditions (Figure 2). The pyridine
nucleotide pool was only affected by the applied nitrogen source; ammonium nutrition increased the
NADPH content up to four-fold in both genotypes, which resulted in a higher NADPH/NADP ratio
(Figure 2).

Figure 2. Phosphorylated pyridine nucleotide concentrations in NDB1-suppressing and WT plants
growing on NH4

+ and NO3
− (control) as the only source of nitrogen. Bars with different letters are

statistically different (p < 0.05) by ANOVA.

2.2. Influence of NDB1 Suppression on ROS Content and Oxidative Damage in Tissues of Plants Fed NO3
−

or NH4
+

Altered redox homeostasis in plants may consequently affect ROS production in tissues. In WT
plants, the content of H2O2 was elevated more than 20% in response to NH4

+ nutrition. However,
in NDB1 knock-downs, which had a similar H2O2 level as WT plants, NH4

+ nutrition did not increase
tissue H2O2 content (Figure 3A). In order to identify the source of ROS in leaf cells, the distribution
of H2O2 in mesophyll tissues was visualized by 2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA)
fluorescence. The co-localization of DCF-dependent fluorescence with mitochondria (green/red
channels) or with chloroplasts (green/far red channels) (Figure 3C) showed the amount of ROS
produced in the respective organelles (Figure 3B). Chloroplasts revealed an obvious fluorescent
overlap that co-localized in the DCF-dependent fluorescence, showing a Pearson’s coefficient higher
than 0.7 in all analyzed variants (Figure 3B). The detection rate of co-localization between DCF-
and mitochondria-dependent fluorescence was the highest in NH4

+-exposed WT cells (Figure 3B),
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which suggests higher mitochondrial ROS production in these organelles. The defect in NDB1 in the
mtETC of knock-down plants did not change the degree of DCF-fluorescence as compared with that of
mitochondria of WT plants grown on NO3

−. However, during the NH4
+ growth regime, DCF-staining

connected to mitochondria was only slightly increased in the NDB1 knock-down (Figure 3B).

Figure 3. Reactive oxygen species (ROS) in NDB1-suppressed and WT plants growing on NH4
+

and NO3
− (control) as the only source of nitrogen. (A) Hydrogen peroxide content; (B) sub-cellular

ROS distribution in leaf segments. Pearson’s co-localization coefficient shows the proportion of
DCF-labelling with mitochondria-dependent fluorescence or chlorophyll autofluorescence. Bars with
different letters are statistically different (p < 0.05) by ANOVA; (C) The mesophyll cells of WT and NDB1
knock-downs were double-labelled with 2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA, Green)
and MitoTracker Orange (reduced CM-H2 TMRos, yellow), and chloroplast autofluorescence (far red)
was observed; representative images from four independent biological replicates; scale bar = 20 μm.
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Since high ROS levels may lead to oxidative modifications of cell components, we estimated
malondialdehyde (MDA) content as a marker of peroxidation of membrane lipids, expression of
the specific stress response protein up-regulated by oxidative stress (UPOX, [50]), and protein
carbonylation level. In WT plants, NH4

+ nutrition, as compared with NO3
− nutrition, led to a

20% increase in lipid peroxidation (Figure 4A). Lipid peroxidation in NDB1 knock-down plants grown
on NO3

− was similar to that in WT plants (Figure 4A), but the treatment of NDB1 knock-down plants
with NH4

+ resulted in an 15% lower MDA content in tissues (Figure 4A).

Figure 4. Oxidative stress markers in NDB1-suppressed and WT plants grown on NH4
+ and

NO3
− (control) as the only source of nitrogen. (A) Lipid peroxidation estimated in leaves as MDA

content; (B) transcript level for mitochondria-localized protein UPOX up-regulated by oxidative stress;
(C) concentration of carbonylated proteins; and (D) immunoblot analysis of protein-bound carbonyls.
Bars or bands with different letters are statistically different (p < 0.05) by ANOVA.

Ammonium nutrition induced a higher UPOX transcript level in WT plants grown on NO3
−,

but in the NDB1 knock-down line, its expression was similar to that of the control, independent of
the nitrogen source (Figure 4B). The level of protein carbonylation was more than 2.5-times higher
in WT plants in response to NH4

+ nutrition (Figure 4C). In NDB1 knock-down plants, which had a
similar extent of lipid oxidation to control plants, when grown on NO3

−, the content of carbonylated
proteins was elevated less than two-fold during NH4

+ nutrition. The profile of proteins with carbonyl
groups was also traced by immunoblotting. Ammonium nutrition induced a strong increase in protein
carbonyls in WT plants, being 40% elevated within the whole protein spectrum (Figure 4D). However,
the NDB1 knock-down plants had an unchanged pattern of carbonylated proteins compared with
control plants, and this pattern was not further increased by the NH4

+ treatment.
Overall, our data indicate that unlike WT, NDB1 knock-down plants do not develop major

oxidative stress symptoms in response to ammonium nutrition, an effect that may be attributable to
efficient antioxidant defense systems.
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2.3. Ascorbate Level and Ascorbate-Related Antioxidant Defense in NDB1 Knock-Down Plants in Response to
NO3

− or NH4
+ Nutrition

Ascorbate is a major low-mass antioxidant. The content of AsA was stable in WT and
NDB1 knock-down plants during growth on different nitrogen sources (Figure 5A). However,
the DHA content decreased in the NDB1 knock-down line during NO3

− growth compared with
WT, which resulted in an elevated AsA/DHA redox state (Figure 5A). In contrast, during growth
on NH4

+, an increase in DHA content was detected in the NDB1 knock-downs compared with WT,
but the AsA/DHA ratio remained similar to that of WT plants grown on NH4

+ (Figure 5A). All APX
isoforms had similar protein levels in NDB1 knock-downs compared with WT plants and showed
high accumulation under ammonium nutrition in both genotypes (Figure 5B). The same trend was
observed for MDHAR and DHAR activities, which were similar between NDB1 knock-downs and WT
plants and were highly induced under ammonium nutrition (Figure 5C).

Figure 5. Content of ascorbate and ascorbate-utilizing enzymes in NDB1-suppressing and WT plants
grown on NH4

+ and NO3
− (control) as the only source of nitrogen. (A) Concentration of reduced

(AsA) and oxidized (DHA) ascorbate and derived AsA/DHA ratio; (B) ascorbate peroxidase (APX)
protein levels. Thylakoid (tAPX, 38 kDa), stromal (sAPX, 33 kDa); peroxisomal (pAPX, 31 kDa),
and cytoplasmic (cAPX, 25 kDa) forms of ascorbate peroxidases; (C) monodehydroascorbate reductase
(MDHAR) and dehydroascorbate reductase (DHAR) activities. Bars or bands with different letters are
statistically different (p < 0.05) by ANOVA.

2.4. Glutathione Metabolism in NDB1 Knock-Down Plants during NO3
− or NH4

+ Growth

Ammonium nutrition in WT plants resulted in higher levels of GSH and GSSG and a more
oxidized GSH/GSSG ratio compared with NO3

−-grown plants. During NO3
− nutrition, the NDB1

knock-down line also showed increased GSH and GSSG content compared with WT plants and
the GSH/GSSG ratio was similar in both genotypes (Figure 6A). When grown on NH4

+, the NDB1
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knock-downs had even higher glutathione levels, showing an increase of 90% in the content of GSH
and 50% in GSSG (Figure 6A). However, the GSH/GSSG ratio was unchanged compared with the
NO3

− nutrition of NDB1 knock-down plants. As glutathione is considered the major cellular redox
buffer, we can conclude from the redox state of the glutathione pool that NDB1 knock-down plants are
not adversely affected by modifications in their cellular redox state.

The transcript level of both genes from the glutathione biosynthetic pathway, GSH1 and GSH2,
was similar between different nitrogen treatments in WT plants, but in NDB1 knock-down plants,
ammonium nutrition stimulated GSH1 and GSH2 expression (Figure 6B), leading to a significantly
higher glutathione pool (Figure 6A).

A high rate of glutathione reduction in NDB1 knock-down plants could be explained by the
up-regulation of glutathione reductase. We therefore analyzed GR protein levels. Densitometric
analysis revealed that GR levels were similar between NDB1 knock-downs and WT plants grown
under control conditions (Figure 6C). Ammonium nutrition resulted in a two-fold increase in GR
protein in both WT and NDB1 knock-down plants (Figure 6C). To further elucidate the involvement
of GR in GSH reduction in NH4

+-grown NDB1 knock-down lines, we analyzed the expression of
two GR-encoding genes: GR1, which encodes the cytosolic isozyme, and GR2, which encodes an
isoform dual-targeted to chloroplasts and mitochondria. In NDB1 knock-down plants grown on NO3

−,
the transcript level for both genes was similar to that in WT plants (Figure 6D). Interestingly, GR1 and
GR2 showed opposite trends of expression between treatments: GR1 was induced while GR2 was
suppressed by ammonium nutrition in both genotypes.

Figure 6. Glutathione contents and glutathione metabolism-related enzymes in NDB1-suppressing and
WT plants growing on NH4

+ and NO3
− (control) as the only source of nitrogen. (A) Concentration of

reduced (GSH) and oxidized (GSSG) glutathione and derived GSH/GSSG ratio; (B) transcript levels
for GSH1 and GSH2; (C) GR protein levels; (D) transcript levels for GR isoforms, GR1 and GR2. Bars or
bands with different letters are statistically different (p < 0.05) by ANOVA.
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An induction of the glutathione biosynthetic pathway and increase in glutathione content
may lead to higher S-glutathionylation of proteins. Therefore, we determined the level of this
modification in leaf protein extracts by western blotting with anti-GSH antibodies. Densitometry
analysis of the entire blot lane revealed that, in WT plants, ammonium nutrition increased the level
of protein S-glutathionylation compared with NO3

− nutrition (Figure 7). NDB1 silencing alone had
no effect on S-glutathionylation, while in knock-down plants under NH4

+ nutrition, the increase in
S-glutathionylation of proteins was even more pronounced than in WT plants (Figure 7).

Figure 7. S-glutathionylated protein level in NDB1-suppressing and WT plants grown on NH4
+ and

NO3
− (control) as the only source of nitrogen. Bands with different letters are statistically different

(p < 0.05) by ANOVA.

2.5. The Effect of NDB1 Suppression on Redox-Related Enzymes in Plants Grown on NO3
− or NH4

+

We analyzed the expression profile of different redox related enzymes from the peroxiredoxin,
glutathione peroxidase-like, thioredoxin, and glutaredoxin network. In WT plants, chloroplastic
isoforms were generally either down-regulated (GPX1, GrxS14, NTRC, TRXx, TRXy2, and 2Cys PrxA)
or unchanged (GPX7) in response to NH4

+ nutrition (Figure 8A,D,F,G). The defect in NDB1 did not
alter the expression of most analyzed isoforms in knock-down plants. However, the treatment of NDB1
knock-down plants with NH4

+ led to an induction of GPX1 and GPX7, while GrxS14, NTRC, TRXx,
TRXy2, and 2Cys PrxA remained at a stable level, as in NDB1 knock-down plants grown on NO3

−

(Figure 8A,D,F,G). The protein level of the chloroplastic peroxidase PrxQ was unchanged between WT
and NDB1 knock-down plants but showed a major increase during NH4

+ nutrition, especially in the
NDB1 knock-down line (Figure 8H). The expression of mitochondrial GPX6 was strongly induced in
WT under NH4

+ nutrition, and was also elevated in NH4
+-grown NDB1 knock-down plants (Figure 8C).

Mitochondrial PrxIIF was down-regulated in response to NH4
+ nutrition and in NDB1 knock-down

plants (Figure 8E). Ammonium supply to the NDB1 knock-down plants increased the expression of
mitochondrial PrxIIF (Figure 8E). Furthermore, the expression of cytosolic PrxIIc was induced in NDB1
knock-down plants when grown on NH4

+ (Figure 8G). The abundance of cytosolic GPX2 (Figure 8B)
and GPX8 (Supplementary Materials Figure S2) transcripts was unchanged throughout.
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Figure 8. Expression of redox sensors and transmitters in NDB1-suppressing and WT plants grown
on NH4

+ and NO3
− (control) as the only source of nitrogen. Transcript levels for (A) chloroplast

glutathione peroxidase-like (GPX) GPX1 and GPX7; (B) cytosolic GPX2; (C) mitochondrial GPX6;
(D) chloroplast glutaredoxin (Grx) GrxS14; (E) mitochondrial PrxIIF; (F) chloroplast NADPH-dependent
thioredoxin reductase C (NTRC) and thioredoxins (TRX) TRXx and TRXy2; (G) cytosolic peroxiredoxin
(Prx) PrxIIc and chloroplast 2Cys PrxA; and (H) PrxQ protein levels. Bars or bands with different letters
are statistically different (p < 0.05) by ANOVA.
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3. Discussion

3.1. NDB1-Suppressed Line Does Not Show a Growth Phenotype or Over-Reduction under
Ammonium Nutrition

NDB1 knock-down plants do not show a growth phenotype, but have similar growth to WT
plants in either NO3

− or NH4
+-supplied hydroponic growth conditions (Figure 1A,B). Previously,

it has been shown that the NDB1 suppressor line 1.5 (used in this study) grown on soil exhibited
decreased biomass [16]. These inconsistent phenotypic responses can be attributed to different growth
conditions, e.g., nutrient availability, daylight period (10 h versus 8 h in the present study), or light
intensity (80 versus 150 μmol m−2 s−1).

Under nitrate conditions, the NADP(H) pool showed a reduced trend in the NDB1 suppressor
line (Figure 2). Since ammonium nutrition greatly increases cell redox state [42], plants with
impaired NDB1 were expected to show cellular over-reduction. Surprisingly, under ammonium
nutrition, NDB1 knock-down plants exhibited a similar increase in redox state as WT plants (Figure 2).
Maintenance of redox homeostasis is central to plant survival, especially under conditions where
elevated redox input from the cytosol to the mtETC is expected. We have previously shown that growth
of A. thaliana under long-term NH4

+ supply results in up-regulation of NDB1 expression, among all
additional dehydrogenases [42]. Therefore, to compensate for NDB1 suppression, induction of other
type II dehydrogenases might be suspected. However, a lower total leaf respiratory rate in NDB1
knock-down plants under ammonium nutrition compared with WT (Table 1) strongly suggests that
NDB1 knock-down plants do not fully compensate for the deficiency in NADPH-dependent NDex
under these conditions. Noteworthy, the differences in total respiration between genotypes grown on
NH4

+ did not result from lower activity of terminal oxidases, since both Vcyt and Valt were comparable
between WT and NDB1 knock-down plants (Table 1).

3.2. Ammonium Nutrition Causes Less Oxidative Injury in NDB1 Knock-Down Plants

Previously, we have shown that long-term ammonium nutrition results in reductive stress leading
to increased ROS production, and consequently resulting in oxidative injury to biomolecules [42].
NDB1 activity seems to be especially important for plant growth under stress conditions, including
ammonium nutrition [42], but the opposite was observed, in that the analyzed NDB1 suppressor
plants appeared to be more resistant to NH4

+ treatment. This observation is supported by data on
the second examined transgenic line (8.7), similarly, suppressed for NDB1 [16], which we present in
Supplementary Materials Figures S2–S7. All measured stress parameters, including lipid peroxidation,
protein carbonylation, and the expression of the stress marker UPOX (Figure 4), indicated milder
oxidative stress in tissues of NDB1 knock-downs than in WT plants grown on NH4

+. This may be the
consequence of lower ROS generation, higher capacity of antioxidant systems, or both in the NDB1
knock-down plants during NH4

+ nutrition as compared with WT plants.
In contrast to what was observed in WT plants [42] under ammonium nutrition, H2O2 content

in the A. thaliana NDB1 knock-down line was unchanged (Figure 3A). A defect in the mtETC
often correlates with alterations in ROS metabolism, mainly concerning complex I mutants [51–54].
In contrast to complex I dysfunction, genetic modifications of the alternative pathways result
in substantially milder phenotypic expression, being mainly affected during stress conditions,
as seen in AOX suppressor plants [55–57]. Furthermore, in Nicotiana sylvestris NDB1-suppressor and
A. thaliana NDB4 knock-down plants, no elevated ROS levels were observed [58,59]. Since long-term
ammonium nutrition primarily induces mitochondrial ROS production [42,43], the lower ROS content
in NH4

+-treated NDB1 knock-down plants could be attributable to lower ROS generation in this
compartment. Indeed, lower ROS localization was detected in mitochondria during ammonium
nutrition of NDB1 knock-down plants compared with WT (Figure 3B). Under optimal growth
conditions, the rate of mitochondrial ROS production is approximately 20 times lower than in
chloroplasts [60], but may be more substantial under stress conditions that create a mitochondrial ROS
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burst and lead to oxidative damage in tissues [61]. An interesting observation is that dysfunction in one
alternative dehydrogenase (mtETC component), whose activity is considered a mechanism that greatly
reduces ROS production, does not lead to higher mtROS content under specific stress conditions.

3.3. Improved Resistance of the NDB1 Knock-Down Line to Ammonium Stress Is Not Related to
Ascorbate-Dependent Antioxidant Systems but May Be Attributable to a Glutathione-Dependent System

To determine why the NDB1 suppressor line shows less oxidative injury under ammonium
nutrition, we analyzed changes in antioxidant system functioning between both genotypes under
stress conditions. Foyer–Halliwell–Asada cycle function did not appear to be significantly affected by
NDB1 dysfunction, since MDHAR and DHAR activities (Figure 5C), and APX protein level (Figure 5B)
were similar in WT and NDB1 knock-down plants. Furthermore, we did not observe any significant
differences in the activity of SOD isoenzymes (Supplementary Materials Figure S1).

We observed that, under nitrate nutrition, the ascorbate redox state in NDB1 knock-down
plants was even further reduced compared with WT plants (Figure 5A). Redox-related metabolic
changes in transgenic N. sylvestris NDB1 sense-suppression plants have previously been shown to
correspond with altered ascorbate content [62]. In a metabolomics study, a negative correlation
between NADPH level and DHA content was observed [62], which is in line with the decreased
DHA levels observed in NDB1 A. thaliana knock-down plants in the present study (Figure 5A).
Changes in ascorbate redox state may be the result of increased availability of substrate (NADPH)
for MDHAR. It was proposed in [62] that changes in ascorbate level may be connected downstream
to the NDB1 defect, because ascorbate synthesis takes place in the mtETC. However, it is possible
that the changes in ascorbate content/reduction state may instead reflect the chloroplastic pool,
since this is the main ascorbate reservoir induced under stress conditions [63]. Although no changes in
Foyer–Halliwell–Asada cycle function were detected in tissue extracts between analyzed genotypes
(Figure 5B,C), local changes in the activity of enzymes, affecting low-mass antioxidant reduction status
in organelles, cannot be excluded.

Clearly, NDB1 knock-down A. thaliana had a marked elevated total glutathione content (Figure 6A).
Comparing the rate of oxidation of different ROS forms by ascorbate and glutathione, it appears
that glutathione might represent the more potent antioxidant [30] and therefore plays a key role
in plant stress tolerance. This effect may be of significant importance since, in Arabidopsis cells,
the highest glutathione content was found in mitochondria [64], and thus GSH is presumably the
primary mitochondrial ROS scavenger. In conclusion, the high glutathione levels in tissues of NDB1
knock-down plants could primarily be responsible for efficient ROS detoxification in mitochondria
(Figure 3B), which was shown to be the predominant ROS source during NH4

+ nutrition.
Elevated total glutathione content may be achieved by the induction of glutathione-synthesizing

enzymes located in chloroplasts [65]. Accordingly, NH4
+ grown NDB1 knock-down plants showed an

up-regulation of GSH1 and GSH2 (Figure 6B). However, glutathione antioxidant potential depends
not only on absolute glutathione concentration, but also on its redox state. The glutathione pool of
NDB1 knock-down plants showed a more reduced redox state than that in WT plants when nourished
on NH4

+ (Figure 6A). A high level of glutathione reduction is primarily triggered by the activity
of GR, the main regulatory enzyme [66]. Despite a lack of change in GR protein level (Figure 6C),
the NH4

+-grown NDB1 knock-down line showed an induction of cytosolic GR1 on the transcript
level (Figure 6D). GR1 has been proposed as the major isoform of GR in plants responsive to stress
factors [67] and therefore may be responsible for the reduction state of glutathione in NH4

+-grown
NDB1 knock-down plants.

The glutathione pool is also implicated in the direct protection of proteins against irreversible
oxidative injury due to the S-glutathionylation process. Cysteine (Cys) residues in proteins are
exposed to modification by ROS in a three-step reaction to successively form sulphenic acid
(Cys–SOH), sulphinic acid (Cys–SO2H), and sulphonic acid (Cys–SO3H), which may lead to
protein inactivation. Advanced oxidation of Cys residues is irreversible and leads to inevitable
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protein degradation, although the Cys–SOH group may be protected against further oxidation
by reversible S-glutathionylation [68]. Glutathionylation typically occurs under oxidative stress
conditions and plays an important role in regulation and signaling [69]. Some studies indicate
that, under oxidative stress conditions, the activity of enzymes associated with primarily carbon
metabolism may be down-regulated due to glutathionylation [69], allowing more effective antioxidant
protection of cells. Additionally, reversible S-glutathionylation is part of the catalytic cycle of some
glutathione-dependent enzymes, including DHAR [23]. Ammonium nutrition results in increased
protein glutathionylation in both genotypes, although a higher level of S-glutathionylated proteins
was observed in NDB1 knock-down plants (Figure 7). Unfortunately, we cannot determine whether
increased S-glutathionylation is the result of the protection of Cys-SOH groups in oxidized proteins
or whether it is aimed at the regulatory adjustment of metabolism; however, both processes may
be responsible for improved tolerance of NDB1 knock-down plants to NH4

+. The regeneration of
native Cys residues in proteins depends on GSH but requires GRXs activity. Interestingly, ammonium
treatment results in the specific down-regulation of expression of several members of the GRX gene
family [70]. In the present study, we measured only the transcript level of GrxS14, confirming the
influence of NH4

+ on Grx expression (Figure 8D). Moreover, we observed that in NDB1 knock-down
plants under nitrate conditions, the transcript level of GrxS14 was lower than in WT plants but was
not regulated by NH4

+ (Figure 8D). This observation may suggest that, under ammonium nutrition,
Cys residues in NDB1 knock-downs grown on NH4

+ are more efficiently regenerated to their native
forms, meaning that NDB1-suppressor lines have more efficient protection against oxidative damage of
proteins. However, a reduced GrxS14 transcript level in NDB1 knock-down plants may indicate that the
down-regulation of GRX expression is not specifically in response to NH4

+ nutrition, as was suggested
previously [70], but rather to changes in the tissue redox state. The influence of NDB1 suppression on
the expression of other GRX genes and on GRX activity therefore requires further research.

3.4. NDB1 Deletion Leads to Changes in the Expression of Genes Involved in the Redox Regulatory Network

Following the observation of different effects of ammonium nutrition on the level of GRX
transcripts in WT and NDB1 knock-down plants (Figure 8D), we analyzed the expression of other
genes engaged in redox signal integration. Redox-sensitive proteins were classified into two classes:
redox sensors, including Prx and GPX, and redox transmitters, containing a large family of Grxs and
TRXs [71]. In general, we can conclude that the expression of all redox-sensitive genes evaluated was
regulated differently by NH4

+ in WT and in NDB1 knock-down plants (Figure 8A,B,D–F), with the
exception of GPX2 and GPX8 isoforms, whose expression was unchanged irrespective of growth
conditions and genotype (Figure 8B, Supplementary Materials Figure S7C).

Among the four Prx, which are targeted to the plastids, we estimated the expression of 2Cys
PrxA and PrxQ (Figure 8G,H). 2Cys PrxA was strongly down-regulated by NH4

+ in WT plants
but not in NDB1 knock-down plants. In contrast, in both genotypes, the protein level of PrxQ
was increased in response to NH4

+, but a greater increase was observed in the NDB1-suppressing
line. Those observations suggest that both Prx can have markedly different roles in leaf cell
metabolism, especially under stress conditions. In plants, the highly abundant 2Cys Prx is involved
in protecting photosynthetic ETC functioning as reduced amounts of 2Cys Prx were shown to
result in decreased levels of D1 protein and of the light-harvesting protein complex associated with
photosystem II [72]. 2Cys Prx activity is related to the functioning of intermembrane protein complexes,
which enforces that 2Cys Prx (at least in the majority of its conformational states) is associated with
thylakoid membranes [73]. By contrast, PrxQ of Arabidopsis was shown to be a soluble protein
in the lumen of the thylakoid membranes [74]. All Prx are thiol peroxidases and might function
in oxidant detoxification [71]. However, according to available data, 2Cys Prx, in addition to a
role in photosynthetic energy dissipation [73], and depending on conformational state, may also
function as chaperones [75]. The precise function of the 2Cys Prx chaperone activity is not yet
known, but it has been suggested that its binding to stromal fructose-1,6-bisphosphatase allows Calvin
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cycle activity to be maintained under conditions of excessive ROS production [76]. In addition to
substrate specificity, both evaluated Prx may differ; 2Cys Prx catalyzes the detoxification of H2O2,
alkyl hydroperoxides, and reactive nitrogen peroxides [77], while PrxQ has been demonstrated as an
H2O2 peroxidase with very low activity toward lipid peroxides [78]. In the context of our results, high
light conditions (resulting in higher production of NADPH) have been shown to lead to decreased
2Cys PrxA transcription but increased PrxQ [79]. Furthermore, PrxQ but not 2Cys PrxA was highly
induced by the addition of oxidant to Arabidopsis tissues [79]. Finally, the expression of PrxQ was
shown to be greatly increased in the hypersensitive response to pathogen treatment [80]. On the basis
of these observations alongside our results, we may conclude that 2Cys PrxA is down-regulated in
response to changes in chloroplastic NADPH and PrxQ is up-regulated in response to H2O2 and may
be an effective organelle-localized antioxidant under stress conditions. However, both Prx are involved
in redox sensing and signaling [71].

Interestingly, similarly to PrxQ, the expression of type II Prx was also increased in response to
infection by Melampsora larici-populina [80] and both Prx were induced by (pro-) oxidants in the same
manner [79]. Also, in our study, changes in cytosolic PrxIIC expression were similar to changes in
PrxQ (Figure 8G,H). Therefore, we suggest that PrxIIC also protects NDB1 knock-down plants against
oxidative stress under ammonium nutrition.

The regeneration of oxidized Prx requires a supply of electrons from redox transmitters, but target
selectivity between chloroplast redox-sensitive proteins exists in this process; NTRC is responsible
mainly for 2Cys Prx reduction and PrxQ is regenerated mainly by the proteins of the TRX family [81].
The expression of NTRC and 2Cys Prx has been shown to be strictly co-regulated to maintain proper
functioning of the photosynthetic apparatus and the entire chloroplast metabolism [82]. Our results
confirm this observation, since the expression of NTRC and 2Cys PrxA is similarly regulated in both
genotypes (Figure 8F,G). However, the changes in expression observed in TRXx and TRXy2 do not
reflect the altered expression of PrxQ (Figure 8F,G). Furthermore, it should be noted that the Trx-PrxQ
system does not show the same specificity as the NTRC-2Cys PrxA system does. 2Cys Prx may also
be regenerated by TRX [71]; therefore, the decrease in TRX expression observed in WT plants under
ammonium nutrition and in NDB1 knock-down plants may reflect the down-regulation of a subclass
of 2Cys Prx (Figure 8F–H).

PrxIIF is recognized as an important component of the mitochondrial defense system against
peroxide stress, and is regenerated in a GSH-dependent manner. The specific substrate for PrxIIF is
H2O2, and the reduction of lipid peroxides is catalyzed through this enzyme approximately 10 times
less efficiently [83]. Studies on the response of PrxIIF to stress conditions have classified PrxIIF as
non-responsive to high light and salt stress [79,84], but it’s up-regulation has been shown as a result of
cadmium treatment [83]. Ammonium stress differentially affects PrxIIF expression in WT and NDB1
knock-down plants (Figure 8E). Lower PrxIIF abundance might have diminished the antioxidant
protection of mitochondria of WT plants grown on NH4

+, leading to higher H2O2 content in those
organelles (Figure 3B). Indeed, it was shown previously that under optimal growth conditions, defects
in PrxIIF may be compensated for by other compounds of the antioxidant defense system. However,
such compensation is insufficient under stress conditions [83], which suggests an essential role for
PrxIIF in organellar redox homeostasis.

Plant GPXs catalyze the reduction of H2O2 as well as different kinds of lipid peroxides by
using TRX as an electron donor. The observed changes in GPX1 and GPX7 expression are relatively
small (Figure 8A), with the mitochondrial isoform of GPX showing the only stress-responsive change
(Figure 8C). Altogether, among redox sensors, which inactivate ROS, mostly GPX (cytosolic GPX1
and GPX7, and mitochondrial GPX6) and Prx (PrxIIF, PrxIIC, and PrxQ), are up-regulated in NDB1
knock-down plants under ammonium nutrition. We hypothesize that this up-regulation increases the
efficiency of ROS detoxification (including organic peroxide detoxification detected as lower levels
of lipid peroxidation, Figure 4A) while enabling plants to better adjust their metabolism to stress
conditions (Figure 9).
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Figure 9. Schematic comparison between redox-related changes occurring in WT and NDB1 suppressor
plants grown on ammonium as the sole nitrogen source. (A) Changes in redox homeostasis in WT
plants are a direct consequence of ammonium assimilation, and a secondary effect is the induction of
redox transmitters/sensors and ROS accumulation leading to protein carbonylation, lipid peroxidation,
and oxidation of Cys residues, which causes oxidative stress in NH4

+-grown WT plants; (B) NDB1
knock-down plants have an initial higher redox potential, and can rapidly induce changes in
redox-related sensors/transmitters and glutathione content; in these plants, NH4

+ nutrition is an
additional factor that does not affect ROS content in tissues. Instead of exhibiting symptoms of
oxidative stress symptoms, NDB1 knock-down plants undergo metabolic adjustment to a high redox
input during NH4

+ nutrition. Sharp arrows indicate stimulatory influences, whereas blunt arrows
represent inhibitory effects.

4. Material and Methods

4.1. Plant Material and Growth Conditions

Arabidopsis thaliana plants of ecotype Columbia-0 (WT) and their derivatives, NDB1-suppressed by
RNA interference line 1.5 (named NDB1) and 8.7 (NDB1 8.7, Supplementary Materials Figure S2) [16],
were grown hydroponically using an Araponics SA system (Liège, Belgium). Seeds were sown in
half-strength [85] basal salt mixture with 1% agar, and after germination (1 week), deionized water in
the hydroponic box was replaced with the nutrient solution described in [42], which was constantly
aerated and replaced twice a week thereafter. The constant sole source of nitrogen for the plants was
5 mM NO3

− or 5 mM NH4
+. NO3

−-nourished plants were used as controls. Plants were grown for
8 weeks in a growth chamber under an 8-h photoperiod at 150 μmol m–2 s–1 photosynthetically active
radiation (PAR, daylight and warm white, 1:1; LF-40W, Phillips, Pila, Poland), day/night temperature
of 21 ◦C/18 ◦C, and approximately 70% relative humidity. All assays were carried out on leaf samples
collected in the middle of the light period.

4.2. Phenotype Analysis

Ten to 25 plants were randomly selected from two plant cultures (grown on NO3
− or

NH4
+, respectively) and weighed for fresh weight determination (FW). Representative rosettes

were photographed.
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4.3. Respiratory Measurements

Leaves were weighed and pre-incubated before respiratory measurement in an assay solution
containing 30 mM 2-(N-morpholino)ethanesulfonic acid (MES), pH 6.2 supplemented with 0.2 mM
CaCl2. Oxygen consumption rates were measured in 3.0 mL assay solution using a Clark-type oxygen
electrode (Rank Brothers Ltd., Cambridge, UK) in the dark at a constant temperature of 25 ◦C [86].
For inhibitor treatments, 10 mM KCN or 20 mM salicylhydroxamic acid (SHAM) in DMSO were used.
To measure residual respiration, both inhibitors were added. Total respiration (Vt), alternative pathway
capacity (Valt), and cytochrome pathway capacity (Vcyt) values were determined after the subtraction
of the value for residual respiration.

4.4. Quantitative RT–PCR Analyses

Total RNA was extracted from 100 mg of leaf tissue using a Syngen Plant RNA Mini kit
(Syngen Biotech, Wrocław, Poland). DNase digestion was performed using an RNase-free DNase
Set (Qiagen, Hilden, Germany). Complementary DNA was synthesized from 1 μg of total RNA as
a template using reverse transcriptase and oligo-dT primers from a Revert Aid H minus first-strand
cDNA synthesis kit, according to the manufacturer’s protocol (Thermo Fisher Scientific Inc., Waltham,
MA, USA). Thereafter, RNA digestion was performed as described in [87]. Relative transcript
abundance was quantified by comparative quantitation analysis. Transcript content was analyzed
using iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) according to the
manufacturer’s instructions.

Primer pairs for GPX1 (At2g25080), GPX6 (At4g11600), and GR1 (At3g24170), were as described
in [42], and for UPOX (At2g21640; [50]), as described previously in [88]. New primers were designed for
GrxS14 (At3g54900), 2Cys PrxA (At3g11630), PrxIIC (At1g65970), PrxIIF (At3g06050), TRXx (At1g50320),
TRXy2 (At1g43560), NTRC (At2g41680), GR2 (At3g54660), GSH1 (At4g23100), GSH2 (At5g27380),
GPX2 (At2g31570), GPX7 (At4g31870) and GPX8 (At1g63460) (Supplementary Materials Table S1),
with one sequence covering an exon–exon junction if present in the gene sequence. Quantitative
RT-PCR reactions were performed using a thermo cycler (CFX Connect™, Bio-Rad) with an annealing
temperature of 60 ◦C. Transcript abundance was normalized to the expression of the reference PP2A
(At1g13320) gene [89]. Transcript content and qRT-PCR efficiency of target genes were quantified as
described in [90]. Results were expressed in relation to those in NO3

−-grown plants (value of 1).

4.5. Analysis of Metabolites

A previously reported method was used for the extraction and analysis of NAD(P)(H) [91].
Hydrogen peroxide content was determined according to [92] and quantified with reference to an
internal standard (5 nmol H2O2). Ascorbate was extracted from leaf tissue using 0.1 M hydrochloric
acid, and the levels of the reduced (AsA) and oxidized (DHA) forms of ascorbate were assayed
according to the [93] method. Glutathione extraction was performed in 5% meta phosphoric acid and
GSH was quantified using the enzymatic assay of [94]. Lipid peroxidation was estimated by measuring
the secondary oxidation product MDA as described in [95]. Oxidized proteins were labeled with
2,4-dinitrophenylhydrazine (DNPH) and quantified by measuring carbonylated protein derivatives
in tissue extracts according to [96]. Soluble protein content in the samples was estimated by the [97]
method using bovine serum albumin (BSA) as the standard.

4.6. Confocal Fluorescent Imaging of Intracellular ROS

In vivo ROS localization was determined by detecting the fluorescence of DCF and colocalization
with mitochondria and chloroplasts using confocal laser scanning microscopy according to the method
described in [98], with minor modifications. The upper epidermis was removed from fresh plant
leaves, and tissues were cut into small sections (approx. 5 mm). Samples were double-stained
with cell-permeant 100 nM MitoTracker Orange (reduced CM-H2 TMRos, Molecular Probes, Thermo
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Fisher Scientific, Waltham, MA, USA) and 20 μM 2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA,
Molecular Probes, Thermo Fisher Scientific) under dark incubation for 15 min at room temperature
(RT). The leaf pieces were washed in water three times for 5 min and then placed on a glass coverslip.
MitoTracker Orange fluorescence was induced with a 561 nm helium-neon laser at emission of
570–620 nm. DCF-fluorescence was measured using the 488 nm line of an argon laser and was
monitored at 500–550 nm. Chlorophyll fluorescence was induced with a 633 nm helium-neon laser
and detected at 663–738 nm. Images were acquired using a NIKON A1R MP confocal laser scanning
system (LSM-510, Carl Zeiss, Oberkochen, Germany) at 60× (numerical aperture 1.2) water immersion
objective. Negative control images were obtained by omitting fluorescent probes to remove all signal
from tissues except for chlorophyll autofluorescence. For individual cells, Pearson’s colocalization
coefficient was calculated between the green/red and green/far red channels using the Nis-Elements
3.22 imaging software (Nikon Co., Tokyo, Japan).

4.7. Western Blotting Analyses

To determine protein levels, tissue was homogenized with 2.5 volumes of extraction buffer
and 5 μL of the resulting extract was used for GR, 15 μL for APX, 10 μL for PrxQ, and 3 μL
for MnSOD. Extracts were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The polypeptides were electroblotted onto nitrocellulose membranes using wet transfer
(Bio-Rad, Hercules, CA, USA) and probed with anti-PrxQ (diluted 1:5000; Agrisera, Vännäs,
Sweden), anti-APX (diluted 1:2000; Agrisera), anti-GR (diluted 1:4000; Agrisera), or anti-MnSOD
(diluted 1:1000; Sigma-Aldrich, St. Louis, MO, USA) primary antibodies overnight at 4 ◦C, followed
by anti-rabbit secondary antibodies conjugated to horseradish peroxidase (diluted 1:10,000 for APX
and MnSOD, 1:40,000 for GR, and 1:20,000 for PrxQ determination; Bio-Rad). The quantification
of protein S-glutathionylation was achieved after the detection of glutathione-protein complexes.
Tissue extracts (20 μL) were mixed with Laemmli sample buffer containing N-ethylmaleimide (NEM,
final concentration 5 mM); NEM (2.5 mM) was also present in the blocking buffer to prevent reduction
of GSH adducts by thiol-containing proteins [99]. For immunoblotting, anti-GSH (diluted 1:1000;
Abcam, Cambridge, UK) antibodies were used, with anti-mouse antibodies (diluted 1:20,000, Bio-Rad)
as secondary antibodies. For the determination of carbonylated proteins in electrophoretically
separated protein extracts (5 μL), an OxyBlot detection kit (Millipore, Billerica, MA, USA) was used
according to the manufacturer’s protocol. Visualization was performed using a chemiluminescence
kit (Clarity™ Western ECL, Bio-Rad), and signals were detected using a Chemi-Doc imaging system
(Bio-Rad). Specific bands were referred to pre-stained protein markers (Bio-Rad). The densitometry of
bands for analyzed proteins or of the whole blot lane for carbonylated and glutathionylated proteins
was quantified using Image-Lab 5.2 software (Bio-Rad) after background correction.

4.8. Enzyme Activity Assay

For the measurement of ascorbate-glutathione cycle enzymes activity, leaves were homogenized
in 50 mM phosphate buffer, pH 7.0, 1 M NaCl, 1% (w/v) PVP, and 1 mM EDTA (as described
in [100]). DHAR was determined according to the method of [101]. MDHAR and GR were assayed
as in [102]. Superoxide dismutase (SOD) isoforms were visualized in gel by the method of [103] after
electrophoretic separation of protein extracts (6 μL) on 12% polyacrylamide gels.

4.9. Statistical Analysis

Results are expressed as the mean value ± standard deviation (SD) of n measurements (n = 3–25)
taken from at least two independent plant cultures. To analyze the statistical significance of observed
differences, a one-way analysis of variance (ANOVA) with Tukey’s post-hoc test at p-values ≤0.05 was
performed using Statistica 13.1 software (StatSoft, Inc., Tulsa, OK, USA).
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5. Conclusions

We have shown that the impairment of NDB1 in mitochondrial ETC does not trigger major
oxidative stress in plants challenged with NH4

+ treatment. Moreover, high light conditions were not a
burden for plants with suppressed NDB1 [16,62]. On the basis of a microarray study to identify
a response overlap, the NDB1 Arabidopsis thaliana suppressor line exhibited a similar profile to
OsHsfA21 plants, which have been characterized by improved tolerance to stress, including pathogen
resistance [16]. It has also been shown that the suppression of another NADH-dependent NDex
isoform, NDB4, improved salinity stress tolerance [59]. Altogether, these findings may lead to the
assumption that the suppression of NDex and subsequent changes in redox metabolism induce cross
tolerance among plants to withstand other stresses. This effect may be attributed to the observation that
various stresses produce a similar effect to oxidative stress at the cellular level. An epigenetic response
in plants may transmit the acquired stress resistance to their progeny [104,105]. This study shows
that improved sensitivity to changes connected with altered redox/ROS status in NDB1 knock-down
plants may be beneficial during stress related to ammonium nutrition.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/5/
1412/s1.
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Abbreviations

APX ascorbate peroxidase
AsA reduced form of ascorbate
DHA oxidized form of ascorbate (dehydroascorbate)
DHAR dehydroascorbate reductase
GPX glutathione peroxidase-like
GR glutathione reductase
GRX glutaredoxin
GSH reduced form of glutathione
GSSG oxidized form of glutathione (glutathione disulfide)
MDHAR monodehydroascorbate reductase
NDB1 external NADPH dehydrogenase
NTRC NAPDH-dependent thioredoxin reductase C
Prx peroxiredoxin
ROS reactive oxygen species
SOD superoxide dismutase
TRX thioredoxin
UPOX protein up-regulated by oxidative stress
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Abstract: Many mitochondrial proteins are synthesized as precursors in the cytosol with an
N-terminal mitochondrial targeting sequence (MTS) which is cleaved off upon import. Although
much is known about import mechanisms and MTS structural features, the variability of MTS still
hampers robust sub-cellular software predictions. Here, we took advantage of two paralogous late
embryogenesis abundant proteins (LEA) from Arabidopsis with different subcellular locations to
investigate structural determinants of mitochondrial import and gain insight into the evolution
of the LEA genes. LEA38 and LEA2 are short proteins of the LEA_3 family, which are very
similar along their whole sequence, but LEA38 is targeted to mitochondria while LEA2 is cytosolic.
Differences in the N-terminal protein sequences were used to generate a series of mutated LEA2 which
were expressed as GFP-fusion proteins in leaf protoplasts. By combining three types of mutation
(substitution, charge inversion, and segment replacement), we were able to redirect the mutated
LEA2 to mitochondria. Analysis of the effect of the mutations and determination of the LEA38
MTS cleavage site highlighted important structural features within and beyond the MTS. Overall,
these results provide an explanation for the likely loss of mitochondrial location after duplication of
the ancestral gene.

Keywords: late embryogenesis abundant protein; mitochondrion; mitochondrial import; gene
duplication; paralog

1. Introduction

Mitochondria are key organelles of eukaryotic cells involved in energy production, metabolism,
and signaling. Since only a few dozen proteins are encoded in the mitochondrial genome, several
thousand proteins need to be imported into the organelle [1,2]. Mitochondrial targeted proteins are
first synthesized in the cytosol as precursors and often display a mitochondrial targeting sequence
(MTS) in their N-terminus. However, precursors for inner membrane proteins do not exhibit an MTS
but internal targeting signals [3,4]. Precursor proteins are translocated as unfolded polypeptides
across mitochondrial membranes via the transporter of the outer membrane complex (TOM) and the
transporter of the inner membrane complex (TIM) [3,4]. According to the binding chain hypothesis [5],
import proceeds through successive MTS binding to higher affinity sites, until the protein is trapped in
the mitochondrial matrix by mitochondrial chaperones. While crossing the outer membrane does not
require energy, an electrochemical proton gradient and ATP are needed for inner membrane pre-protein
translocation [6]. MTS are generally cleaved off during the passage through mitochondrial membranes,
or in the matrix, by the mitochondrial processing peptidase (MPP) or other peptidases, and further
degraded by proteases [7]. Although it was generally considered that MTS were systematically cleaved
upon import, which happens for the majority of matrix proteins, there is now increasing evidence that
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possibly half of mitochondrial proteins could be imported without cleavage of the MTS [2]. The overall
mechanisms of mitochondrial protein import are similar in animals, yeast, and plants, although plant
Tom20 does not appear to be orthologous to the animal and yeast Tom20 proteins [8]. Besides, the plant
MPP peptidase is not localized in the matrix but is part of the cytochrome bc1 complex of the respiratory
chain [9]. Protein import in plastids proceeds in a similar way as in mitochondria, but with different
translocators (for review, [10]), and it is therefore not surprising that mitochondrial and plastidial
pre-sequences share some common features and are not easily distinguished, although mitochondrial
MTS generally contain more arginine [11]. Moreover, there is an increasing number of proteins
which appear dually targeted to both organelles [12]. MTS share common properties because they
carry essential information for proper targeting of several hundred mitochondrial proteins. However,
they are still insufficiently characterized, partly because of their structural diversity, but also because
of their similarity to plastid transit peptides. MTS length was found to be highly variable: 6–94 amino
acids in yeast, 19–109 amino acids in Arabidopsis, and 1–122 in Oryza sativa [13]. Regarding amino acid
composition, MTS contain a high proportion of positively charged, hydroxylated, and hydrophobic
residues, but few acidic amino acids [14], and plant pre-sequences are noticeably enriched in serine [15].

MTS have the propensity to fold into an amphiphilic alpha-helix (with opposing positively
charged and hydrophobic faces), a structure that would favor the interactions with TOM components
and was considered to be necessary and sufficient for import [14,16,17]. Interestingly, in spite of the
functional similarity between mitochondrial and plastid import systems, chloroplast transit peptides
are usually unstructured although they could also form a helix upon contact with membranes [18].
No clear consensus sequence has been found for MTS, but loosely conserved motifs with Arg at the
-2, -3, or -10 position from the processing site have been identified: -2R motif {R-X↓X}, -3R motif
{R-X-(F/Y/L)↓(A/S)-X}, and -10R motif {R-X-(F/L/I)-X2-(T/S/G)-X4↓X} [7,14,19]. The Arg residue
was experimentally shown to be important for cleavage processing [20]. Indeed, MPP recognises
basic amino-acids and cleaves the sequence motif {(R/K)-Xn-R-X↓Φ-Ψ-Ψ} (with Φ and Ψ hydrophobic
and hydrophilic residues, respectively) more efficiently [21]. However, pre-sequences without any
conserved arginine close to the cleavage site (no-R motif) were also reported [22]. Studies in plants
revealed a conserved motif {(F/Y)↓(S/A)} for the no-R group of proteins [13]. The -2R, -3R, and no-R
motifs were found in pre-sequences of all organisms, whereas the -10R motif was not found in
plants [13,22]. MTS features around the cleavage site have been thoroughly investigated in Arabidopsis
and rice [13]. In these species, the -3R motif occurs more frequently in Arabidopsis MTS with Phe in
the -1 position with respect to cleavage, or Phe, Tyr, and Leu in the case of rice MTS. Less flexibility
was observed for plant MTS compared to non-plant MTS. Indeed, the presence of plastids may require
a higher specificity of plant MTS in order to prevent mistargeting [23].

A number of publicly available online computer programs have been developed to predict
mitochondrial targeted proteins, but they display poor consensus when comparing their predictions
for a large number of protein sequences [24]. The programs are trained by using only a small number
of proteins and their often ambiguous conclusions are due, in part, to the high diversity of MTS.
A deeper understanding of the functional features of MTS, as well as larger bodies of experimental
MTS data, are therefore needed to identify the key determinants for mitochondrial targeting and
improve predictors.

In Arabidopsis thaliana Col-0, the subcellular locations of 51 proteins belonging to the Late
Embryogenesis Abundant (LEA) protein family were determined experimentally using translational
fusions with fluorescent proteins [25]. LEA proteins are characterized by a low sequence complexity,
repeated motifs, and high hydrophilicity, and are often intrinsically disordered [26]. Among the 51
LEA proteins, five were found to be targeted to mitochondria. Two of them (LEA42, At4g15910;
LEA48, At5g44310) belong to the PFAM family LEA_4, whose members were found to be distributed
in many cellular compartments, and are expected to protect various cellular membranes during
desiccation. LEA42 and LEA48 were dually targeted to mitochondria and chloroplasts [25]. They are
expected to play a similar role to their orthologous pea protein LEAM in protecting the inner

256



Int. J. Mol. Sci. 2018, 19, 1620

mitochondrial membrane during desiccation [27–29]. Three other LEA proteins (LEA37, At3g53770;
LEA38, At4g02380; LEA41, At4g15910) were found to be exclusively mitochondrial. They belong to
the PFAM LEA_3 family, which encompasses four members in Arabidopsis. Interestingly, this fourth
member (LEA2, At1g02820), which is a paralogous protein to LEA38, was localized to the cytosol [25].
In contrast with proteins from the LEA_4 family which appears to be involved in seed desiccation
tolerance, little is known about the function of proteins from the LEA_3 family [26]. LEA38 was
first identified as a senescence associated gene (SAG21) [30], and then as a gene (AtLEA5) able to
complement an oxidant-stress sensitive yeast mutant [31]. Further work using overexpressor and
antisense lines led to the proposal that LEA38 is involved in root development and abiotic stress
tolerance [32]. However, to our knowledge, there is still no clue about the molecular function of any
protein of the LEA_3 family. Excitingly, a genome-wide association study (GWAS) aiming to identify
Arabidopsis thaliana loci involved in local geographic adaptation highlighted LEA38 among the four
best hits, suggesting a key role for the LEA38 protein in environmental adaptation [33].

Whatever their function, LEA38 and LEA2 are two paralogous proteins of a small size (around
10 kDa), with highly similar sequences but different subcellular locations [25]. These proteins
therefore represent an original model to uncover MTS specific motifs, and to explore how these two
paralogous genes evolved to encode proteins with different subcellular targeting. Here, bioinformatics,
genetic engineering, and subcellular localization of synthetic proteins were used to identify the
key determinants for mitochondrial localization of LEA38, which were likely lost in LEA2 after
gene duplication.

2. Results

2.1. Proteins of the LEA_3 Family Are Expected to Be Mitochondrial

In Arabidopsis, the LEA_3 family comprises four proteins, with three of them (including LEA38)
being exclusively mitochondrial, while the fourth (LEA2) is cytosolic [25]. This suggests that LEA2,
which is paralogous to LEA38, could have lost its mitochondrial localization during evolution.
To support this hypothesis, we first examined whether mitochondrial localization could possibly
be the rule for LEA_3 proteins. The LEA38 sequence was used as a query in a BLASTP search of
the NCBI Reference Sequence protein database. With an E-value cut-off of 10, the analysis yielded
390 hits (370 hits with e-value < 0.01). All the sequences were from higher plants, and a search for
PFAM matches confirmed that all these sequences belonged to the PFAM family LEA_3 (PF03242).
This strongly suggests that this protein family is specific to higher plants. The 390 protein sequences
were then subjected to subcellular localization prediction using PProwler, which proved to be the more
accurate prediction program for LEA proteins [25].

The program computes probabilities for localization in the secretory pathway, mitochondrion,
chloroplast, peroxisome, and others (nucleus, cytoplasmic, or otherwise). The box plot shown in
Figure 1 clearly reveals that the mitochondrion is by far the most probable subcellular destination of
LEA_3 proteins. Therefore, it is likely that within the LEA38/LEA2 couple of paralogs, LEA38 has
retained its mitochondrial localization, while LEA2 has lost it.
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Figure 1. Subcellular prediction for proteins of the LEA_3 family. The graph shows the probability
of subcellular targeting for 390 proteins of the LEA_3 family to different compartments (SP, secretory
pathway; MT, mitochondria targeting; CT, chloroplast targeting) according to the PProwler software.
Peroxisomal targeting probability is not indicated (null for all proteins). The 390 proteins selected are
the best matches retrieved using the LEA38 protein sequence as the query in a BLASTP search against
the NCBI Reference Sequence protein database, and all belong to the LEA_3 family. The boundary of
the box closest to zero indicates the 25th percentile, a line within the box marks the median, and the
boundary of the box farthest from zero indicates the 75th percentile. Whiskers (error bars) above and
below the box indicate the 90th and 10th percentile, respectively.

2.2. Determinants of LEA38 Mitochondrial Targeting

As shown in Figure 2, LEA2 and LEA38, which share 60.8% identity and 80.4% similarity, as
calculated by LALIGN, are very similar proteins, even in their N-terminal part, which is a critical
region for organelle targeting. However, four differences are deemed of interest and are highlighted in
Figure 2: a change in polarity at position 11 (Gln in LEA2, Val in LEA38), a charge inversion at position
17 and 18 (E17-K18 in LEA2, R17-E18 in LEA38), a stretch of 11 amino acids (33AQGSVSSGGRS)
specific to LEA38, and a segment of five amino acids (33KTALD) specific to LEA2 in the same region.

Figure 2. Comparison of LEA2 and LEA38 protein sequences. Amino acid alignment was performed
with LALIGN. The degree of similarity between amino acids occupying the same position is indicated
by the following symbols: “*” identity; “:” strong similarity; “.” weak similarity. Sequence differences
selected to generate mutated LEA2 proteins are indicated by colored boxes.

To assess the importance of these modifications with respect to mitochondrial targeting of LEA38,
we generated a series of synthetic genes encoding mutated LEA2 and LEA38 proteins (Table 1).
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Table 1. Description of the different mutated protein constructs.

Mutation Description

LEA2del LEA2 without residues 33 to 37 (KTALD)
LEA38del LEA38 without residues 33 to 43 (AQGSVSSGGRS)

LEA2.1 LEA38 (residues 1 to 43) + LEA2 (residues 38 to 91)
LEA2.2 LEA2 with (KTALD) replaced by (AQGSVSSGGRS)
LEA2.3 Same as LEA2.2 with Q11V mutation
LEA2.4 Same as LEA2.2 with inversion at positions 17 and 18 (EK into KE)
LEA2.5 Same as LEA2.2 with Q11V mutation and inversion at position 17 and 18

The mutated genes were cloned into an expression vector in order to express the proteins of
interest as translational fusions with GFP at their C-terminus. The constructs were used to transiently
transform protoplasts from an Arabidopsis line expressing a mitochondrial mCherry marker [25].
LEA2-GFP and LEA38-GFP, used as controls, displayed their expected cytosolic and mitochondrial
localizations, respectively (Figure 3).

 

Figure 3. Impact of the mutations on the subcellular localization of LEA2-GFP and LEA38-GFP. The
different proteins were expressed in fusion with GFP in Arabidopsis leaf protoplasts, using a line
constitutively expressing a mitochondrial mCherry fluorescent protein. Observations were performed
with a confocal microscope to visualize fluorescence from GFP, mCherry, and chlorophyll. First column:
GFP, green fluorescence; second column: mCherry, red fluorescence; third column: merging of GFP
and mCherry signals with chlorophyll autofluorescence in blue. Cyto, cytosolic; Mito, mitochondrial.
Bars = 10 μm.

LEA2del-GFP, in which the 33KTALD segment has been deleted, remained cytosolic, indicating
that this sequence specific of LEA2 was not preventing mitochondrial targeting, having apparently no
detectable effect on subcellular localization (Figure 3). LEA2.1 was constructed by replacing the first
37 amino acids of LEA2 with the first 43 amino acids of LEA38, including its specific 33AQGSVSSGGRS
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segment (Figure 2; Table 1). LEA2.1-GFP systematically accumulated in mitochondria (Figure 3),
suggesting that critical information for mitochondrial targeting is indeed enclosed in the first 43 amino
acids of LEA38. The LEA38del-GFP construct, in which the specific 33AQGSVSSGGRS segment was
deleted, was no longer targeted to mitochondria, and remained cytosolic (Figure 3). This motif is
therefore essential for mitochondrial targeting of LEA38. To determine if this motif could confer
mitochondrial targeting to LEA2, LEA2 was modified to replace its 33KTALD segment with the
33AQGSVSSGGRS motif of LEA38, yielding the LEA2.2 construct (Figure 2; Table 1). However,
the modified LEA2.2-GFP remained localized in the cytosol. Together with the LEA38del-GFP construct,
these results indicate that the 33AQGSVSSGGRS sequence is essential but not sufficient to confer
mitochondrial targeting to LEA38 or LEA2.

To take into account the possible role of other sequence differences between LEA2 and LEA38,
three additional constructs were generated from LEA2.2 (Table 1). First, the hydrophilic Gln residue
at position 11 of LEA2 was replaced with the hydrophobic Val residue found in LEA38 to yield the
LEA2.3 construct (Table 1). Secondly, the two residues E17-K18 in the LEA2 sequence were inversed
into K17-E18 to mimic the corresponding charge arrangement found in LEA38 (R17-E18), yielding
the construct LEA2.4 (Table 1). Finally, these two mutations were combined, yielding the LEA2.5
construct. When expressed in protoplasts, LEA2.3-GFP and LEA2.4-GFP systematically remained
cytosolic (Figure 3). However, in the case of LEA2.5-GFP, which combines all candidate mutations,
mitochondrial localization could finally be demonstrated (Figure 3). With other constructs (LEA2del;
LEA38del; LEA2.1; LEA2.2; LEA2.3; LEA2.4), all transformed protoplasts showed a reporter GFP with
cytosolic localization. However, in the case of LEA2.5-GFP, mitochondrial localization was not observed
in all transformed protoplasts. Instead, approximately half of the transformed protoplasts (85/177
protoplasts from seven experiments) showed mitochondrial localization, while the others showed
a diffuse cytosolic localization or large aggregates of GFP. We never observed a dual localization of
LEA2.5 in mitochondria and cytosol (or aggregates). Although it is difficult to provide a rationale for
this heterogeneity, it could be due to the fact that more mutations in the N-terminal sequence could be
required to fully restore the efficiency of import, especially in the protoplast assay in which transgene
expression is very strong. Nevertheless, the results indicate that while the specific KTALD segment
of LEA2 is not involved in subcellular localization of the protein, the addition of the LEA38 specific
motif AQGSVSSGGRS, the replacement of Gln11 with Val, and the inversion of E17-K18 are sufficient
altogether to target LEA2 to the mitochondrial compartment. It should be noted that none of the
synthetic proteins were found to be targeted to the chloroplast, although common features exist for
protein import in chloroplasts and mitochondria [18].

Since MTS are expected to adopt an amphiphilic helix conformation, the secondary structures of
LEA2, LEA38, and mutated proteins were investigated. As shown in Figure 4, all native and mutant
proteins were predicted to harbor alpha helix domains in their N-terminal region, irrespective of
their subcellular localization. Both LEA2 and LEA38 sequences display two alpha-helices; the first
from residues 5–23 and 7–24, respectively, and a second from residues 28–35 and 33–41, respectively,
which is preceded by a short extended strand sequence of four residues in LEA38. The five and
eleven residue long segments specific to LEA2 or LEA38 are located in this second alpha-helix region.
In LEA2del, deletion of the five residues generated a longer helix, and the protein remained cytosolic.
In LEA38del, for which mitochondrial localization was abolished, the deletion of the eleven residues
removed the small extended strand found in LEA38, yielding a longer helix (Figure 4). This suggests
that the extended strand-helical conformation in this region could be important for mitochondrial
localization, but the hypothesis can be dismissed because this secondary structure is detected in LEA2.4
(cytosolic) but not in LEA2.5 (mitochondrial). Since the other mutations introduced to redirect LEA2 to
mitochondria were localized in the first alpha-helix, helical projections with the Heliquest program
were performed to address the structural impact of mutations (Figure 4). The projection of residues
7–24 of LEA38 revealed an amphiphilic helix, with two positively charged residues in the hydrophilic
face (VAVVL) and a negatively charged residue (Glu) at the border between the hydrophobic and
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hydrophilic faces. In LEA2, the projection of residues 5–23 did not reveal a clear amphiphilic face,
in spite of the grouping of four residues (AGAL). As found for the corresponding helix in LEA38,
three charged residues are present but with a different disposition (Figure 4). The negatively charged
residue (Glu) was located at the opposite end of the AGAL region, and the positively charged residues
were facing each other, at 90◦ of the Glu. The Q11V mutation in LEA2.3 restored an amphiphilic
alpha-helix with a hydrophobic face (VAGAL), but with a disposition of charged residues similar to
LEA2 (Figure 4). The charge inversion (EK/KE) in LEA2.4 restored a disposition of the three charged
residues very similar to that in LEA38, but like in LEA2, a hydrophobic face could not be identified
(Figure 4). In LEA2.5, in which these two latter mutations were combined, the alpha-helix shows a clear
amphiphilic profile with a charged residue distribution almost identical to that of LEA38 (Figure 4).
Since the LEA2.5-GFP construct was targeted to mitochondria, this indicates that an alpha-helix
displaying a hydrophobic face of five residues, with a negatively charged residue at the interface,
and two positively charged residues (separated by three residues in the projection) at the opposite end
of the hydrophobic face, are essential conditions for mitochondrial targeting.

 

Figure 4. Secondary structure predictions for LEA2, LEA38, and mutated proteins. Secondary structure
predictions for the first 50 amino acids (top left part of the figure) were performed using JPRED4
software. Red box: alpha-helix: orange box: extended strand; black line: random coil. Helical
projections of α-helices were obtained using 18 amino-acids at the beginning of the first helix in the
indicated proteins. The helical projections of LEA38, LEA38del, and LEA2.1, which share the same
sequence in the analyzed region, are identical, as well as those of LEA2, LEA2del, and LEA2.2. The first
residue is circled in black. Positively charged residues (K, R) are color coded in blue, while negatively
charged residues (D, E) are in red. Non-polar residues are shown in yellow or grey and others in purple,
light blue, or light pink colors. The arrow of variable size in the center of the helix shows the weight
and orientation of the hydrophobic moment, and the dotted line identifies the hydrophobic face.
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2.3. MTS Cleavage Site Determination for LEA38

Since mitochondrial transit peptides (30–50 residues) are often cleaved during the import process,
in the case of LEA38, which has 97 amino acids, this could remove up to half of the precursor
proteins, yielding a rather short mature protein. Another possibility is the absence of cleavage of the
pre-sequence, which is often the case for mitochondrial membrane proteins [4]. The sub-mitochondrial
localization of LEA38 has not yet been established, but its small size and the lack of predicted
transmembrane helices (Table S1) do not favor a membrane localization. The existence of a cleavage site
was questionable for LEA38, and we therefore attempted to determine the N-terminus of the protein
using an Arabidopsis transgenic line constitutively expressing LEA38-GFP in mitochondria [25].
The LEA38-GFP was immunopurified from leaves and analysed by western blot using a specific
anti-LEA38 antibody. The molecular mass of the protein isolated from leaves was compared with that
of a recombinant LEA38-GFP synthetized in vitro (Figure 5). The recombinant LEA38-GFP precursor,
produced by an in-vitro translation assay, displayed an apparent molecular mass of 39 kDa, consistent
with its theoretical mass. LEA38-GFP which was purified from leaves exhibited a significantly lower
apparent molecular mass (35 kDa), indicating that the protein was cleaved after mitochondrial import.
The LEA2-GFP precursor synthesized in vitro was only slightly detected by the anti-LEA38 antibody,
confirming its specificity (Figure 5).

Figure 5. Comparison of the apparent molecular mass of the LEA38-GFP precursor and the mature
LEA38-GFP. Precursors for LEA2-GFP and LEA38-GFP were synthesized in vitro. The mature
LEA38-GFP (38G) was immunopurified from the leaves of an Arabidopsis overexpressor. Proteins
were analyzed by Western blot using the anti-LEA38 antibody. This antibody was very specific to
LEA38 and did not cross-react significantly with LEA2. 1, in vitro synthesized LEA2-GFP precursor
(above 37 kDa); 2, in vitro synthesized LEA38-GFP precursor; 3, immunopurified mature LEA38-GFP.
Arrows indicate the LEA38-GFP precursor (p38G) and mature LEA38-GFP (38G); M: molecular mass
markers, with mass indicated in kDa.

Higher amounts of mature LEA38-GFP protein were immunopurified from leaf mitochondria of
the overexpressing line, and the N-terminus was determined by Edman microsequencing. The results
revealed that cleavage of the presequence occurred at two adjacent sites, after Y28 and A29, and thus
upstream of the 11 amino acid segment (33AQGSVSSGGRS), which is specific to LEA38 (see Figure 1).
The theoretical molecular mass of the mature LEA38GFP (35.7 kDa) is thus consistent with the western
blot results (Figure 5).
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2.4. Comparison of Experimental Data and In Silico Predictions

Six online subcellular location prediction programs (iPSORT, MITOPROTII, MitoFates, PProwler,
Predotar, and TargetP1.1) were used to predict the location of LEA2 and LEA38 and related GFP
constructs (Table 2). Most programs suggested mitochondrial localization (32 out of 42 combinations in
Table 2) for the seven proteins, although four of these are empirically cytosolic. More of the programs
predicted a mitochondrial localization for LEA2, which is cytosolic, than for the mitochondrial LEA38
(5 and 4, respectively). The predictions for the native LEA proteins and their translational GFP fusions
are logically very similar, with only some slight differences in probabilities, and a single difference
in the decision for TargetP1.1 (LEA2 chloroplastic/LEA2-GFP mitochondrial), but both had a rather
low score (0.36). This program was the least accurate with this set of proteins since LEA2, LEA38,
LEA38-GFP, and LEA2.5-GFP were predicted as chloroplastic proteins and LEA38del-GFP as a secreted
protein. The overall comparison of predictions with experimental localizations, including the series of
mutant proteins, confirms that none of the programs are sufficiently accurate to predict the subcellular
localisation of polypeptides with confidence (Table 2). Three of the programs include the predicted
length of pre-sequences in their analysis. As shown in Table 2, predicted MTS displayed various
lengths (28 to 43 amino-acids), with cleavage sites upstream or downstream from the 11 amino acid
sequence that is required for correct mitochondrial targeting of LEA38-GFP. The MitoFates program
provided the best results with the prediction of the genuine cleavage site of LEA38 (after Y28).

Table 2. Subcellular localisation and pre-sequence length predicted for LEA2, LEA38, and related
mutated proteins. Six programs were used to predict the protein subcellular localisation of the indicated
proteins (M, mitochondria; Ct, chloroplast; SP, secretory pathway). When available, probability is
indicated in parentheses. The length of the predicted targeting sequence is indicated below each
prediction for the three programs providing this analysis.

IPsort MitoFates MITOPROT II v1.101 PProwler 1.2 Predotar TargetP 1.1

LEA2
M M (0.839) M (0.958) M (0.84) M (0.43) Ct (0.364)
- 28 35 - - 48

LEA38
Ct M (0.544) M (0.986) M (0.90) M (0.31) Ct (0.493)
- 28 43 - - 46

LEA2-GFP
M M (0.889) M (0.949) M (0.85) M (0.43) M (0.357)
- 28 35 - - 28

LEA38-GFP
Ct M (0.672) M (0.995) M (0.85) M (0.31) Ct (0.429)
- 28 43 - - 46

LEA38del-GFP
Ct M (0.760) M (0.984) M (0.92) M (0.32) SP (0.499)
- 28 28 - - 13

LEA2.1-GFP
Ct M (0.493) M (0.984) M (0.88) M (0.31) Ct (0.539)
- 28 43 - - 54

LEA2.5-GFP
M M (0.500) M (0.924) M (0.73) M (0.35) Ct (0.657)
- 28 43 - - 54

3. Discussion

LEA2 and LEA38 are two paralogous proteins of the LEA_3 family with very similar primary
sequences but different subcellular locations. The LEA_3 family is specific to higher plants, and both
experimental data in Arabidopsis [25] and targeting predictions for 390 proteins of the family strongly
suggest that mitochondrial localization is a characterizing feature of this family. Thus, it is reasonable
to assume that LEA2 has lost its original mitochondrial localization. The primary objective of this study
was to uncover the structural changes that occurred during evolution by identifying the key structural
features of LEA38 that, when incorporated into LEA2 by mutation, are able to redirect the mutated
LEA2 to mitochondria. We also expected this experimental model to provide original information
about the import of mitochondrial proteins.
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The main difference between LEA38 and LEA2 sequences is an eleven residue-long stretch
of aminoacids (33AQGSVSSGGRS) which is specific to LEA38, and which was therefore a good
candidate for a role in mitochondrial targeting. Indeed, its deletion abolished the mitochondrial
localization of LEA38. However, its insertion in LEA2 had no effect on the subcellular targeting
of the protein, which remained cytosolic; two additional mutations of LEA2 (Q11V and a charge
inversion E17K/K18E) were required to redirect the protein to mitochondria. This confirmed that the
33AQGSVSSGGRS sequence was essential but not sufficient for mitochondrial targeting. Interestingly,
we could determine that this stretch of amino acids was not included in the presequence, but located a
few amino acids after the MTS cleavage site (occurring after residues 28 and 29). This sequence could
therefore be involved in the recognition of the pre-sequence cleavage site by proteases. Its enrichment
in Ser residues supports this hypothesis, since Ser residues were frequently found downstream of
presequence cleavage sites which have been established for 62 Arabidopsis and 52 rice mitochondrial
proteins [13].

In agreement with previous studies [17,34–36], we found that the distribution of charged and
apolar residues in the N-terminus was critical for mitochondrial import, and the results further support
the requirement of an amphiphilic alpha helix structure with positive charges in the MTS. The analysis
of helical projections in the MTS of the native and mutant proteins allowed us to identify critical
structural features for the mitochondrial import of LEA38. The hydrophobic face must comprise five
residues (four is not enough) and the hydrophilic face must harbor two positively charged residues,
separated by three residues. Thus, the positive charges are positioned at the opposite end of the
hydrophobic-hydrophilic interfaces of the helix. Finally, the single negatively charged residue (Glu)
must be adjacent to the hydrophobic face of the helix. In this context, the effect of the charge inversion
(17EK to 17KE) which was required for mitochondrial targeting of the LEA2 mutant is well justified.
It has a major effect on the helical projection, restoring the original charge distribution in LEA38
MTS. All these features are necessarily important for mitochondrial import. The amphiphilic helix
with its positive charges constitutes a target for interaction with cytosolic and mitochondrial HSP70
chaperones, with the latter being involved in the translocation of precursors [4,11]. The hydrophobic
side and the positively charged side of the amphiphilic alpha-helix might be recognized sequentially
by distinct TOM receptors [17]. Eventually, positively charged residues in the MTS could contribute to
the subsequent translocation across the inner membrane, which is driven by membrane potential [4].

Two adjacent cleavage sites of the MTS were determined by Edman sequencing in LEA38,
at positions 28Y↓29A and 29A↓30A (arrow indicates cleavage). For the first cleavage site,
the surrounding sequence {24F-R-R-G-Y↓A↓A-T-A} conforms well with the consensus motif
{R-X-(F/Y/L)↓(S/A)-(S/A/T)-X} of the “-3R group” plant MTS [13]. In the processing of -3R group
proteins, after cleavage by the MPP, the additional protease ICP55 (Intermediate Cleaving Peptidase
of 55 kDa) cleaves the N-terminal amino acid from the intermediate first generated by MPP [37].
In the case of LEA38, we postulate that the presence of two successive Ala residues in the N-terminal
sequence 28YAATA of the protein after cleavage by MPP lowers the peptidase specificity of ICP55,
releasing two mature proteins, each with an Ala N-terminus. Our results also highlight the importance
of residues beyond the MTS cleavage site since the LEA38del mutant, in which 11 residues were
deleted from position 33, lost its mitochondrial location. Further mutation studies would be required
to predict how many residues downstream of the cleavage site are essential.

Since the vast majority of LEA_3 proteins were predicted to be mitochondrial, we built sequence
logos using the first 40 amino acids of the 100 LEA_3 proteins with the best BLASTP score among the
390 sequences used for subcellular prediction analysis (Figure 6). The sequence logo illustrates the high
sequence conservation in the N-terminal part of the proteins, and allows the establishment of a more
precise consensus around the cleavage site {25R-R-G-(Y/F)↓A↓A-(A/T)-(A/S)} for the LEA_3 family.
Interestingly, the corresponding sequence of LEA2 {25R-R-G-F-A-A-A-A-K-T} perfectly matches the
consensus, and therefore the loss of mitochondrial location for the paralog of LEA38 is essentially due
to a loss of targeting information, which does not affect the cleavage site motif. This appears logical
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since processing occurs within mitochondria during or upon import [7]. However, since LEA2-GFP
expressed in protoplasts is apparently not cleaved [25], it also indicates that there is no protease
activity in the cytosol with specificity equivalent to those of the mitochondrial processing peptidases.
Limiting the processing peptidases to organellar locations should be crucial for the efficiency of
import, and the high stability of LEA2-GFP in protoplasts supports the total lack of mitochondrial-like
processing peptidase activity in the cytosol.

Figure 6. Sequence logo analysis of the N-terminal part of orthologs of LEA38. The first 40 amino-acid of
100 LEA_3 proteins sequences with the best scores in a BLASTP search were used to build the sequence
logo. The mitochondrial targeting cleavage sites of LEA38 are indicated with the red dotted lines.

The coding sequences of LEA2 and LEA38 are very similar (71% identity), and both the length
(96 vs. 100 nucleotides) and position (72 vs. 74) of the single intron are well conserved (Figure S1).
The intron sequences are more divergent than the coding sequences, which reflects the lower
evolutionary constraint on introns [38]. The high sequence similarity of sequences strongly supports
the idea that LEA38 and LEA2 genes are paralogs resulting from one of the several whole genome
duplication events in Arabidopsis [39]. The fact that all members of the LEA_3 family were predicted
with high confidence to be mitochondrial strongly suggests that the ancestor of LEA2 and LEA38 genes
encoded a mitochondrial protein, and that the protein encoded by the LEA2 gene lost its mitochondrial
localization after duplication. Gene duplication has been intensively reported as a very important
evolution process leading to neofunctionalization (new function and/or expression pattern of one
of the two duplicates) or subfunctionalization (division of ancestral functions and/or expression
pattern between the two paralogs) [39]. Protein subcellular relocalization of duplicated genes has been
observed in yeast [40], mammals [41], and plants [42]. Neolocalization (new localization for the copy
product) or sublocalization (division of ancestral subcellular localizations between the paralogs) may
contribute to the maintenance and functional divergence of genes pairs, and changes of expression
patterns associated with protein relocalization were observed in Arabidopsis [42]. This is also the
case for LEA2 and LEA38 genes that differ in their expression at the transcript level (data available
at http://bar.utoronto.ca/efp2/Arabidopsis/Arabidopsis_eFPBrowser2.html). LEA2 appears poorly
expressed compared to LEA38 in all developmental stages but its expression increases upon cold stress.
LEA38 is highly expressed within mature pollen, and in other tissues, its expression can be induced
in response to osmotic stress and biotic stress. We can conclude that evolution of the paralogs led
to a cytosolic sublocalization of LEA2, likely by the loss of mitochondrial targeting resulting from
a few mutations, according to our experiments. Whether the neolocalization of LEA2 paralogs was
associated with a new function for LEA2 in the cytosol is a difficult question to answer, because there is
little information about the role of LEA_3 proteins. LEA38 (referred as AtLEA5) was shown earlier to
complement an oxidant-sensitive yeast mutant, and its overexpression of AtLEA5 in Arabidopsis
increased oxidative stress tolerance [31]. In another study using over-expressor and anti-sense
lines, LEA38 (referred as SAG21) was shown to interfere with leaf senescence, root development,
and pathogen defense, which led to the proposal that LEA38 was involved in ROS signaling [32].
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Interestingly, SAG21 emerged from a genome-wide associated study as a major candidate gene for
the local adaptation of Arabidopsis ecotypes [33]. We found that the discriminating single nucleotide
polymorphism (SNP) of SAG21 in this study was associated with an F/I substitution in position 24,
in the MTS and just a few amino acids before the cleavage site (see Figure 6). It would be of interest
in this context to determine if this substitution could have an effect on the import of LEA38. Still,
the molecular function of LEA38 remains enigmatic, and to our knowledge, nothing is known about
LEA2. If the latter performed a similar function as LEA38 in the cytosol, it would have to do so with
an additional N-terminal extension (the part corresponding to LEA38 MTS) representing more than
30% of the length of mature LEA38 polypeptide. It must be recalled that, besides LEA38, two other
very similar LEA_3 proteins (LEA37, LEA41) are also targeted to mitochondria [25], and therefore the
loss of mitochondrial targeting for the LEA2 gene product could possibly be compensated for by the
other proteins. In conclusion, our results provide a rationale for the divergent subcellular localization
of two LEA_3 protein paralogs with highly similar sequences, and suggest a scenario in which a few
mutations resulted in the loss of mitochondrial targeting for one of the gene products, while the other
one remained mitochondrial. We also provide arguments that support mitochondrial localization as a
signature for LEA_3 proteins, and the first evidence, to our knowledge, that their MTS are cleaved
upon import, releasing short mature proteins of around seven kDa. More research will be required to
elucidate the molecular function of these small and intriguing plant mitochondrial proteins.

4. Materials and Methods

4.1. Plant Culture, Protoplast Isolation, and Transformation

Arabidopsis thaliana (Columbia-0 ecotype) wild type and transgenic lines were grown in potting
compost Klassman 15 (Klasmann-Deilmann France SARL, Bourgoin-Jallieu, France) in a growth
chamber (23 ◦C, 75% RH, 16 h light with an intensity of 100 μmol·m−2·s−1). Arabidopsis mesophyll
protoplasts were isolated from a transgenic line expressing a mitochondrial mCherry protein and
transformed according to the procedure described in [25].

4.2. Expression of Mutated Proteins

Synthetic genes encoding coding sequences of LEA2 (At1g02820) or LEA38 (At4g02380) with
defined mutations indicated in Table 1 were obtained from GeneCust (Ellange, Luxembourg). LEA2,
LEA38, and the mutated proteins coding sequence were cloned in the p2GWF7,0 vector from Plant
System Biology (Ghent University, Ghent, Belgium) following the procedure described in [25].
These vectors were then introduced in Arabidopsis mesophyll protoplasts using polyethylene glycol
mediated transformation [25].

4.3. Microscopy

The subcellular localition of fluorescent protein fusions in Arabidopsis mesophyll protoplasts
were observed with a Nikon A1 laser scanning confocal microscope (Nikon France S.A, Champigny
sur Marne, France). GFP, mCherry, and chlorophyll were excited with 488, 561, and 638 nm laser lines,
respectively, with an emission band of 500 to 550 nm for GFP, 570 to 620 nm for mCherry, and 662 to
737 nm for chlorophyll autofluorescence.

4.4. In Vitro Production of Recombinant Proteins

LEA2-GFP and LEA38-GFP full-length proteins were obtained by coupled
transcription-translation in vitro using the PURExpress kit (NEBS, Ipswich, MA, USA) using
the recommended protocol.
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4.5. Crude Mitochondria Isolation, and N-Terminus Sequencing

Mitochondria were isolated from rosette leaves of four week-old transgenic Arabidopsis plants
expressing LEA38-GFP in mitochondria [25]. Leaves were grinded with a Waring blender in 10 mL
isolation buffer (30 mM MOPS pH 7.8, 330 mM sorbitol, 2 mM EDTA, 1.5% w/v BSA) and then filtrated
through eight layers of Miracloth. Chloroplasts and nuclei were removed by centrifugation at 1200× g
for 45 s. The supernatant was further centrifuged at 5000× g for 5 min to obtain a crude mitochondrial
fraction. GFP-tagged proteins were purified from crude mitochondria with the μMACS Epitope
Tag Protein Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) using the standard elution
protocol. After separation by SDS-PAGE and transfer to the PVDF membrane, protein bands visualized
by Coomassie Blue staining were excised for Edman microsequencing [43], which was performed by
Proteome Factory AG (Berlin, Germany).

4.6. Protein Analysis by Western Blot

Proteins were separated by SDS PAGE and protein blotting was performed on PVDF membranes
(Immobilon PSQ 0.2 μm, Merck KGaA, Darmstadt, Germany) using a transblot apparatus (Bio-Rad,
Marnes-La-Coquette, France) and 10 mM CAPS pH 11, 10% (v/v) methanol as a transfer buffer [43].
The anti-LEA38 antibody (Genscript Biotech, Piscataway, NY, USA) was raised again the peptide
(KKKGVEESTQKI) and used as a primary antibody at a dilution of 1:1000. As a secondary antibody,
we used an anti-rabbit IgG coupled to horseradish peroxidase (Merck KGaA, Darmstadt, Germany) at
a dilution of 1:50,000. The immunodetection was performed by incubating membranes in the ClarityTM

Western ECL reagent (Bio-Rad, Marnes-La-Coquette, France) and the emitted chemiluminescence was
recorded by a Chemidoc Imager (Bio-Rad). Molecular masses were estimated using Precision Plus
Protein Dual Color Standards (Bio-Rad).

4.7. Bioinformatics

Sequence alignments were performed with the LALIGN software (http://www.ebi.ac.uk/
Tools/psa/lalign/) [44], Clustal Omega software (http://www.ebi.ac.uk/Tools/msa/clustalo/) [45],
and EMBOSS Needle (https://www.ebi.ac.uk/Tools/psa/emboss_needle/nucleotide.html) [46].
Search for orthologs of LEA38 within the NCBI Reference Sequence protein database was performed
with BLASTP 2.8.0 (https://blast.ncbi.nlm.nih.gov/Blast.cgi) using BLOSUM62 matrix and default
parameters [47]. The HMMER software (https://www.ebi.ac.uk/Tools/hmmer/) was used to search
for Pfam matches [48]. Subcellular localisations and pre-sequence cleavage site predictions were
performed using IPSORT (http://psort.hgc.jp/form.html) [49], MITOPROT II (http://ihg.gsf.de/ihg/
mitoprot.html) [50], TargetP 1.1 (http://www.cbs.dtu.dk/services/TargetP/) [51], Predotar (https:
//urgi.versailles.inra.fr/predotar/) [52], PProwler (http://bioinf.scmb.uq.edu.au:8080/pprowler_
webapp_1-2/) [53], and MitoFates (http://mitf.cbrc.jp/MitoFates/cgi-bin/top.cgi) [54] software
with default settings. Molecular weight and theoretical pI were calculated using ProMoST (http:
//proteomics.mcw.edu/promost.html) [55]. Secondary structure predictions were performed with
Jpred4 (http://www.compbio.dundee.ac.uk/jpred/) [56]. Alpha-helix projections were obtained with
the HeliQuest Web server (http://heliquest.ipmc.cnrs.fr/) [57], using the Analysis module with default
parameters (helix type set to alpha) and a window size set to FULL.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/6/
1620/s1.
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Abstract: Maintenance of functional mitochondria is vital for optimal cell performance and survival.
This is accomplished by distinct mechanisms, of which preservation of mitochondrial protein
homeostasis fulfills a pivotal role. In plants, inner membrane-embedded i-AAA protease, FTSH4,
contributes to the mitochondrial proteome surveillance. Owing to the limited knowledge of FTSH4’s
in vivo substrates, very little is known about the pathways and mechanisms directly controlled by
this protease. Here, we applied substrate trapping coupled with mass spectrometry-based peptide
identification in order to extend the list of FTSH4’s physiological substrates and interaction partners.
Our analyses revealed, among several putative targets of FTSH4, novel (mitochondrial pyruvate
carrier 4 (MPC4) and Pam18-2) and known (Tim17-2) substrates of this protease. Furthermore,
we demonstrate that FTSH4 degrades oxidatively damaged proteins in mitochondria. Our report
provides new insights into the function of FTSH4 in the maintenance of plant mitochondrial proteome.

Keywords: AAA protease; ATP-dependent proteolysis; mitochondria; inner mitochondrial
membrane proteostasis; carbonylated proteins

1. Introduction

Mitochondria are life-essential multifunctional organelles. In addition to their vital role in energy
conversion, mitochondria are involved in diverse metabolic pathways including iron sulfur cluster
biosynthesis, in cellular signaling and in the regulation of programmed cell death. Owing to the
central role of these organelles, mitochondrial dysfunction is implicated in the onset and pathology of
a myriad diseases and aging [1–3]. Distinct quality control pathways are engaged in mitochondrial
surveillance, maintaining functional mitochondria and facilitating adaptation to stress conditions [4–6].
Mitochondrial proteases play a central role in these mechanisms, not only by the removal of damaged
proteins or excess subunits, but also as regulatory components. To fully understand the spectrum of
processes that rely on the action of mitochondrial proteases, detailed knowledge of their physiological
substrates and interaction partners is required. In this regard plant mitochondrial proteases, including
i-AAA protease—FTSH4, still remain poorly characterized.

i-AAA protease forms a homo-oligomeric ATP-dependent proteolytic complex that is embedded
in the inner mitochondrial membrane (IM) with the catalytic sites exposed to the intermembrane space
(IMS) [7]. In humans, a homozygous mutation in the gene encoding i-AAA protease (YME1L) causes
mitochondriopathy with optic nerve atrophy [8]. Identification of proteolytic substrates and binding
partners of mammalian i-AAA protease revealed that YME1L by proteolytic processing of fusion
factors, selective removal of misfolded and unassembled subunits and turnover of specific regulatory
proteins, influences a myriad of processes inside the mitochondria [9–11].
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The molecular function of the plant YME1L counterpart—FTSH4 is less understood. Thus far,
only one physiological substrate of FTSH4 has been described. FTSH4 is required for the turnover
of the essential subunit of the TIM23 translocase, Tim17-2, indicating FTSH4-dependent proteolytic
regulation of pre-protein influx into the plant mitochondria [12]. However, under stress conditions,
loss of FTSH4 is linked to broad pleiotropic phenotypes including oxidative stress, imbalance in
phospholipid metabolism, perturbation in oxidative phosphorylation system activity and aberrant
mitochondrial morphology, suggesting that plant i-AAA protease, like its mammalian homologue,
controls distinct processes inside the mitochondria [13,14]. Overall, to fully understand the role of
FTSH4 in the maintenance of functional mitochondria, the in-depth knowledge of its in vivo targets
is necessary.

Here, we applied an unbiased substrate trapping approach in order to identify potential
physiological substrates and biding partners of FTSH4. Our strategy is based on the identification
of proteins co-purifying with a proteolytically inactive mutant of the protease. The trapping method
was successfully used to search for substrates and interactors of the bacterial homolog of FTSH4,
FtsH [15]. However, to date this method has not been employed for the analysis of plant mitochondrial
proteases. In the present study, we found 17 potential candidates, among which we identified known
FTSH4’s substrate, Tim17-2, and novel ones which are the subunit of the inner membrane translocase
Pam18-2 and mitochondrial pyruvate transporter 4 (MPC4). Our analysis indicated that FTSH4 is
predominantly linked to the mitochondrial protein import machinery, inner membrane organizing
proteins and specific metabolic pathways. Furthermore, we provide evidence that oxidative protein
damage might trigger FTSH4-dependent proteolysis.

2. Results and Discussion

2.1. Substrate Trapping Assay Reveals a List of Potential FTSH4 Targets and Its Interacting Partners
inside Mitochondria

The substrate trapping assay is a broadly used method enabling identification of enzyme
substrates in an unbiased manner [15–18]. This experimental strategy has been applied to successfully
identify physiological targets of diverse proteases, including membrane-bound bacterial FtsH [15].
Here, we employed this strategy in order to expand the spectrum of in vivo substrates and interaction
partners of FTSH4. Briefly, we utilized an Arabidopsis thaliana line that produces, instead of functional
wild type FTSH4, a proteolytically inactivated tagged version of this protease (ftsh4-1 FTSH4TRAP.FLAG).
Proteolytic activity of FTSH4 was abolished by a single point mutation in the catalytic center of
the proteolytic chamber [12,15]. Since AAA domain of the FTSH4TRAP.FLAG mutant is active, the
substrates are translocated into the proteolytic chamber, where they are not degraded and thus
remain trapped [15]. To characterize proteins caught inside the protease, affinity purification of
FTSH4TRAP.FLAG from mitochondria followed by mass spectrometry-based peptide identification was
applied (Figure 1). Resulting proteins co-purifying with FTSH4TRAP.FLAG in two independent biological
replicates are listed in Table 1 and Table S1. Obtained data were validated by immunoblotting analyses
with available antibodies (Figure 2).

The vast majority of identified proteins were localized to the inner mitochondrial membrane and
were assigned to the four main functional classes according to Uniprot; transmembrane transport,
metabolism, mitochondrial protein import and membrane organization (Table 1). This list includes
potential interaction partners (e.g., adaptor proteins) and substrates of the FTSH4 protease inside
mitochondria. Since yeast or mammalian i-AAA proteases degrade damaged or excessive subunits,
transport intermediates (preproteins) and regulatory proteins [9–11,19], it is conceivable to find all
these diverse types of substrates amongst proteins co-purifying with FTSH4TRAP.FLAG.

Several proteins identified in our assay reinforce the existence of a link between FTSH4 and
mitochondrial ATP production by oxidative phosphorylation [14,20]. These include members of
the mitochondrial substrate carrier family such as orthologues of mitochondrial NAD transporter
(NDT2) [21] and mitochondrial pyruvate carrier (MPC4) [22]. In addition, amongst proteins related
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to mitochondria energy conversion that were found to co-purify with FTSH4FLAG.TAG, we also
identified components of succinate dehydrogenase flavoprotein complex; subunit 1 (SDH1-1)
and subunit 5 (SDH5). These are peripheral membrane proteins localized to the matrix side of
the inner membrane [23]. Based on the finding concerning the human counterpart of FTSH4
protease—YME1L [19], matrix localized proteins like SDH1-1, SDH5 and isocitrate dehydrogenase
NAD regulatory subunit 1 (IDH1) could be FTSH4 substrates during import of their precursors from
the cytosol into the mitochondrial matrix. Interestingly, SDH1-1 specifically accumulates in plants
devoid of functional FTSH4 (ftsh4 mutants) [14]. Alternatively, observed interactions with these
proteins could occur through the N-terminal domain of FTSH4 that protrudes into the matrix. In
addition, we found an accessory subunit of the respiratory complex dihydroorotate dehydrogenase [24]
and intermembrane space localized l-galactono-1,4-lactone dehydrogenase (GLDH) [25] as potential
FTSH4 targets. In Arabidopsis thaliana, GLDH not only catalyzes the last step of ascorbate biosynthesis
pathway, but it also has a second non-enzymatic function in the assembly of respiratory complex I [25].

Furthermore, our data indicate a connection between FTSH4 and mitochondrial protein
biogenesis pathways. We found an essential subunit of TIM17:23 translocase, Tim17-2, among proteins
co-purifying with FTSH4TRAP.FLAG. This protein was recently identified as a physiological substrate
of the plant i-AAA protease [12]. FTSH4 protease regulates pre-protein influx into the mitochondria
through the turnover of the Tim17-2 subunit. This function of i-AAA protease was also described
in mammals, where YME1L controls mitochondrial protein import through the degradation of
the Tim17A subunit, a homologue of Tim17-2 [10]. In addition, in the substrate trapping assay
we found homologues of Pam18, an essential subunit of the pre-sequence translocase-associated
(PAM) motor that is recruited by TIM23 translocase [26], and many other components involved in
mitochondrial pre-protein uptake, implying the association of FTSH4 with these mitochondrial protein
biogenesis machineries.

Figure 1. FTSH4 substrate trapping assay (A) Overview of FTSH4 substrate-trapping assay. Cartoon
illustrating the experimental workflow; (B) Eluted fractions resolved on SDS-PAGE and stained with
CBB. IMS—intermembrane space.

Our list of potential FTSH4 targets also includes A. thaliana homologue of highly conserved inner
membrane protein Mitofilin (also called Mic60 or Fcj1 (in yeast)). Mic60 is a central component of the
MICOS complex (mitochondrial contact site complex) that is essential for cristae junction formation [27].
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Mammalian i-AAA protease, YME1L regulates Mic60/Mitofilin homeostasis, which is required for the
maintenance of mitochondrial morphology and organization of mtDNA nucleoids. Impaired assembly
of the MICOS complex is associated with the formation of giant mitochondria due to the dysregulated
fusion and fission events [28]. Interestingly, also in Arabidopsis disturbance in Mic60 levels results in
the formation of giant mitochondria [29]. Strikingly, similar mitochondrial morphology phenotype is
observed in the case of ftsh4 mutants [14].

Table 1. Proteins co-purifying with FTSH4TRAP.FLAG. Listed are all proteins that were specifically
co-purifying with proteolytically inactive FTSH4 (proteins enriched at least two times in two
independent biological replicates over the background samples (Table S1)). Functional categories
and mitochondrial sub-localization were assigned based on the Uniprot database and the literature.
AGI—Arabidopsis Gene ID.

Functional Category AGI Protein Localization

Transmembrane
transport

AT1G25380.1 Nicotinamide adenine dinucleotide transporter 2 inner membrane
AT4G22310.1 Mitochondrial pyruvate carrier 4 (MPC4) inner membrane

Metabolism

AT4G35260.1 Isocitrate dehydrogenase NAD regulatory subunit 1 matrix
AT1G47420.1 Succinate dehydrogenase flavoprotein 5 inner membrane
AT5G66760.1 Succinate dehydrogenase flavoprotein 1 inner membrane
AT3G47930.1 L-galactono-1,4-lactone dehydrogenase intermembrane space
AT5G23300.1 Dihydroorotate dehydrogenase inner membrane

Mitochondrial protein
import

AT1G53530.1 Mitochondrial inner membrane protease subunit 1 inner membrane
AT2G46470.1 OXA1-like protein inner membrane
AT3G09700.1 Pam18-2 inner membrane
AT5G05520.1 Sam50-2 outer membrane
AT2G35795.1 Pam18-1 inner membrane
AT2G37410.1 Tim17-2 inner membrane

Membrane organization
AT5G54100.1 Stomatin-like protein 2 (Slp2) inner membrane
AT4G27585.1 Stomatin-like protein 1 (Slp1) inner membrane
AT4G39690.1 Mic60 inner membrane

Unknown AT5G62270.1 Gamete cell defective (GCD) unknown

Figure 2. Immunoblot analysis of FTSH4 substrate trapping assay samples. Mitochondria from
control (ftsh4-1) and ftsh4-1 FTSH4TRAP.FLAG were solubilized with digitonin and subjected to
immunoprecipitation with anti-FLAG affinity matrix. The precipitated proteins were immunoblotted
with antibodies against the indicated proteins. IN—input (5%), FT—flow-through (5%), W—Wash,
E—eluate (50%).

Among proteins co-purifying with FTSH4TRAP.FLAG also two stomatin-like proteins (Slp1 and
Slp2) from mitochondrial SPFH family were identified. These proteins were implied in the organization
of respiratory chain super-complexes in plant mitochondria [30]. Slp1 and Slp2 are homologues of
mammalian SLP2 that is involved in mitochondrial fusion and formation of protein complexes in the
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inner membrane [31,32]. Recent data indicate that human SLP2 plays a role as a membrane scaffold
required for the spatial organization of inner membrane proteases such as the FTSH4 counterpart,
YME1L [32]. Our data provide an interesting link between FTSH4 and Slp1/Slp2, however it remains
to be elucidated whether plant stomatin-like proteins, like their mammalian homolog SLP2, anchor a
complex containing i-AAA protease in the inner mitochondrial membrane.

Overall, the identification of mitochondrial FTSH4’s potential in vivo interaction partners and
substrates gives more a detailed view of molecular functions of this protease in the mitochondria.
Conversely, the further, independent validation of selected identified candidates is required.

2.2. Identification of Novel Physiological Substrates of FTSH4

To assess whether, among proteins co-purifying with FTSH4TRAP.FLAG there are novel proteolytic
substrates of this i-AAA protease, we analyzed the “in organello” stability of selected proteins. We
monitored the kinetics of degradation of candidate proteins inside mitochondria isolated from ftsh4
mutant and wild type plants. It is expected that the stability of proteolytic substrates will be enhanced
in the mitochondria of mutants devoid of functional protease required for their turnover [12,33].
This assay allowed us to identify two novel FTSH4 proteolytic substrates, such as the component of
mitochondrial protein import machinery Pam18-2 and the processed form of mitochondrial pyruvate
carrier (MPC4). Due to the inaccessibility of specific antibodies, both proteins were synthesized in a
cell-free system in the presence of [35S] methionine and imported post-translationally into mitochondria
isolated from wild type and the ftsh4 mutant (Figure 3). We found that newly imported Pam18-2 and
the processed form of MPC4 were rapidly degraded in wild type mitochondria, but accumulated in
ftsh4 mitochondria, which is consistent with FTSH4-dependent proteolysis. Among tested candidates,
there were also proteins (including Slp1, GCD, Mic60) characterized by slow turnover rates already in
wild type mitochondria that precluded verification of these proteins in the context of this assay.

Figure 3. Novel proteolytic substrates of FTSH4 protease. (A) Degradation of Pam18-2 by FTSH4
following its in vitro import into mitochondria. Radiolabeled Pam18-2 was imported into mitochondria
derived from either wild type or ftsh4-1 plants. The stability of newly imported precursor upon further
incubation at 26 ◦C was analyzed by SDS-PAGE and autoradiography. Quantification of [35S] Pam18-2
in mitochondria is represented in the lower panel. Newly imported Pam18-2 was set to 100%. Data
represent mean ± SD of three independent experiments. * p < 0.02 and ** p < 0.003 (t-student test);
(B) Degradation of MPC4 processed form by FTSH4 following its in vitro import into mitochondria.
Radiolabeled MPC4 was imported into mitochondria derived from either wild type or ftsh4-1 plants.
The stability of newly imported MPC4 upon further incubation at 26 ◦C was analyzed by SDS-PAGE
and autoradiography. Quantification of [35S] MPC4 processed form in mitochondria is represented
in the lower panel. Newly imported MPC4 was set to 100%. Data represent mean ± SD of three
independent experiments. * p < 0.05 (t-student test). m—MPC4 processed form, p—MPC4 precursor.
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2.3. FTSH4 Degrades Mitochondrial Carbonylated Proteins

Across species, the lack of i-AAA protease is associated with the accumulation of oxidatively
damaged proteins in the mitochondria [9,14]. Although it is very probable that these ATP-fueled
proteolytic machineries can directly participate in the removal of carbonylated proteins from the
mitochondria, so far no evidence has been provided. We found that amongst proteins co-purifying
with FTSH4TRAP.FLAG in the substrate trapping assay were oxidatively damaged proteins, suggesting
that modification of proteins by reactive oxygen species could trigger their recognition and degradation
by the protease (Figure 4A). To test this hypothesis, we performed in vitro analysis employing mature
FTSH4 protease produced in the insect-cell lysate [34]. We subjected mitochondrial fractions enriched
in carbonylated proteins (derived from ftsh4 mutant) to FTSH4 or control lysate and analyzed stability
of oxidatively modified proteins using Oxiblot detection system. We found that upon FTSH4 addition,
the stability of carbonylated proteins is significantly compromised (Figure 4B,C). These data indicate
that FTSH4 degrades oxidatively damaged mitochondrial proteins.

Figure 4. FTSH4 degrades oxidatively damaged mitochondrial proteins. (A) Anti-DNP (dinitrophenyl
hydrazone) immunoblot detection of carbonylated proteins co-precipitating with FTSH4TRAP.FLAG.
The cross-reaction of IgG light chain is marked with asterisk. (B) The degradation of mitochondrial
carbonylated proteins by FTSH4 protease was assessed by immunoblot analysis of the levels of
carbonylated proteins in mitochondrial extract from ftsh4-1 mutant incubated at 35 ◦C with or without
FTSH4 protein. (C) Quantification of the remaining carbonylated proteins after 2 h incubation with or
without FTSH4 protein, shown in (B). For each sample, the amount of carbonylated proteins was set
to 100% at time point 0 h. Data represent mean ± SEM of three independent experiments. ** p < 0.03
(t-student test).

3. Materials and Methods

3.1. Plant Material and Growth Conditions

Arabidopsis thaliana lines: ecotype Col-0 wild type, T-DNA insertion lines ftsh4-1
(SALK_035107/TAIR) [35] and ftsh4-1 FTSH4TRAP.FLAG (ftsh4-1 FTSH4(H486Y)) mutant line [12], were
grown on 0.5 Murashige and Skoog (MS) medium supplemented with 3% (w/v) sucrose in chambers
in a 16 h light/8 h dark (long day, LD) photoperiod at 22 ◦C for 2 weeks with a light intensity of
150 μmol m−2 s−1 [12].

3.2. Isolation of Mitochondria from Arabidopsis thaliana

Isolation of mitochondria from 14-day-old seedlings was performed as described in [36].
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3.3. Substrate-Trapping Assay

Mitochondria of FTSH4TRAP.FLAG or control line were resuspended in digitonin solubilization
buffer (1% digitonin, 20 mM Tris-HCl, 0.1 mM EDTA, 100 mM NaCl, 10% glycerol, pH 7.7) at 1 mg/mL.
PMSF and EDTA-free protease inhibitor cocktail were added and samples were incubated for 30 min
at 4 ◦C with mixing. After clarifying centrifugation, solubilized material was loaded on anti-FLAG
affinity matrix and incubated under constant rotation for 1 h 30 min at 4 ◦C. After excessive washing
steps proteins were eluted with Laemmli sample buffer and subjected to SDS–PAGE. Subsequently,
protein bands were excised from the gel and analyzed by liquid chromatography coupled to the
mass spectrometer in the Laboratory of Mass Spectrometry, Institute of Biochemistry and Biophysics,
Polish Academy of Sciences (Warsaw, Poland). Samples were concentrated and desalted on a RP-C18
pre-column (Waters, Milford, MA, USA), and further peptide separation was achieved on a nano-Ultra
Performance Liquid Chromatography (UPLC) RP-C18 column (Waters, BEH130 C18 column, 75 μm
i.d., 250 mm long) of a nanoACQUITY UPLC system, using a 100 min linear acetonitrile gradient.
Column outlet was directly coupled to the Electrospray ionization (ESI) ion source of the Orbitrap
Velos type mass spectrometer (Thermo, San Jose, CA, USA), working in the regime of data dependent
MS to MS/MS switch. An electrospray voltage of 1.5 kV was used. Raw data files were pre-processed
with Mascot Distiller software (version 2.4.2.0, MatrixScience, London, UK). The obtained peptide
masses and fragmentation spectra were matched to The Arabidopsis Information Resource (TAIR)
database (35,386 sequences/14,482,855 residues) using the Mascot search engine (Mascot Daemon
v. 2.4.0, Mascot Server v. 2.4.1, MatrixScience, London, UK). The following search parameters were
applied: enzyme specificity was set to trypsin, peptide mass tolerance to ±20 ppm and fragment mass
tolerance to ±0.1 Da. The protein mass was left as unrestricted, and mass values as monoisotopic
with one missed cleavage being allowed. Alkylation of cysteine by carbamidomethylation as fixed,
and oxidation of methionine was set as a variable modification. Protein identification was performed
using the Mascot search engine (MatrixScience), with the probability based algorithm. The statistical
significance of peptide identifications was estimated using a joined target/decoy database search
approach, FDR (False Discovery Rate) was set below 1%. Proteins enriched at least two times in two
independent biological replicates over the background samples were considered as co-purifying with
FTSH4TRAP.FLAG. Protein levels were estimated based on exponentially modified protein abundance
index (emPAI) [37,38].

3.4. Immunoblot Analysis

Protein samples were resolved on SDS-PAGE and transferred on PVDF membrane.
Immunodecoration was made with antibodies against AtMic60 [29], Slp1 [30], Tim17-2 [39], Tom40 [40],
FLAG-tag (Sigma-Aldrich, Steinheim, Germany, F1804), mtHsp70 (Agrisera, Vännäs, Sweden,
AS08 347), cytochrome c (Agrisera, AS08 343A), FTSH4 (Agrisera, AS07 205). Detection of carbonylated
proteins was performed using OxiSelect Protein Carbonyl Immunoblot Kit (Cell Biolabs, San Diego,
CA, USA) according to the manufacturer’s instructions. Proteins were visualized with enhanced
chemiluminescence [41] using a G-BOX ChemiXR5 (Syngene, Cambridge, UK).

3.5. Synthesis of Radiolabeled Precursor Proteins

Radiolabeling of selected mitochondrial proteins (mitochondrial pyruvate carrier 4 (MPC4;
At4g22310.1) and Pam18-2 (At3g09700.1)) was performed using well-established procedures [42].
Briefly, for in vitro transcription, PCR products containing an SP6 promoter upstream the open reading
frame were generated using cDNA as a template. Subsequently, in vitro transcription was carried
out according to the manufacturer’s recommendation (mMESSAGE mMACHINE SP6 kit; Ambion,
Foster City, CA, USA ), RNA was purified (MEGAclear kit; Ambion, Foster City, CA, USA) and
used for in vitro translation in reticulocyte lysate (TNT kit; Promega, Mannheim, Germany) that was
supplemented with [35S] methionine.
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3.6. [35S]-Labelled Protein Uptake into the Mitochondria and in Organello Degradation Assay

Mitochondrial pre-proteins radiolabeled with [35S] methionine were imported into mitochondria
of wild type or ftsh4 mutant according to [42,43]. Briefly, radiolabeled protein uptake into mitochondria
was performed at 26 ◦C in the presence of 2 mM NADH, 5 mM sodium succinate, 2 mM ATP,
2.5 mM methionine, 5 mM creatine phosphate, and 100 μg/mL creatine kinase in import buffer (3%
(w/v) BSA, 250 mM sucrose, 80 mM KCl, 5 mM MgCl2, 10 mM MOPS/KOH, pH 7.2, and 2 mM
KH2PO4). To analyze stability of imported protein import reaction was stopped after 20 min by placing
samples on ice and addition of 1 μM valinomycine and 8 μM antimycine. After trypsin digestion
(100 μg/mL, 20 min at 4 ◦C) of non-imported proteins, protease was inhibited by addition of 1.3 μg/μL
trypsin inhibitor (5 min at 4 ◦C). Mitochondria were washed twice in import buffer containing trypsin
inhibitor and 2 mM PMSF and resuspended in import buffer supplemented with 2 mM NADH, 5 mM
sodium succinate, 2 mM ATP, 2.5 mM methionine, 5 mM creatine phosphate, and 100 μg/mL creatine
kinase and 12.5 μM ZnSO4. Samples were incubated at 26 ◦C for the indicated times to allow for
proteolysis and subsequently resolved by SDS-PAGE. Radiolabeled proteins were visualized by digital
autoradiography (PharosFX Plus Systems, Bio-Rad, Hercules, CA, USA) and analyzed by Quantity
One software (Bio-Rad).

3.7. Cell-Free Synthesis of FTSH4

For in vitro transcription, PCR product was generated using RTS Linear Template Kit
(Biotechrabbit, Hennigsdorf, Germany) and cDNA as a template. Expression of mature FTSH4
(54–717 aa) was performed with Spodoptera frugiperda-based cell-free expression system (RTS Insect
Membrane Kit, Biotechrabbit) according to the provided manual.

3.8. In Vitro Degradation Assay of Carbonylated Proteins

To assess ability of FTSH4 to degrade carbonylated proteins, the in vitro degradation assay
utilizing protease produced in cell-free expression system was performed [44]. Briefly, mitochondria
isolated from ftsh4-1 mutant grown under stress conditions (30 ◦C, long day (LD) photoperiod) were
resuspended in assay buffer (25 mM HEPES/KOH pH 8.0, 1% digitonin, 100 mM KCl, 10 mM MgCl2,
1 mM DTT, 10% glycerol, 25 μM ZnSO4, 5 mM ATP, 5 mM creatine phosphate, and 100 μg/mL creatine
kinase, 2 mM PMSF) with the addition of insect-cell lysate containing FTSH4 or control lysate. Samples
were incubated at 35 ◦C for indicated time points; followed by SDS-PAGE and immunodetection of
carbonylated proteins.

4. Conclusions

Here, we provide a list of potential substrates and binding partners of FTSH4 inside mitochondria.
Among them, we found two novel proteolytic targets of this plant i-AAA protease. Noteworthy, part
of the proteins that are designated for FTSH4-dependent removal are oxidatively damaged. Overall,
our findings suggest that FTSH4 is linked to respiratory function, protein biogenesis pathways and
inner membrane organization. Our data constitute a significant resource for studies addressing the
role of plant i-AAA in these diverse aspects.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/11/2455/s1.
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Abstract: Intergenomic gene transfer (IGT) is continuous in the evolutionary history of plants.
In this field, most studies concentrate on a few related species. Here, we look at IGT from
a broader evolutionary perspective, using 24 plants. We discover many IGT events by assessing
the data from nuclear, mitochondrial and chloroplast genomes. Thus, we summarize the two
roles of the mitochondrion: a source and a pool. That is, the mitochondrion gives massive
sequences and integrates nuclear transposons and chloroplast tRNA genes. Though the directions
are opposite, lots of likenesses emerge. First, mitochondrial gene transfer is pervasive in all 24 plants.
Second, gene transfer is a single event of certain shared ancestors during evolutionary divergence.
Third, sequence features of homologies vary for different purposes in the donor and recipient genomes.
Finally, small repeats (or micro-homologies) contribute to gene transfer by mediating recombination
in the recipient genome.

Keywords: mitochondrion; intergenomic gene transfer; nucleus; chloroplast; genome evolution

1. Introduction

A billion years ago, a host cell engulfed a dependent bacteria, α-proteobacteria, which turned
into a semi-autonomic organelle, a mitochondrion [1]. It delivers energy to the eukaryotic host
cell in the diversifying evolution [2]. Meanwhile, mitochondrial sequences transferred among
intracellular genomes [3–7], which is intergenomic gene transfer (IGT). On the one hand, nuclear
transposons and chloroplast tRNA genes transferred into the mitochondrial genomes in most seed
plants [5,7–12]. Nuclear sequences contributed to mitogenome expansion, contributing almost half
in melons [10]. Among the nuclear-like sequences in the mitochondrial genome, the long terminal
repeat retrotransposons (LTR-retro) ranked first [4,7–12]. In addition, chloroplast-like genes promoted
the translation in mitochondrial genome [13–15]. The sequence states of chloroplast genes changed
in the donor (chloroplast) and receptor (mitochondrion) genomes [16,17], which concerned their
later roles [18]. Besides, DNA sequence microhomology played an important role in chloroplast
DNA inserting into the mitochondrion, which might be the microhomology-mediated break-induced
replication (MMBIR) [19] or non-homologous end joining (NHEJ) [20].

On the other hand, a large-scale of mitochondrial genes moved into the nucleus and
chloroplast [21–25]. The prokaryotic genes (mitochondrial genes) converted to eukaryotic genes
(nuclear genes) [26] to engage in sexual recombination [27]. Besides, RNA could mediate
mitochondrion-to-nucleus transfers [28,29]. The mitochondrial genes preferentially inserted in the
open nuclear chromosome regions [30]. These nuclear integrants of mitochondrial genes (numts) would
gradually decay or transform to nuclear sequences [31]. A few numts received nuclear promoters and
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transit peptides [2,32] that guided their products to the mitochondrion [33,34]. Few nuclear homologies
of organellar DNA could transcribe successfully [35]. However, mitochondrion-to-chloroplast transfer
only occurred in a few angiosperms [16–18,36–41]. Perhaps because plastids were conservative [17,36]
and lacked efficient DNA uptake setups [42]. During the evolution, mitochondrial sequences
moved to the chloroplast genomes of the shared ancestors of certain relative species [17,18,38,39].
They preferentially inserted into the intergenic spacer [16,17,41] or the large single copy (LSC)
region of the chloroplast genomes [38]. The insertion accompanied DNA repair by homologous
recombination [17]. However, most chloroplast homologies of mitochondrial genes had low
transcriptional levels [17]. Environmental stresses could promote chloroplast [43] and nucleus [44] to
absorb exogenous DNA. Meanwhile, the loss of mitochondrial membrane proteins could facilitate the
export of the mitochondrial genes [2].

Recently, rapid development of genomic sequencing technologies has made it feasible to approach
more IGT events in plants. It enables us to look into the details of intergenomic gene transfer. In this
paper, we unveil the IGT events related to the mitochondrion based on 24 sets of nuclear, mitochondrial
and chloroplast genomic sequences in plants (Table S1). We expect these results will lay the foundation
for further exploration of genome evolution.

2. Results and Discussion

2.1. The Role of Mitochondrion as a Gene Source: Intergenomic Gene Transfer from Mitochondrion

2.1.1. Intergenomic Gene Transfer from Mitochondrion to Nucleus

There exist a number of conserved genes during the mitochondrial genome evolution [45,46].
In the present study, we use 67 essential genes to study the gene loss and transfer about the
mitochondrial genome. As a result, genes encoding complex II and ribosomal subunits have been lost
massively in most of the higher plants (Figure 1, yellow cells). Genes encoding complexes III and V
display much greater conservation. These gene losses are parts of the mitochondrial genome variations
in plants. Our next goal is to elucidate where the lost genes transferred. Two of the main detectable
destinations are nuclear and chloroplast genomes.

Transferred genes exist in two forms: remnants left in the mitochondrial genome [47] and
fragments inserted into the nuclear genome (numts) [48,49]. Few numts’ products returned to the
mitochondrion and played a role [33,34]. Researchers have achieved the mitochondrion-to-nucleus
transfer by experiments, whose flow was as follows: (1) introduce a silent selectable marker gene
with a nuclear promoter and transit peptide-encoding sequence into the mitochondrial genome;
(2) transform this recombinant mitochondrion into a new cell; (3) detect the phenotype related to
the marker gene. This approach has been successful in the unicellular green alga Chlamydomonas
reinhardtii [27]. However, there is no experimental report on the real mitochondrion-to-nucleus IGT.
Mitochondrial genes transferred with prokaryotic signals, which needed a long time or a favorable
evolutionary event to turn into the eukaryotic ones.

In present research, to identify possible numts, we carry on non-experimental analyses by
performing the genome alignment between conserved mitochondrial genes and nuclear genomes in
above 21 land plants. First, we find extensive gene transfer and gene loss in these plants (Figure 1).
Second, the gene transfer is more popular in eudicots and monocots than that in bryophytes.
Specifically, the latter is merely 1/20 of the former (Figure 2). Since the bryophytes with few
mitochondria could not survive after vast transfer [24]. Third, we identify a number of full-length
mitochondrial-like protein-coding genes in the nuclear genome (Figure 1, red cells), which may be
useful candidate genes. Fourth, there are also mitochondrion-like truncated genes, which we define as
pseudogenes (Figure 1, green cells).

Genes integrated by nuclear genome have different endings. Nearly all lost their original roles
and became a part of new nuclear sequences [31]. A few could re-gain function by receiving nuclear
promoter and transit peptide [2,32]. Others would suffer from irreversible decay with accumulating
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an increasing number of unfavorable mutations. These events allow prokaryotic gene(s) to turn
into eukaryotic gene(s) [26] to join in sexual recombination [27]. As for the transferred forms,
early studies displayed RNA-mediated gene transfers from the mitochondrion to the nucleus [28,29],
while DNA-mediated gene transfer was rare in plants. In addition, the lack of integral mitochondrial
membrane proteins could hasten the gene export from the mitochondrion [2].

Figure 1. Genes identified to transfer in and out of the mitochondrial genome or genes lost from the
mitochondrial genome of 21 land plants. The first two columns are mitochondrial protein-encoding
genes (the second column) and their functional categories (the first column). The first line lists the
names of plant species. The red and green cells represent mitochondrial full-length intact homologs and
pseudogenes in nuclear genomes, respectively. The white and yellow cells represent no mitochondrial
homologs in nuclear genomes and genes lost from mitochondrial genomes, respectively.
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Figure 2. Length of mitochondrial-derived fragments in plant nuclear genomes. The plant species are
arrayed on the horizontal axis. The total lengths of mitochondrial-to-nuclear sequences are along the
vertical axis. The bars represent the lengths of sequences transferring from the mitochondrion to the
nucleus in plant species. The error bars stand for the positive and negative deviations of 5.0%.

To dissect the mechanism of mitochondrion-to-nucleus gene transfers, we analyze the repeats
in nuclear genomes of 22 land plants. The ratios of the repeat size to the genome size of the four
species, including two bryophytes (M. polymorpha and P. patens) and two angiosperms (A. thaliana and
S. polyrhiza), are less than 20% (Table 1). Meanwhile, these four species contain fewer numts than other
species (Figure 1). And there is a positive correlation between numts and the repeats in the nuclear
genome (R2 = 0.6321) (Figure 3). The weak correlation may due to limited number of plant species
used in present research. So, we consider that numts may become parts of the nuclear repeats to take
part in repeat-mediated sexual recombination for a greater genetic diversity.

Figure 3. Correlation between the length of mitochondrial sequences transferring to the nucleus and
repeat sizes of the nuclear genome in 22 land plants. Each dot represents a length value (X, Y). X refers
to the size of the repeats in nuclear genomes of one species (based on the horizontal axis). Y means the
length of mitochondrial-to-nuclear sequences in its corresponding species (based on the vertical axis).
The slash represents the linear regression function of the distribution tendency of the dots. R2 is the
regression coefficient.
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Table 1. Variation of repeats in nuclear genomes of 22 land plants.

Species Repeat Sizes (Mb) Genome Sizes (Mb) Repeat/Genome (%) References

Spermatophytes

Eudicots
B. rapa 191.63 284.13 67.44 [50]
B. napus 441.77 930.51 47.48 [51]
B. oleracea 185.43 539.91 34.34 [52]
A. thaliana 1 23.58 119.67 19.70 [53]
C. papaya 316.53 369.78 85.60 [54]
R. communis 176.00 350.62 50.20 [55]
C. lanatus 159.80 321.05 49.77 [56]
G. max 587.10 978.97 59.97 [57]
V. radiata 216.17 548.08 39.44 [58]
S. latifolia 244.82 665.28 36.80 [59]
D. carota 193.70 473.00 40.95 [60]
N. tabacum 3479.49 4500.00 77.32 [61]
V. vinifera 185.35 487.00 38.06 [62]

Monocots

S. polyrhiza 1 19.43 132.01 14.72 [63]
P. dactylifera 214.34 558.02 38.41 [64]
O. sativa japonica 188.00 374.42 50.21 [65]
O. sativa indica 148.14 374.25 39.58 [66]
S. bicolor 231.28 739.15 31.29 [67]
Z. mays 1757.48 2067.62 85.00 [68]

Basal Angiosperms
A. trichopoda 407.43 706.50 57.67 [69]

Bryophytes
M. polymorpha 1 12.48 304.37 4.10 [70]
P. patens 1 79.37 477.95 16.61 [71]

1 notes repeat content less than 20%.

2.1.2. Intergenomic Gene Transfer from Mitochondrion to Chloroplast

Given the prevailing mitochondrion-to-nucleus IGT, similar transfers into the chloroplast might
be expected. However, mitochondrion-to-chloroplast IGT happened only in three angiosperms,
Apiaceae [16,18,36–39], Apocynaceae [17] and Poaceae [40,41]. The first two families belong to the eudicots
and the last to the monocots.

The existing forms of gene sequences in and out of both donor and receptor genomes altered after
the transfer. D. carota Mitochondrial Plastid sequence (DcMP)—presented three fragment sequences
(DcMP 1, −2 and −3 +4) in the plastid genome. The split probably arose from new DNA recombination
that happened after one copy of DcMP migrated into the mitochondrial genome [16]. Besides,
mitochondrial-like rpl2 only contained an exon in the plastid genome and two homologies in different
regions of the mitochondrial genome in A. syriaca [17]. In addition, the traits of gene sequences in the
plastid genome (recipient genomes) might affect their specialized roles. DcMP inserted into two short
direct repeats in the plastid genome, which suggested that it served as non-LTR retrotransposon [18].
For those mitochondrial-derived pseudogenes in the plastid, they contained nonsense mutations that
would lead to a premature stop codon, which was consistent with the low transcriptional level of the
plastid copy rpl2 in A. syriaca [17].

From an evolutionary perspective, mitochondrion-to-chloroplast transfer occurred in the earlier
common ancestor of certain relative species as a single event. For example, the homolog of
mitochondrial gene, DcMP, existed in the plastid genomes of Daucus and their close relative
Cuminum [18]. Further studies showed that DcMP moved to the shared ancestor of Daucinae Dumort
and Torilidinae Dumort subtribes after they diverged from their ancestral tribe, Scandiceae Spreng [38,39].
Also, in Apocynaceae, mitochondrial rpl2 transferred to the plastid genome of the common ancestor of
the Asclepiadeae and Eustegia [17].

Mitochondrial sequences preferentially inserted into the intergenic spacer of plastid genomes.
For instance, DcMP inserted in the rps12-trnV intergenic spacer in the D. carota plastid genome [16].
There were also mitochondrial insertions in the rps2-rpoC2 intergenic spacer of the plastid genome in
A. syriaca [17] and in the rpl23-ndhB intergenic spacer of the plastid genome of Parianinae (Eremitis sp.
and Pariana radiciflora) [41]. Besides, another mitochondrial-to-nuclear transfer appeared in the large
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single copy (LSC) region between the junction with inverted repeat A (IRA) and tRNA-His (GUG)
(trnH-GUG) in limited Apiaceae species [38]. Additionally, insertion locations implied the roles of the
transferred genes. DcMP was regarded as a non-LTR retrotransposon targeting tRNA-coding regions
because it moved to the upstream of the trnV gene in the plastid genome. Otherwise, DcMP worked
as three new promoters (P1–P3) that substituted two original promoters of the trnV gene (P4 and
P5) [18]. More importantly, insertion typically came with DNA repair of a double-stranded break by
homologous recombination. To create homologies, the plastid gene rpoC2 preferentially inserted into
the mitochondrial genome, just near the mitochondrial-native gene rpl2, then intact mitochondrial rpl2
and part of rpoC2 transferred together to the plastid of A. syriaca [17].

2.2. The Role of Mitochondrion as a Gene Pool: Intergenomic Gene Transfer into Mitochondrion

2.2.1. Intergenomic Gene Transfer from Nucleus to Mitochondrion

Compared with the conservative chloroplast genome, the mitochondrial genome diversified
among plant species. The primary drivers of genome variations might be repetitive sequences
and nuclear-derived DNA, which represented 42% and 47% of the total sequences in melon,
respectively [10]. In present study, we analyze the nucleus-to-mitochondrion sequences of 23 plants.
First, nuclear-derived sequences are widespread in all mitochondrial genomes of 23 plants (Figure 4).
Second, among spermatophytes, total nuclear sequences in mitochondrial genomes range from a low of
7960 bp in S. latifolia to a high of 36,123 bp in V. vinifera (Table S2). Third, the nucleus-to-mitochondrion
transferred sequences are less in bryophytes than in spermatophytes, 4249 bp and 4814 bp in P. patens
and M. polymorpha, respectively (Figure 4).

Figure 4. Length of nuclear-derived sequences in plant mitochondrial genomes. The plant species
are arrayed on the horizontal axis. The total lengths of nuclear-to-mitochondrial sequences are along
the vertical axis. The bars represent the lengths of sequences transferring from the nucleus to the
mitochondrion in plant species. The error bars stand for the positive and negative deviations of 5.0%.

According to the different degrees of the matching and annotation, these nuclear-to-mitochondrial
repetitive sequences fall into seven categories: copia, gypsy, low complexity, long terminal repeat
retrotransposons (LTR-retro), simple repeat, transposable element (TE) and unspecified (Table S2).
Copia and gypsy represent two main classes of LTR-retrotransposons that belong to Class 1
transposable elements [72]. Low-complexity DNA primarily include poly-purine/poly-pyrimidine
stretches and regions of extremely high AT or GC content. First, the mean of each type in
21 spermatophytes is significantly larger than that in 2 bryophytes (Figure 5), which show most
nucleus-to-mitochondrion transfers occurred after the differentiation of seed plants and bryophytes,
at least, for the analyzed 2 bryophytes species. Second, the first three are LTR-retro, gypsy and
copia in 23 plants (Figure 6, Table S2). This result conforms to the early discoveries in a number
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of plants, including the gymnosperm Cycas taitungensis [9], the monocot Oryza sativa [8] and the
eudicots Arabidopsis thaliana, Cucumis melo and Cucumis sativus [4,7,10–12]. Third, the total length of
transferred sequences correlates with the mitogenome size (Figure 7). This result supports the import
of promiscuous DNA is a core mechanism for mitochondrial genome expansion in land plants [73].

Figure 5. Mean value of the length of different nuclear sequences transferring to the mitochondrial
genomes of spermatophytes and bryophytes. ** p < 0.01. The seven categories of repeats are arrayed on
the horizontal axis. The total lengths of nuclear-to-mitochondrial repetitive sequences are along the
vertical axis. The dark gray and light gray bars represent the mean values of repeats transferring from
the nucleus to the mitochondrion in 21 spermatophytes and 2 bryophytes, respectively. The error bars
stand for the positive and negative deviations of 5.0%.

Figure 6. Percentages of each kind of repeats from all nuclear-to-mitochondrial repetitive sequences in
23 plants. The 23 circles represent the whole nuclear-to-mitochondrial repeats of 23 plants inside and
out. The boxes in different colors on the right are the symbols of seven kinds of repetitive sequences.
(From top to bottom) Light blue: copia; Orange: gypsy; Gray: low complex; Yellow: LTR-retro
(long terminal repeat retrotransposons); Middle blue: simple repeat; Green: TE (transposable element);
dark blue: un-specific.
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Figure 7. Correlation between the length of nuclear sequences transferring to the mitochondrion and
the size of the mitochondrial genome in 23 land plants. Each dot represents a length value (X, Y).
X refers to the length of the mitochondrial genome of one species (based on the horizontal axis).
Y means the length of nuclear-to-mitochondrial sequences in this corresponding species (based on the
vertical axis). The slash represents the linear regression function of the distribution tendency of the
dots. R2 is the regression coefficient.

2.2.2. Intergenomic Gene Transfer from Chloroplast to Mitochondrion

As with mitochondrial genomes, chloroplast genomes also contain a minimum set of largely
conserved protein-encoding, rRNA and tRNA genes [21,74,75]. In contrast to the extensive gene loss
of mitochondrial genomes, only few chloroplast-encoded genes have been lost in chloroplast genomes
of specific plants (Figure S1, yellow cells). For example, three genes (accD, ycf1 and ycf2) are lost in the
grasses (O. sativa japonica, O. sativa indica, S. bicolor, Z. mays), another three genes (ccsA, rpoA and rpl16)
are lost in the moss P. patens (Figure S1, yellow cells). Compared to a few gene loss, chloroplast genes
transferring to nucleus and mitochondrion are richer (Figures S1 and S2). In our study, we unearth the
enormous chloroplast-to-mitochondrion gene transfers in 24 land plants. Similar gene copies exist in
two contemporary intracellular genomes simultaneously (Figure S1, the red and green cells). In two
bryophytes, the total lengths of integrated sequences are close, 1.05 kb in M. polymorpha and 1.99 kb
in P. patens (Figure 8). In addition, the variation range is greater in 22 seed plants, from 1.67 kb in S.
latifolia to 130 kb in A. trichopoda (Figure 8). Besides, the chloroplast-to-mitochondrion fragments of
most seed plants are more than that in bryophytes (Figure 8).

Figure 8. Length of chloroplast-derived fragments in plant mitochondrial genomes. The plant species
are arrayed on the horizontal axis. The total lengths of chloroplast-to-mitochondrial sequences are
along the vertical axis. The bars represent the lengths of sequences transferring from the chloroplast to
the mitochondrion in species. The error bars stand for the positive and negative deviations of 5.0%.
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Large parts of chloroplast tRNA genes immigrated into plant mitochondrial genomes [5,9]. These
transfers were essential to the translation of the mitochondrial genes [13–15]. Here, we identify
the chloroplast-like tRNA genes in the mitochondrial genome of 24 plants species using blast.
And then we build a phylogenetic tree to elucidate the evolutionary implications. First, there is
no chloroplast-derived tRNA gene in mitochondrial genomes of two bryophytes (Figure S2). Second,
single or multiple chloroplast genes immigrated to the mitochondrial genomes of spermatophytes,
at least, for the analyzed 21 angiosperms and 1 gymnosperms. For example, (1) chloroplast-like
trnM gene appears in the mitochondrial genomes of all studied seed plants except Z. mays, which
suggests that chloroplast trnM lost only in Z. mays during or after transferring to the mitochondrion
and this transfer happened with spermatophytes and bryophytes diverging; (2) chloroplast trnH gene
transferred to the mitochondrial genomes of most spermatophytes but lost in P. dactylifera, T. aestivum
and G. biloba, which might be the random loss; (3) trnN, trnP, trnS and trnW transferred merely
in angiosperms, despite parts of these four genes lost in a few species; (4) chloroplast trnD gene
moved into the mitochondrion only in eudicots, which shows that trnD transferred when eudicots
and monocots diverged; (5) chloroplast-like trnC gene and trnF gene transferred to the mitochondrion
simply in Gramineae crops of monocots; (6) ten chloroplast-to-mitochondrion genes (trnD, trnE, trnG,
trnI, trnK, trnL, trnP, trnR, trnT and trnY) transferred together in V. vinifera (Figure S2).

To infer the mechanism of chloroplast tRNA genes inserting into mitochondria, we analyze the
flanking nucleotide sequences in insertion sites of mitochondrial genomes. trnH transferred in most
spermatophytes (Figure 9). trnD moved specifically in eudicots (Figure S3). trnC and trnF migrated only
in Gramineae crops (Figure S4). Taking together, we notice the micro-homologies (1 to 4 bp) among plant
species in the breakpoint sequences of chloroplast-mitochondrial DNA fusion. The micro-homologies
are the same adenine-thymine (AT) on the right of trnH in spermatophytes. But on the left are four short
tandems Guanine (G) in eudicots, two repeated Guanine (G) in monocots and no microhomology in
gymnosperms (Figure 9). Therefore, we confer that DNA sequence microhomology plays an important
role in chloroplast DNA inserting into the mitochondrion, which may be the microhomology-mediated
break-induced replication (MMBIR) [19] or non-homologous end joining (NHEJ) [20].

 
Figure 9. Nucleotide-resolution analysis on flanking sequences of the chloroplast-derived trnH gene
in mitochondrial genomes of most spermatophytes. cpDNA and mtDNA are the abbreviations
of chloroplast DNA and mitochondrial DNA. The yellow-green-yellow strip represents the fusion
sequence of mtDNA-cpDNA-mtDNA. The sequences under the two yellow strips on the left and
right are the flanking sequences of inserted chloroplast-like tRNA gene in the mitochondrial genomes.
The red capital English letters close to cpDNA indicate the nucleotides of micro-homologies among the
different species. The species in the blue, green, yellow and red boxes belong to eudicots, monocots,
basal angiosperms and gymnosperms, respectively.
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On top of it all, we infer the repeats in mitochondrial genomes have the potential to mediate DNA
recombination, which contributes to gene transfer and reuse of the transferred genes in target genomes.
Therefore, we analyze the repeats variation in recipient genomes (the mitochondrial genomes) of land
plants (Table 2) to explain various rates of gene transfer to some extent. First, plants with smaller
values of repeat size, repeat number (>1 kb) and repeat number (>100 bp) contain less gene transfer,
among which the most obvious is a bryophyte P. patens (Table 2 and Figure 8). Second, small repeats
(>100 bp) are more favorable to gene transfer than large repeats (>1 kb) (Table 2).

Table 2. Variation of repeats in mitochondrial genomes from 22 land plants.

Species
Mitochondrial Genome

Repeat Size (Kb) Repeat Number (>1 kb) Repeat Number (>100 bp)

Spermatophytes

Eudicots
B. rapa 3.80 1 9
B. napus 4.62 1 17
B. oleracea 152.00 2 24
A. thaliana 15.63 2 25
C. papaya 13.43 1 13
R. communis 5.80 6 6
G. max 60.67 13 68
V. radiata 1.02 0 6
S. latifolia 23.27 15 17
D. carota 71.09 4 19
N. tabacum 42.07 3 22
V. vinifera 5.77 0 26

Monocots
S. polyrhiza 1.58 0 5
P. dactylifera 3.03 1 12
O. sativa japonica 141.19 12 39
O. sativa indica 141.76 11 27
S. bicolor 58.56 5 18
Z. mays 51.94 4 19

Basal Angiosperms
A. trichopoda 266.14 1 1811

Gymnosperms
C. taitungensis 62.65 2 5070

Bryophytes
M. polymorpha 2.08 0 13
P. patens 0 0 0

3. Materials and Methods

3.1. Availability of Chloroplast, Mitochondrial and Nuclear Genomes

We download all the chloroplast, mitochondrial and nuclear genome sequences and gene
annotations from NCBI database. And then we list all the accession numbers in Table S1.

3.2. Detection of Total Intergenomic-Transfer DNA Sequences

For 24 land plants, we align the sequences of chloroplast and mitochondrial genomes to nuclear
chromosomes to detect nuclear insertions of chloroplast DNA (nupts) and nuclear insertions of
mitochondrial DNA (numts) using the BLAST program. We set e-value to 1e−5 [76]. The minimum
length of an exact match (95%) is 100 bp. While identifying mitochondrial insertions of chloroplast
DNAs (mtpts) by local BLASTN (version 2.2.23) [76], we set the minimum length of an exact match to
be 50-bp.

3.3. Identification of Intergenomic-Transfer Homologies

Taking a set of essential chloroplast or mitochondrial genes as references (Table S3), we gain
their copies in the donor and recipient genomes using the BLAST program with the same parameters
above [76]. If there is no counterpart in the donor genomes (chloroplast or mitochondrial genomes),
we would consider them as the lost genes (Figure 1 and Figure S1, the yellow cells). To those presented
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in the donor genomes but absent in the recipient genomes, we consider that they did not transfer
between two genomes (Figure 1 and Figure S1, the white cells). For those appearing concurrently in
both donor and recipient genomes, we consider that their copies moved into another genome after
duplication in the original genome (Figure 1 and Figure S1, the red and green cells). Further, we define
the full-length copies of the transferred genes in the recipient genomes as the intact homologies
(Figure 1 and Figure S1, the red cells). Otherwise, we recognize the truncated copies as pseudogenes
(Figure 1 and Figure S1, the green cells).

3.4. Detection of the Repeats in Mitochondrial Genomes

We detect nuclear-derived repetitive transposons using online software RepeatMasker
(http://www.repeatmasker.org) in 24 land species and a custom repeats database. And then we
use two-tailed t-tests to evaluate the significant difference of repeats between spermatophytes
and bryophytes.

3.5. NHEJ Analysis

We perform the NHEJ analysis as previously described [77,78]. In short, nupts, numts or mtpts are
inserted by NHEJ, like micro-homology or blunt end repair. If nucleotides close to the fusion point are
similar in different land species, we would regard them as micro-homology. Otherwise, we would
consider no micro-homology as blunt-end repair.

3.6. Phylogenetic Analysis

The phylogenetic analysis involves nucleotide sequences of 17 mitochondrial genes (nad1–nad6,
nad9, cob, cox1–cox3, atp1, atp4, atp6, atp8 and atp9). We use the maximum likelihood (ML) method with
the model GTR + G + I in MEGA5.05 [79]. And then we perform phylogenetic analyses according to
the same methods in previous studies [80,81].

4. Conclusions

With the rapid development of genomic sequencing technologies, nuclear and organellar genomes
data became available for many plants. Here, based on 24 sets of genome data, we detect and analyze
intergenomic gene transfers (IGT) related to the mitochondrion. Meanwhile, we review the research
advances of intergenomic gene transfer. As a summary, we find mitochondrion mainly plays two
essential roles in gene transfer: Source and pool. From the source perspective, massive mitochondrial
genes transfer into nuclear and chloroplast genomes. For the role of the pool, the mitochondrion
integrates enormous genes from the other two genomes. Except for the disparate orientation, a lot of
likenesses emerge when bringing them together. First, gene transfer related to mitochondrial genomes
is prevalent in plants, though few genes flow from the mitochondrion to the chloroplast. Second,
specific IGT is a single event of certain shared ancestors, which is consistent with the divergence
clade. Third, an intact gene usually changes existing forms after transferring in and out of both donor
and recipient genomes, which agrees with their consequent roles, such as, functioning like before,
reusing for new loci or decaying gradually. Fourth, most exogenous DNA preferentially inserts into
the intergenic region. Besides, small repeats (or micro-homologies) may contribute to gene transfers by
mediating recombination in the recipient genomes. In a word, mitochondrial gene transfers dedicate
to the genome variation and evolutionary diversity.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/2/
547/s1.
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Abstract: Shoot and root apical meristems (SAM and RAM, respectively) are crucial to provide cells
for growth and organogenesis and therefore need to be maintained throughout the life of a plant.
However, plants lacking the mitochondrial protease AtFTSH4 exhibit an intriguing phenotype of
precocious cessation of growth at both the shoot and root apices when grown at elevated temperatures.
This is due to the accumulation of internal oxidative stress and progressive mitochondria dysfunction.
To explore the impacts of the internal oxidative stress on SAM and RAM functioning, we study the
expression of selected meristem-specific (STM, CLV3, WOX5) and cell cycle-related (e.g., CYCB1,
CYCD3;1) genes at the level of the promoter activity and/or transcript abundance in wild-type and
loss-of-function ftsh4-1 mutant plants grown at 30 ◦C. In addition, we monitor cell cycle progression
directly in apical meristems and analyze the responsiveness of SAM and RAM to plant hormones.
We show that growth arrest in the ftsh4-1 mutant is caused by cell cycle dysregulation in addition
to the loss of stem cell identity. Both the SAM and RAM gradually lose their proliferative activity,
but with different timing relative to CYCB1 transcriptional activity (a marker of G2-M transition),
which cannot be compensated by exogenous hormones.

Keywords: Arabidopsis; cell divisions; mitochondria; oxidative stress; root apical meristem;
shoot apical meristem

1. Introduction

Plant growth and development are enabled by the activity of the shoot and root apical meristems
(SAM and RAM, respectively). The continuous maintenance of stem cells in the SAM and RAM is
facilitated by signaling from the organizing center (OC) and quiescent center (QC), respectively [1,2].
The main roles of the SAM and RAM are analogous, but both meristems differ in terms of internal
organization and localization of growth and organogenic activity [3]. Fundamental to SAM/RAM
self-perpetuation are sustained cell divisions, as the meristem shape and size need to be maintained
while continuously providing cells for development. Consequently, plant growth strongly depends on
precisely coordinated cell proliferation and differentiation within various subdomains of the SAM and
RAM [4–7]. Meristem regulators must be accurately interpreted by the cell cycle machinery, which in
turn feedbacks on the production of meristem regulators (e.g., [2]). In addition, cell cycle perturbations
impair the response of the meristem to extrinsic signals including hormones and metabolic sugars [8–11].
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Cell cycle regulation in higher plants depends primarily on cyclins (CYCs) and their interacting
partners including several cyclin-dependent kinases (CDKs) [12]. CDKA1 is a major cell-cycle
controlling CDK in Arabidopsis, needed for both G1-S and G2-M transitions [13,14]. The most
extensively studied cell cycle control proteins in reference to proper SAM functioning are the regulators
of G1-S transition, CYCD3s, which extend the mitotic window of the cells [15,16], and the regulators
of G2-M transition, CYCB1;1 and CDKB2 [8,16]. Surprisingly, the modification of cell division rates
does not often result in pronounced architectural changes in the plant body [11,17], but mostly affects
cell number and size within the SAM. Concomitantly, SAM size is usually altered, with internal
organization either affected severely, as occurs after downregulation or overexpression of B-type
CDKs, or not affected, as is observed after overexpression of CYCD3 and downregulation of CDKA1 or
CYCD3 [8,11,15,18]. Studies also suggest that reduced division rates in the SAM exert a negative effect
on proliferation outside of the meristem [18], and that root and shoot meristems may rely on different
cell cycle regulators—for example, CDKB2 seems to act on SAM but not RAM [8].

The most notable function of mitochondria is the generation of ATP through oxidative
phosphorylation (OXPHOS), and consequently mitochondria are strongly associated with the
production of reactive oxygen species (ROS) [19]. Furthermore, cell division is highly energetically
demanding and related to increased oxygen consumption and concomitant ROS production [20].
Within the SAM and RAM, undisturbed mitochondria functioning is therefore especially valuable as
proliferation is crucial for SAM and RAM functionality. Different cell division ratios are preserved in
separate meristematic zones, which seems to be regulated by the cells redox status [7]. Importantly,
the integration of hormone homeostasis, the expression of meristematic genes, and the cell division
rate all seem to be orchestrated by redox homeostasis [20]. Remarkably, SAM is also unique in terms of
being characterized by the presence of one large mitochondrion surrounding the nucleus, with only a
few smaller mitochondria also present in the cell [21]. Changes in the architecture of mitochondria
relate to cell cycle-dependent mixing of mitochondrial DNA, which, together with the requirements for
proper delivery of ATP during cell proliferation, further emphasizes the uniqueness and vulnerability
of meristematic cells.

One of the factors enabling the undisturbed maintenance of the SAM in specific growth conditions
is AtFTSH4 [22], a mitochondrial metalloprotease with proteolytic and chaperone-like domains facing
the intermembrane space (i-AAA) [23]. While comparable to Arabidopsis WT plants in standard
growth conditions (long day photoperiod (LD), 22 ◦C) under short day photoperiod (SD), or LD with
elevated temperature (30 ◦C), ftsh4 mutants display striking phenotypic features in both vegetative and
generative development. Loss-of-function ftsh4 mutants form aberrant vegetative rosettes and shorter
precociously terminating inflorescences, with an irregular pattern of side branches and flowers [22,24].
AtFTSH4 was found to be particularly important for SAM function around flowering time, protecting
the stem cells against internal oxidative stress and maintaining the functionality of mitochondria [22].
Studies at the molecular level indicate the accumulation of oxidatively damaged proteins and other
markers of oxidative stress in the loss-of-function ftsh4 plants [22,24–26]. This accumulation is an
intrinsic response to the disturbed functionality of OXPHOS complexes, ineffective removal of oxidized
proteins arising from reduced ATP production, and altered mitochondrial dynamics causing restricted
mitophagy [24]. Recently, it was also documented that AtFTSH4 can degrade oxidatively damaged
proteins in isolated mitochondria [27]. In addition, mitochondria lacking AtFTSH4 have the enhanced
capacity of preprotein import through TIM17:23-dependent pathway [28]. Furthermore, the loss of
AtFTSH4 also influences processes outside mitochondria–ROS generated in the mitochondria of ftsh4
plants interact with the phytohormone auxin and affect plant architecture [29], and it seems that
AtFTSH4 regulate the expression of WRKY transcription factors that control salicylic acid synthesis
and signaling in autophagy and senescence [30].

Taken together, there is a growing body of evidence that AtFTSH4 displays pleiotropic functions
during plant growth and development primarily associated with internal oxidative stress [22]. In the
present study, we focus on the role of AtFTSH4 in the premature termination of shoot and root
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meristems. We test the following hypotheses, that abrupt shoot and root growth cessation is associated
with: (i) the disrupted expression of key SAM and RAM related genes; (ii) disrupted cell cycle
progression; and (iii) the depletion of hormones; and that (iv) the termination of both SAM and RAM
results from a similar underlying mechanism.

2. Results

We have previously shown that in standard growth conditions (long day photoperiod (LD), 22 ◦C)
wild-type (WT) and ftsh4-1 mutant plants are alike [22,24–26]. Therefore, in this study, we focus only on
plants grown at 30 ◦C, the conditions which terminate meristem in ftsh4-1 mutant but not in WT plants.

2.1. SAM of ftsh4-1 Mutants Display Reduced Proliferative Activity at 30 ◦C Prior to Flowering

In this study, we grew plants under LD conditions at 30 ◦C, which induces internal oxidative
stress accumulation in ftsh4-1 mutants and therefore the phenotype of precocious shoot and root
termination [22]. To analyze the cellular basis of the ftsh4-1 mutant’s main inflorescence stem shortening
(Figure 1a), we analyzed the cell number and size in the first internode of flowering plants. In ftsh4-1
mutants, the final cell number fell by over 50% when compared to WT plants, while cell size was
negligibly affected (Figure 1b), indicating the impairment of proliferation in the SAM of mutants upon
flowering. This result prompted us to monitor cell cycle progression directly in the SAM. For that
purpose, we took the advantage of the Click-iT® EdU Imaging Kit, which facilitates the visualization
of cells in S phase. No difference was observed between juvenile WT and mutant plants, but in the
adult vegetative and bolting stages of growth, the number of cycling cells in ftsh4-1 plants gradually
decreased compared to WT plants (Figure 1c,d). The decrease was related to both the total number
and percentage (mitotic index) of S-phase cells within the SAM (Figure 1c).

As cell cycle cessation was evident even prior to flowering, we examined the expression of
several genes related to G1-S and/or G2-M transitions in the shoot apices of juvenile and adult
plants. Transcript levels for the major cell-cycle controlling kinase CDKA1 were similar between the
mutant and WT plants, but transcript levels for the kinase CDKB2 and of two cyclins CYCB1 and
CYCD3;1 (all three of which are documented to have an impact on meristem maintenance) were
significantly reduced in mutants (Figure 1e). Importantly, the activity of the pCYCB1 and pCYCD3;1
promoters, driving the expression of the GUS reporter gene (β-glucuronidase; WT/ftsh4-1;pCYCB1:GUS
and WT/ftsh4-1;pCYCD3;1:GUS), was detected in the shoot apical region, including the SAM and the
youngest leaves, of juvenile vegetative plants, and was reduced in ftsh4-1 mutants (Figure 1g). In line
with these results, the expression of AtSTM, analyzed with use of qRT-PCR and a transgenic lines
WT/ftsh4-1;pSTM:GUS, was reduced in the shoot apices of the juvenile ftsh4-1 mutants in comparison
to WT plants (Figure 1f,h). On the other hand, expression of the CLV3 promoter (a stem cell marker)
driving the expression of GUS gene (WT/ftsh4-1;pCLV3:GUS) in the SAM, was comparable in juvenile
WT and mutant plants (Figure 1i) but became reduced and more diffuse in adult vegetative mutant
plants (Figure 1j), confirming the strong impairment of SAM identity.

In the shoot apices of the flowering WT plants (grown at 30 ◦C), promoter activity was detected
for cell cycle genes (CYCB1) in the SAM and the youngest flowers and for stem cell marker genes (STM)
in the SAM as indicated by GUS reporter intensity and localization (Figure 1k,l), which is consistent
with the literature data on plants grown under LD conditions at 22 ◦C (e.g., [31,32]). In the mutant
grown at 30 ◦C, on the other hand, which formed short and irregularly branched stems, the analyzed
genes were variably expressed within an inflorescence, with stronger, weaker, or even absent activity
of the GUS in shoot apices. In addition, variation was present between plants, with the strength of the
GUS signal not necessarily weaker in comparison to that in the WT plants (Figure 1k,l).

These findings indicate that the short and precociously terminated inflorescences in the ftsh4-1
mutant are mostly the result of reduced cell number. The expression of the cell cycle related genes
(CYCB1, CYCD3;1, and CDKB2) and meristematic gene (STM) are reduced in the juvenile phase,
preceding the reduced proliferation activity and more deteriorated SAM identity in the adult vegetative
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plants (shown by reduced CLV3 promoter activity). In addition to the arrest of cellular proliferation,
after transition to flowering the ftsh4-1 mutant plants are characterized by strongly dysregulated
expression of cell cycle and meristem genes.

Figure 1. Cont.
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Figure 1. Impairment of proliferative activity and stem cell identity in shoots of ftsh4-1 mutants grown
at 30 ◦C. (a) Phenotypes of adult wild-type (WT) and ftsh4-1 mutant plants grown under long day
photoperiod (LD) conditions at 30 ◦C. The ftsh4-1 mutants show a different degree of shortening of the
main inflorescence stem and branching prior to growth cessation (note the drying rosette leaves). Scale
bar: 20 mm; (b) lengths of the first internode and the number and size of cells in the first internode of
WT and ftsh4-1 mutant plants grown under LD conditions at 30 ◦C. The results are shown as relative to
the WT samples (average values for WT plants are as follow: internode length 18.5 mm, cell number
54.3, elongation zone cells size 298.7 μm). Internode length and cell number strongly decreases,
while cell size is less affected in the ftsh4-1 mutants. Two biological replicates of the experiment were
performed. The internode length and number of cells was measured in 10 plants of each genotype;
average cell size was estimated from randomly measured 10 cells per internode. Mean values (±SE) are
shown and significant differences between bars at p < 0.05 are denoted by asterisks; (c,d) comparison
of S-phase progression (cell division) directly in the meristems of juvenile vegetative, adult vegetative
and bolting wild-type and ftsh4-1 mutants grown at 30 ◦C. The table shows the total number of cycling
cells (i.e., in S-phase) and the mitotic index (percentage of cycling cells relative to the total number of
SAM cells) in juvenile vegetative, adult vegetative and bolting wild-type and ftsh4-1 mutant plants
(c). In comparison to WT plants, a decrease in the number of S-phase cells (green signal) was detected
only in adult and bolting ftsh4-1 mutant plants. Scale bars: 50 μm (d); (e) comparison of AtCDKA1,
AtCYCD3;1, AtCYCB1 and AtCDKB2;1 transcript levels analyzed in juvenile and adult vegetative shoot
apices of WT and ftsh4-1 mutant plants grown under LD conditions at 30 ◦C. Abundance of transcripts
in each case is expressed relative to the juvenile WT tissue samples. Results from three experiments are
shown; (f) the comparison of AtSTM transcript level analyzed in juvenile and adult vegetative shoot
apices of WT and ftsh4-1 mutant plants grown under LD conditions at 30 ◦C. Abundance of transcripts
is expressed relative to the juvenile WT tissue samples. Results from three experiments are shown;
(g,h) activity of the AtCYCD3;1 and AtCYCB1 (g) as well as AtSTM (h) promoters visualized by the
activity of the GUS reporter protein (blue). Transgenic plants were grown under LD conditions at 30 ◦C
and expression levels were analyzed during the juvenile vegetative stage of development of the WT
(upper panels) and ftsh4-1 mutants (lower panels). In each case, ftsh4-1 mutants were characterized
by weaker GUS activity. Scale bars: 3 mm; (i,j) activity of the AtCLV3 promoter visualized by the
activity of the GUS reporter protein (blue). At 30 ◦C, in the juvenile SAM, GUS activity accumulates
similarly in both genotypes (i), but in adult vegetative SAM (prepared with vibratome sections), ftsh4-1
mutants are characterized by weaker and more diffusible GUS activity in comparison to the WT (j).
Scale bars: 3 mm (i) and 20 μm (j); (k,l) activity of the AtSTM (k) and AtCYCB1 (l) promoters visualized
by the activity of the GUS reporter protein (blue). Plants were grown under LD conditions at 30 ◦C
and expression levels were analyzed during the generative stage of development. After transition to
flowering, GUS activity in adult ftsh4-1 mutant plants grown is variable (in terms of the strength of
the signal) in the inflorescence apices (black arrows point exemplary shoot apices without GUS signal,
red arrows—exemplary shoot apices with GUS signal). Scale bar: 15 mm.
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2.2. Cessation of Root Growth in ftsh4-1 Mutants Is Related to Termination of the Cell Cycle

Proliferative activity was also analyzed in the other apical meristem, the RAM, as ftsh4-1 mutant
plants are also characterized by prematurely ceased root growth when grown at 30 ◦C [22]. In the root
growth experiments, seedlings were germinated and grown for three days at the optimal temperature
of 22 ◦C (S0 plants) and then transferred to 30 ◦C for additional three (S1 plants) and six days (S2 plants)
to analyze the cumulative effect of elevated temperature. Root lengths, RAM sizes and RAM cell
numbers were comparable between the WT and ftsh4-1 mutant plants at the moment of the transfer to
30 ◦C (S0) and after three days of growth (S1). Interestingly, after a further three days at the elevated
temperature (S2), the roots and meristems of the mutants were shorter and the number of cells in the
RAM less than the WT plants (Figure 2a). In addition, at the S2 stage, cells within the elongation zone
of mutant plants were shorter in comparison to WT plants (Figure 2a).

Next, we analyzed the proliferative activity of the RAM (as indicated by the number of cells
in the S phase) with the fluorescent EdU kit. In WT plants at both analyzed time-points (S1 and
S2), the proliferation was equally distributed throughout the RAM (Figure 2b) and maintained at a
relatively high level as shown by the number and percentage (mitotic index) of cycling cells (77.7% in
S1 and 88% in S2). On the contrary, the number and percentage of cycling cells were strongly reduced in
the mutant plants at S1, with the proliferative activity concentrated closer to the root tip. Concomitantly,
after subsequent three days at 30 ◦C (S2), cell division in the mutant plants had almost completely
ceased (Figure 2b). Interestingly, the expression of pCYCB1:GUS was comparable between WT and
ftsh4-1 mutant plants in the S1 stage and only slightly weakened at S2 in some mutants (Figure 2c).
On the other hand, the expression of the QC marker pWOX5:GUS was comparable between both
genotypes at the S1 stage, but was noticeably weaker, more diffuse, or even almost completely gone in
ftsh4-1 mutant plants at S2 compared to the WT (Figure 2d).

In summary, after three days at 30 ◦C, root growth in the ftsh4-1 mutant ceased, which is
consistent with the observed limited cell cycle progression within the RAM, despite the maintenance
of CYCB1:GUS expression. In addition, WOX5 expression weakened after six days, but not three days,
of growth at 30 ◦C.

Figure 2. Cont.
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Figure 2. Impairment of proliferative activity and quiescence center (QC) cell identity in ftsh4-1 mutant
roots. (a) The length of the root and root apical meristem (RAM), the number of the RAM cells and the
size of the cells in the elongation zone of wild-type (WT) and ftsh4-1 mutant plants grown under long
day photoperiod (LD) conditions at 30 ◦C. Seeds were germinated and grown for three days at 22 ◦C,
and then transferred to 30 ◦C (S0) to continue growing for three days (S1) and six days (S2). Results
are expressed relative to the WT S0 sample (average values for WT plants from S0 are as follow: root
length 2.6 mm, meristem size 164 μm, meristematic cells number 14.4, cell length in elongation zone
127 μm). WT and mutant plants are comparable at S0 and S1 time-point, but then root and RAM size,
RAM cell number and elongation cells size decreases in the ftsh4-1 mutant S2 sample in comparison
to the WT S2 sample. Two biological replicates of the experiment were performed. The root length,
meristem length and meristematic cells number was measured in at least 10 plants of each genotypes;
average size of cells in the elongation zone was estimated from randomly measured three cells per
root. Mean values (±SE) are shown and significant differences between bars at p < 0.05 are denoted by
asterisks; (b) comparison of S-phase progression (cell division) directly in the meristems of S0 (at the
time of transfer), S1 and S2 RAM of wild-type and ftsh4-1 mutants grown at 30 ◦C. A decreased in the
number of S-phase cells (green signal) was detected in the S1 ftsh4-1 mutant plants in comparison to
WT plants. Scale bars: 40 μm. The table shows the total number of cycling cells (i.e., in S-phase) and
the mitotic index (percentage of cycling cells relative to the total number of SAM cells) in S0, S1 and S2
wild-type and ftsh4-1 mutant plants grown at 30 ◦C; (c,d) activity of the AtCYCB1 (c) and AtWOX5 (d)
promoters visualized by the activity of the GUS reporter protein (blue). Transgenic plants were grown
as described in (a) and expression levels were analyzed during the S0, S1 and S2 stages of development
in the WT and ftsh4-1 mutants. ftsh4-1 mutants were characterized by comparable GUS activity for
both promoters at S0 and S1 stages, only slightly weaker activity (not fully penetrant phenotype) in
case of the AtCYCB1 promoter (c) and much weaker and diffusible in case of the AtWOX5 promoter (d)
in the S2 stage. Scale bars: 40 μm.

2.3. Hormonal Insensitivity of the SAM and RAM of the ftsh4-1 Mutant

To test whether impaired SAM and RAM maintenance in plants lacking the AtFTSH4 gene is
attributable to the deficiency of a particular hormone, we analyzed the impact of the exogenous
application of hormones on shoot and root growth in plants grown at 30 ◦C.

When shoot growth was analyzed after treatment with auxin and cytokinin, no significant change
in the WT plants or the mutant’s short inflorescence was observed (Figures 3a and S1), while abscisic
acid significantly reduced the inflorescence of both the mutant and WT plants (Figures 3a and S1).
When gibberellic acid (GA3) was applied, no change to WT plant’s height was observed. Interestingly,
the length of inflorescence in the ftsh4-1 mutants increased, without significant increase in flower
number (Figures 3a–c and S1). In addition, the application of GA3 caused precocious flowering of
both WT plants and ftsh4-1 mutants, which occurred around six days earlier than in control plants
(Figure S2).
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Figure 3. Lack of responsiveness to exogenous hormones in the shoots and roots of the ftsh4-1 mutants
grown at 30 ◦C. (a,b) Height of the main inflorescence (a) and the number of flowers on the main
inflorescence (b) of wild-type (WT) and ftsh4-1 mutant plants grown under long day photoperiod
(LD) conditions at 30 ◦C. The results are expressed relative to the WT control sample (plants without
exogenous hormone application). Average values for WT control plants are as follow: main stem length
35.6 mm, number of flowers 21. The main inflorescence height of the ftsh4-1 mutants increases after
gibberellic acid (GA3) application (a), but the number of flowers is not significantly changed (b). Mean
values (±SE) are shown; (c) the phenotype of adult (when rosette leaves are drying) ftsh4-1 mutant
plants grown under LD conditions at 30 ◦C. ftsh4-1 mutants without exogenous hormone application
are shown on the left, and those after gibberellic acid application are shown on the right. Scale bar:
20 mm; (d) the length of the main root of WT and ftsh4-1 mutant plants, grown under LD conditions
at 30 ◦C. Seeds were germinated and grown for three days at 22 ◦C, transferred to 30 ◦C to continue
the growth for six days and then analyzed. The results are shown relative to the WT control sample
(without exogenous hormone application). Mean values (±SE) are shown and significant differences in
the WT and ftsh4-1 mutant plants after various hormones application in comparison to their control
plants (WT or ftsh4-1), at p < 0.05, are indicated with different letters: a and b between treated and
not-treated WT plants; c and d between treated and not-treated ftsh4-1 plants.

To test root growth, the same hormones mentioned above were applied after seed germination at
22 ◦C for three days and subsequent transfer to 30 ◦C. When growing at 30 ◦C, all hormones reduced
the length of the main root in the WT plants (Figures 3d and S1). In contrast, ftsh4-1 roots did not
significantly respond at all to any of the hormones (Figures 3d and S1).

In summary, the size of the main inflorescence increased slightly in the ftsh4-1 mutant after GA3

application, with no increase in the organogenic activity of the SAM, while the length of the main root
did not increase after application of the hormones.

3. Discussion

AtFTSH4 protease is essential for the maintenance of healthy mitochondria function and to
counteract internal oxidative stress accumulation in plants growing under stress-inducing conditions.
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It therefore plays an important role in the functioning of the whole plant. As previously reported,
AtFTSH4 is particularly important for the maintenance of the meristematic identity [22]. This study
highlights that the phenotype characterized by precocious cessation of shoot and root growth arises
from accumulating defects in various processes occurring at the tissue and molecular levels, including
reduced proliferative activity in the shoot and root apical meristems (SAM and RAM, respectively)
and dysregulated expression in the SAM of meristematic genes and those related to cell cycle control
(Figure 4).

 

Figure 4. Developmental impairment of meristem proliferation and stem cell identity in plants lacking
the mitochondrial protease AtFTSH4. In stress-inducing conditions of mildly elevated temperature of
30 ◦C, absence of AtFTSH4 in mitochondria (shown as dashed X) results in progressive accumulation
of internal oxidative stress (ROS, carbonylated proteins, AOX transcripts) with time/plant age and
ATP deficiency [22,24,25]. Stem cells within the meristems lose their meristematic characteristics and
ability to proliferate. In the shoot apical meristem (SAM), this relates to the transcript dysregulation of
cell cycle-related genes and those sustaining meristematic identity. Ultimately, growth of the SAM and
RAM in the ftsh4-1 mutant plants is precociously arrested. Question marks refer to probable, but not
yet proven experimentally correlations.

Here, we showed that proliferation activity decreases with time/age in both meristems of mutant
plants. In the SAM, the expression of CYCB1, CYCD3;1 and CDKB2 decreases in the ftsh4-1 juvenile
plants when compared to the wild-type (WT). At the same time point, cell cycle progression, visualized
directly in the SAM, was not yet affected. Concomitantly, the proliferation rate gradually declines in
the adult vegetative mutants, a phenomenon that continues after bolting. In addition, the expression of
stem cell related genes, STM and CLV3, is reduced in the juvenile and adult stages, respectively. Similar
to the SAM, growth cessation in the RAM was correlated to the gradually reduced proliferation.
In this case, the termination of cell division was not preceded by the reduced level of CYCB1
expression. The reduced expression of CYCB1, and also WOX5 (which is a positive regulator of
stem cell maintenance expressed in the quiescent center, QC), followed the loss of RAM proliferative
activity and thus ongoing differentiation. We cannot, however, rule out the possibility that in the root
a disturbance in the expression of genes other than CYCB1 could drive the cessation of proliferation,
as literature data suggest that shoots and roots rely on different cell cycle genes to integrate proliferation
with meristem organization [8]. Moreover, most mitochondrial mutants affecting OXPHOS system are
characterized by the phenotype of short roots and/or shoots, and that decreased growth rates can be
linked to the reduced proliferation [33–35]. Thus, at least some aspects of SAM and RAM termination,
as direct responses to accumulation of reactive oxygen species (ROS) and/or ATP deficiency, could be
similar. It would be interesting in the future to compare in more detail the mechanisms behind SAM
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and RAM termination to decipher differences and similarities, also between the two meristems, across
different mitochondria mutants affecting OXPHOS system.

These findings agree with our previous results showing that internal oxidative stress (ROS,
carbonylated proteins, and AOX transcripts) and concomitant mitochondria dysfunction accumulate
progressively [22]. The oxidative environment of the adult vegetative SAM thus causes a gradual loss
of the SAM identity and proliferative ability. Nevertheless, upon transition to flowering, proliferative
activity is preserved, though limited, and the stem cell character of the cells in the SAM is maintained
sufficiently for generative development to progress. However, the inflorescence stems terminate
precociously. In such plants, the expression of CYCB1 and STM was not uniform, suggesting their
significant dysregulation in mutant plants after or during flowering. The observed differential
expression levels probably result from a varying degree of defects caused by accumulating internal
oxidative stress, and reveals inherent variability in the fitness of individual meristems. From a
whole plant perspective, such differences reflect a strong dysregulation of processes at multiple levels
of organization.

Cell cycle and developmental programs need to be coordinated by hormonal signals,
and hormonal outputs are coordinated by the cell cycle machinery [2,11]. Disrupted CDKB2 function,
for example, causes an elevation in auxin levels, a reduction in bioactive cytokinins, and an inability to
properly interpret hormonal stimuli in a developmental output [8]; CYCD3;1 is induced, among other
stimuli, by sucrose and cytokinin [9,36,37]. Interestingly, two genes crucial for SAM maintenance, STM
and WUS, are related to cytokinin [38,39], and maintenance of low mitotic activity in RAM QC cells
was shown to depend on their highly oxidized status and proper auxin levels (which are dependent on
redox homeostasis) [7]. The loss of apical dominance of the main inflorescence stem in ftsh4 mutants
was reported to be complemented with external auxin application [29]. However, the phenotype of the
ftsh4-1 mutant grown at 30 ◦C is rather pleiotropic and not purely the result of disturbed levels of or
responses to cytokinin, auxin, or any other hormone. In our studies, only the application of gibberellic
acid (GA3) resulted in minor complementation of the shoot growth defects exhibited by ftsh4-1 mutant
plants grown under stress-inducing conditions. However, this might be simply the result of reduced
accumulation of internal oxidative stress, and therefore less impact on SAM function, as these plants
flowered earlier than the control ftsh4-1 mutants. In addition, the roots of the ftsh4-1 mutant were
generally less responsive than WT to all exogenous hormones. These results support the assumption
that the developmental defects observed in the ftsh4-1 mutant induced by the accumulation of internal
oxidative stress are multicomponent and cannot be explained by changes in any single process. At this
stage, it is impossible to assess whether the driving force behind the impairment of proliferation is
a disturbance in hormonal homeostasis interfering with cycling, or rather cell cycle related genes
influencing hormonal homeostasis.

Our results show that growth arrest in the ftsh4-1 mutant is caused not only by a loss of stem cell
identity, but importantly, dysregulation of the cell cycle. SAM and RAM termination in plants lacking
the mitochondrial protease AtFTSH4 is an outcome of progressively declining proliferation rates
and stem cell maintenance due to progressive internal oxidative stress accumulation associated with
ongoing mitochondria dysfunction. In a final attempt to survive, ftsh4-1 mutants undergo transition
to flowering, but form only defective inflorescences that fail to produce seeds and precociously
cease development.

4. Materials and Methods

4.1. Plant Material and Growth Conditions

Arabidopsis thaliana (L.) Heynh. Columbia-0 (Col-0) was used as the wild type (WT) reference.
The transgenic lines ftsh4-1 (SALK_035107/TAIR) line was already previously characterized [25],
and was originally obtained from the Salk Institute. Other transgenic lines used in this study were
obtained: pSTM:GUS from Prof. W. Werr (University of Cologne, Cologne, Germany), pCLV3:GUS
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from Prof. T. Laux (University of Freiburg, Freiburg, Germany), pCYCB1:GUS from Prof. N. Dengler
(University of Toronto, Toronto, ON, Canada), and pCYCD3;1:GUS from Prof. J. Murray (Cardiff School
of Biosciences, Cardiff, UK). Plants were grown in a 16 h light/8 h dark (long day, LD) photoperiod at
22 ◦C and 30 ◦C. The transgenic lines used in that study were created by means of crossing the ftsh4-1
mutant to the respective GUS reporter line. Concomitantly, double homozygous plants (homozygous
for the GUS reporter and homozygous for wild-type or mutated allele of the AtFTSH4 gene) were
selected. Hormones were exogenously applied at following concentrations: 100 μM indole-3-acetic
acid (IAA), 100 μM gibberellic acid (GA3), 1 μM 6-benzylaminopurine (BAP), and 10 μM abscisic acid
(ABA) for the shoot activity; and 0.5 μM IAA, 50 μM GA, 0.5 μM BAP, and 10 μM ABA for root activity.

4.2. Histological Analyses

GUS gene activity, under the control of the AtSTM, AtCYCB1, AtCYCD3;1, and pCLV3 promoters,
was analyzed in Arabidopsis plants grown in LD at 30 ◦C at various developmental stages. Tissues
were prefixed in ice-cold 90% (v/v) acetone, rinsed with 50 mM sodium phosphate buffer (pH 7.2)
and then stained with 2 mM X-gluc (5-bromo-4-chloro-3-indolyl β-D-glucuronide cyclohexamine;
Duchefa Biochemie, Haarlem, The Netherlands) for 3, 16, 16, and 7 h, respectively, in the dark,
at 37 ◦C. Concomitantly, plants were treated with increasing ethanol concentrations, and fixed with
the 50% ethanol-3.7% formaldehyde-5% acetic acid (FAA) solution or stored in ethanol. Longitudinal
sections of the SAM (25 μm thick) were prepared on a vibratome (Leica VT 1200S; Leica Instruments
GmbH, Wetzlar, Germany) using both juvenile and adult plants. Images were obtained using a
stereomicroscope or light microscope (see Section 4.5). To observe cell number in the internodes, tissues
from the ftsh4-1 mutant and WT were dissected from fully adult flowering plants (around 20 plants for
each genotype), fixed in FAA solution, hydrated in decreasing ethanol concentrations, and digested
with 10% KOH for three days in 37 ◦C. The tissues were then rinsed extensively in water, dehydrated
in increasing ethanol concentrations, and stained with nigrosine solution. The plant material was then
documented using a stereomicroscope and an epi-fluorescence microscope (see Section 4.5).

4.3. Real-Time PCR

The shoot apices (SAM and youngest primordia) were hand dissected from at least 10 individual
plants of each genotype, at the same time (9:00 a.m.), at the stage when the third or fifth leaf was
visible (for juvenile and adult stages, respectively). Real-time PCR analyses were performed using
a LightCycler480 (Roche, Penzberg, Germany) and Real-Time 2× PCR Master Mix SYBR version B
(A&A Biotechnology, Gdynia, Poland) with a final primer concentration of 0.5 μM. Material from a pool
of WT plants served as the calibrator, using the PP2AA3 gene (At1g13320) as a reference. Amplification
conditions comprised denaturation at 95 ◦C for 1 min followed by 45 cycles of amplification at 95 ◦C
for 10 s, 55–65 ◦C (according to primer-specific annealing temperatures) for 10 s, and 72 ◦C for 20 s with
single data acquisition, followed by cooling to 40 ◦C for 30 s. Melting curve analysis was performed as
to test the specificity of the amplification products was. Real-time PCR analyses were performed on at
least three independent biological replicates. The primers sequences are available upon request.

4.4. SAM in Vivo Fluorescent Analyses

Proliferation rates (S phase progression) were measured using a fluorescent Click-iT® EdU
Imaging Kit (Thermo Fisher Scientific, Waltham, MA, USA) directly in the SAM and RAM.
The nucleoside analog of thymidine, EdU (5-ethynyl-2′-deoxyuridine), was applied to the plant
tissues for 1 h through the hypocotyl for the SAM and by submerging the roots in a solution in the
case of RAM. EdU incorporated into DNA during DNA synthesis was labelled with Alexa Flour
488 according to the manufacturer’s protocol. As a negative control, plants without the application
of the Click-iT® reaction cocktail were analyzed. For SAM analysis, EdU was applied to juvenile
vegetative, adult vegetative, and bolting (with the inflorescence stem showing early signs of growth)
WT and ftsh4-1 plants grown under LD at 30 ◦C. To analyze RAM, EdU was applied to the roots of
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six- and nine-day-old plants, which were first grown for three days at 22 ◦C and then transferred
to 30 ◦C for three and six days to bypass defects related to germination. A confocal laser scanning
microscope (CLSM, see Section 4.5) was used to detect the fluorescent signal of Alexa Flour 488 in at
least 10 longitudinal median sections of individual SAM or whole mount roots. The mitotic index was
calculated as the percentage of all cycling cells relative to the total number of the cells in the meristem.

4.5. Microscopy

The plant material and prepared slides were, after above-mentioned techniques, photographed
by the following equipment: (a) a digital camera; (b) a stereomicroscope with a digital camera and
DLTCam software (Delta Optical, Nowe Osiny, Poland); (c) an epi-fluorescence BX60 microscope
with bright-field optics equipped with a digital camera DP73 and cellSens Entry software (Olympus
Optical, Tokyo, Japan); and (d) an inverted CLSM (Fluo View100; Olympus Optical, Tokyo, Japan).
Alexa Flour 488 was analyzed in CLSM using the excitation and emission wavelengths of 495 and 519
nm, respectively.

4.6. Statistical Analyses

The data did not have a normal distribution (Shapiro-Wilk test, α = 0.05); thus, the significance of
differences between independent groups was checked using Mann-Whitney U test. Statistical analyses
were performed with Statistica 13 software (StatSoft; North Melbourne, Victoria, Australia).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/19/3/
853/s1.
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Abstract: During the biogenesis of the mitochondrial inner membrane, most nuclear-encoded
inner membrane proteins are laterally released into the membrane by the TIM23 and the TIM22
machinery during their import into mitochondria. A subset of nuclear-encoded mitochondrial
inner membrane proteins and all the mitochondrial-encoded inner membrane proteins use the
Oxa machinery—which is evolutionarily conserved from the endosymbiotic bacterial ancestor of
mitochondria—for membrane insertion. Compared to the mitochondria from other eukaryotes,
plant mitochondria have several unique features, such as a larger genome and a branched electron
transport pathway, and are also involved in additional cellular functions such as photorespiration and
stress perception. This review focuses on the unique aspects of plant mitochondrial inner membrane
protein insertion machinery, which differs from that in yeast and humans, and includes a case study
on the biogenesis of Cox2 in yeast, humans, two plant species, and an algal species to highlight
lineage-specific similarities and differences. Interestingly, unlike mitochondria of other eukaryotes
but similar to bacteria and chloroplasts, plant mitochondria appear to use the Tat machinery for
membrane insertion of the Rieske Fe/S protein.

Keywords: plant mitochondria; membrane insertion; Oxa; twin-arginine translocation

1. Introduction

Mitochondria are essential organelles found in all eukaryotic cells. They are popularly known
as the “powerhouse of the cell” for generating more than 90% of the cellular energy in the form of
ATP. Additionally, they perform several vital cellular functions that include the synthesis of heme and
iron-sulfur clusters, lipid metabolism, maintenance of calcium homeostasis, thermogenesis, innate
immunity, and the activation of apoptosis [1]. Approximately 2 billion years ago, the ancestors of
mitochondria were once free-living prokaryotes. The primordial eukaryote most likely arose from the
symbiosis between a facultative anaerobic archaeon (host) and an α-proteobacterium (mitochondrial
ancestor) [2]. Gradually over time, this single unicellular primitive eukaryote multiplied and evolved
to form the wide range of complex multicellular life that we see today. Due to the monophyletic origin
of mitochondria [3], the fundamental mitochondrial features and functions are conserved, despite
the lineage-specific differences. Compared to mitochondria of other lineages, plant mitochondria
have evolved several unique features: Plant mitochondrial genomes are larger and highly variable
in size [4]. Their transcripts undergo extensive processing and editing [5,6]. They have a branched
electron transport chain and the composition of the respiratory complexes is slightly different [7].
Moreover, plant mitochondria are involved in photorespiration and have evolved to coexist with
chloroplasts, a second endosymbiotically-derived organelle.
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The mitochondrial inner membrane (MIM) is extensively folded into cristae, which vastly increases
the surface area [8]. Thus, the MIM is able to house more than 50% of the total mitochondrial
proteins that are crucial for numerous aspects of mitochondrial functions, including oxidative
phosphorylation, protein import, metabolite transport, maintenance of mitochondrial morphology,
and nucleoid segregation [9,10]. Having descended from eubacterial ancestors, the MIM proteome
is well-conserved across eukaryotic species; however, minor differences do occur [11]. A recent
yeast mitochondrial proteomics approach assigned 245 integral and 236 peripheral MIM proteins that
together represent 59% of the total mitochondrial proteome [12]. The protein composition of the plant
MIM is likely to be roughly similar [13]. Respiratory complexes comprise 80% of the MIM proteins
and are preferentially located in cristae membranes, whereas protein translocation complexes and
carrier proteins are enriched in the inner boundary membrane [9]. The respiratory complexes I to V
are involved in the main mitochondrial function of cellular energy generation. All of these complexes
except for complex II are made up of a mosaic of both nuclear- and mitochondrial-encoded proteins.
The respiratory complexes are not randomly distributed in the MIM but assemble into supramolecular
structures [14–17]. While I1 + III2 is the most abundant supercomplex of plant mitochondria, other
supercomplexes—I2 + III4, III2 + IV(1–2), I1 + III2 + IV(1–4), and V2—are found in lower abundance [18].
The MICOS (the mitochondrial contact site and cristae organizing system) complex, complex V dimer,
and cardiolipin are crucial for cristae formation in the MIM [19–21].

Coordinated gene expression, insertion, and assembly of MIM proteins are essential for the
survival of eukaryotic cells. This review provides an overview of presently known machineries and
mechanisms for the insertion of proteins into plant MIM, with a particular focus on insertion from
the matrix side. A case study comparing the biogenesis of Cox2 in yeast, humans, and three different
plant species not only highlights some differences observed in plant mitochondria but also indicates
that our understanding of biogenesis of plant MIM proteins is presently incomplete.

2. Mitochondrial Protein Import Machinery

During the course of eukaryotic evolution, most of the genes that were originally present in the
genome of the α-proteobacterial endosymbiotic ancestor of mitochondria were gradually transferred to
the host nucleus with only a very small number being retained in the genome of the mitochondria [22].
Consequently, the basic mitochondrial protein import machinery consisting of the core subunits had
developed even before the divergence of eukaryotes into fungi, plants, and metazoans [23]. Later
on, during the evolution of each species, a number of lineage-specific subunits were added while
others were lost. Today, the vast majority of mitochondrial proteins are synthesized as precursors
in the cytosol and are targeted to mitochondria via N-terminal mitochondrial-targeting sequences
(Figure 1). At the mitochondrial outer membrane, the precursor proteins interact with receptor
subunits of the translocase of the outer membrane (TOM) complex [24]. The TOM complex contains
an aqueous pore through which all the nuclear-encoded mitochondrial proteins must pass in order
to cross the outer membrane. After emerging from the TOM complex, the mitochondrial-targeting
sequences interact with the TIM23 (translocase of the inner membrane) complex, which mediates the
translocation of the precursor proteins across the inner membrane into the matrix in a membrane
potential- and ATP-dependent manner [25–27] (Figure 1). In the matrix, the targeting sequences
are proteolytically removed and the proteins are folded into their respective native structures [28].
For a more detailed description of the mitochondrial protein import machinery of yeast [29,30],
humans [31,32], and plants [33], interested readers may refer to the recent reviews. While the majority
of protein import components are conserved across lineages, in plants, the gene family members
encoding the protein import components have expanded. For example, while yeast contain a single
gene encoding each of Tim17, Tim23, and Tim22, all three of which belong to the PRAT (preprotein
and amino acid transporters) family, the Arabidopsis genome contains 17 genes encoding different
PRAT family members, of which ten are located in mitochondria, six in chloroplasts, and one is dual
targeted [33].
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Figure 1. Mitochondrial protein transport and inner membrane insertion pathways. The MIM proteins
can follow several routes for membrane insertion. There are the two translocase complexes in the inner
membrane, TIM22 and TIM23, which laterally insert nuclear-encoded proteins into the MIM. Proteins
with internal targeting signals are inserted into MIM by TIM22, while those with cleavable N-terminal
targeting signals are inserted by TIM23. The conservatively sorted proteins are first targeted to the
matrix by TIM23 and then inserted to the MIM in a manner reminiscent of bacterial inner membrane
protein insertion. These conservatively sorted and mitochondrial-encoded proteins require Oxa1 or
Cox18 (Oxa2) for membrane insertion. The newest member for conservative sorting is the Bcs1 protein
for membrane insertion of the Rieske Fe/S protein. MOM = mitochondrial outer membrane, IMS
= intermembrane space, MIM = mitochondrial inner membrane, MPP = mitochondrial processing
peptidase, Oxa = oxidase assembly factor, TIM = translocase of the inner membrane.

3. Membrane Insertion of the MIM Proteins Synthesized in the Cytosol

Whereas all soluble matrix-localized proteins follow the route outlined above in the mitochondria
of different organisms, MIM proteins have several different targeting and import pathways. First, the
MIM proteins possessing N-terminal-targeting signals are arrested at the TIM23 complex, followed by
lateral release into the membrane (Figure 1) [34]. So far, all proteins identified to be using this pathway
contain only a single membrane-spanning transmembrane helix (TMH) [35]. The pore-forming subunit
Tim23, its paralog Tim17, and the presequence receptor Tim50 form the essential catalytic core of the
TIM23 complex [36]. A plant-specific C-terminal extension of Arabidopsis Tim17-2 is in contact with the
outer membrane and is essential for protein import [37]. In yeast, the N-terminal extension of Tim23
links the inner and the outer membranes; however, all three isoforms of Arabidopsis Tim23 lack this
domain [38]. Apart from being the subunits of TIM23, Tim23-2 and B14.7 are also present as part of the
respiratory complex I and an inverse relationship between their abundance in the two complexes was
shown to coordinate mitochondrial activity and biogenesis [39]. This appears to be a plant-specific
mechanism. Interestingly, the presequence degrading peptidase of plants is dual targeted to both
mitochondria and plastids to degrade mitochondrial-targeting sequences, as well as plastid-targeting
signals [40,41].

The second group of MIM proteins can be inserted by the second TIM translocase, TIM22, also
known as the carrier translocase as the majority of its substrates belong to the mitochondrial carrier
protein family [42]. Carrier proteins are polytopic membrane proteins containing multiple hydrophobic
internal signals and generally lacking N-terminal cleavable targeting signals [35]. They are transferred
from TOM to the TIM22 via the heterohexameric chaperone complex that is composed of small
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Tim proteins in the intermembrane space (IMS), which prevents aggregation or misfolding of the
hydrophobic precursors [42] (Figure 1). In yeast, the TIM22 complex consists of the pore-forming
Tim22 protein, Tim54 receptor, Sdh3, and Tim18 [43]. Since no plant homologs have been found for
Tim54, Tim18, and Tim12 (a small Tim protein), which are essential for carrier import in yeast [44], it is
highly likely that novel plant proteins perform similar functions. These additional components are yet
to be identified. Upon activation of Tim22 by the membrane potential, substrate proteins are laterally
released into the MIM (Figure 1). An exception to the general rule is that numerous plant carrier
proteins possess a cleavable N-terminal-targeting sequence, despite displaying the typical tripartite
structure and being homologous to other members of the carrier family [45]. These extensions appear
to be non-essential for correctly targeting to the mitochondria. Nevertheless, they might be important
for enhancing the import specificity and efficiency and might avoid mistargeting to chloroplasts [46].
After or during import, the extension is removed in a two-step process: the first processing by MPP
(mitochondrial processing peptidase) and the second processing by a putative serine protease in the
IMS [47].

The third group of MIM proteins displays a slightly more complicated sorting process. Firstly, they
are translocated into the matrix and then integrated into the MIM from the matrix side of the membrane
(Figure 1). This pathway is called the conservative sorting pathway because the direction of insertion is
the same as that observed for bacterial membrane proteins [48]. While not just displaying a conserved
direction, several aspects of this pathway also appear to be similar to that of bacteria, including the
dependence on the membrane potential for insertion and adherence to the positive-inside rule for
the charge distribution flanking the TMHs [49]. Since conservatively sorted proteins share similar
pathways for membrane insertion as the mitochondrially encoded proteins, they will be discussed
together in detail.

4. Membrane Insertion of MIM Proteins from the Matrix Side

4.1. Membrane Insertion of MIM Proteins Synthesized in the Matrix

The most central protein in the biogenesis of mitochondrial inner membrane proteins is Oxa1
(oxidase assembly factor 1) as it has been demonstrated to play critical roles in both co- and
post-translational integration of MIM proteins [50]. Oxa1 was first identified in 1994 in a yeast
mutant that failed to assemble cytochrome c oxidase (COX), resulting in a respiration-deficient
phenotype [51,52]. Subsequent work has identified that Oxa1 is part of a larger family of proteins called
the YidC/Oxa1/Alb3 family. The YidC/Oxa1/Alb3 family of membrane proteins plays a key role in
the biogenesis of the respiratory chain complexes in bacteria (YidC) and mitochondria (Oxa1) and in the
assembly of photosynthetic complexes in chloroplasts (Alb3). They insert proteins into membranes and
help in protein folding and complex assembly [53,54]. Very recently, three members of this family—Get1
(guided entry of tail-anchored protein 1), EMC3 (Endoplasmic reticulum membrane complex 3), and
TMCO1 (transmembrane and coiled-coil domain-containing protein 1)—were identified to play roles
in membrane insertion in the endoplasmic reticulum as well [55]. The conserved hydrophobic core
domain consisting of five TMHs, which catalyzes membrane protein insertion, is present in each family
member (Figure 2A). This domain can be functionally exchanged among different members of the
protein family [56]. However, the soluble N- and C-terminal domains are variable and sometimes
perform specialized functions (Figure 2A). Co-translational membrane insertion of substrate proteins
is supported by the C-terminal ribosome-binding domain of the mitochondrial Oxa1, [57,58] whereas
the cpSRP43-binding region at the C-terminus of the chloroplast Alb3 is crucial for targeting LHCPs
(light-harvesting chlorophyll-binding proteins) to the thylakoid membrane [59] (Figure 2A).
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Figure 2. Phylogenetic and structural analysis of the YidC/Oxa1/Alb3 family and the mitochondrial-encoded
membrane proteins of Arabidopsis thaliana. (A) A phylogenetic tree was generated by Clustal omega
based on the full-length protein sequences for the indicated species of the YidC/Oxa1/Alb3 family [60].
The numbers next to each node represent the measure of support for the node. The conserved five
TMH secondary structures are found in all members (except archaea) of the protein family. Differences
at the C-terminal ends are indicated by different colors: pink = ribosome-binding, blue = TPR domain,
green = CP43-interacting. (B) Transmembrane topologies of the 20 putative MIM proteins encoded in
the mitochondrial genome of Arabidopsis thaliana. The proteins are displayed in an N- to C-terminus
orientation going from left to right.

Usually, all organisms possess at least two homologs of the YidC/Oxa1/Alb3 family, performing
non-redundant functions. Exceptionally, the Gram-negative bacteria have only a single YidC protein
with an extra TMH0 near the N-terminus, an extended periplasmic loop between TMH0 and TMH1,
and a unique cytoplasmic coiled-coil region between TMH1 and TMH2 [61] (E. coli YidC in Figure 2A).
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YidC catalyzes the membrane insertion of several substrate proteins with one or two TMHs and lacking
highly charged hydrophilic domains in the periplasmic side. YidC undergoes a conformational change
upon co-translational substrate insertion [62]. The recent X-ray structures of YidC from B. halodurans
and E. coli revealed a hydrophilic groove, which is open from the cytoplasm and the lipid bilayer
but is closed from the periplasmic side. Moreover, the relatively shorter TMH3, 4, and 5 cause
membrane thinning around YidC. Upon interaction with YidC in the groove region, the TMHs of
the substrate slide into the lipid bilayer [63,64]. It is currently hypothesized that the mechanism of
protein insertion by Oxa and Alb proteins is similar to YidC since they can be modeled on the known
structure of YidC. YidC not only acts independently but also cooperates with SecYEG to facilitate
the correct membrane integration and folding of membrane proteins [65]. Recently, it was shown
that YidC contacts the interior of the SecY channel to form a ligand-activated and voltage-dependent
complex [66]. Upon substrate binding, it facilitates the partitioning of nascent membrane proteins into
the lipid environment by reducing the hydrophobicity of the SecY lateral gate [66]. Most Gram-positive
bacteria have two YidC paralogs. In Streptococcus mutans, YidC2 has a ribosome-binding domain while
YidC1 lacks it [67] (Figure 2A). The substrate profile of the bacterial YidC appears to be much larger
than that of its organellar counterparts, Oxa1 and Alb3. These include the subunits a, b, and c of ATP
synthase, TssL (a tail-anchored protein), and CyoA (cytochrome bo3 oxidase subunit 2). With LacY
(lactose permease) and MalF (maltose transporter), YidC also functions as a chaperone to assist in the
folding and stability of the nascent polypeptide [68,69]. Similar to the bacterial YidC, the chloroplast
Alb3 may also cooperate with cpSecY to perform co-translational membrane insertion of proteins into
the thylakoid membrane [70], apart from its role in the post-translational insertion of LHCPs [71]. Its
paralog Alb4 is involved in the assembly and stability of ATP synthase [72,73]. In Chlamydomonas
reinhardtii, while the insertion of D1, a core subunit of photosystem II (PSII), is mediated by cpSecY, its
assembly into PSII is strictly dependent on Alb3.1 [74]. Moreover, its paralog Alb3.2 is also exclusively
involved in the assembly of PSI and II [75].

In mitochondria, Oxa1 is involved in the co-translational membrane insertion of polytopic
membrane proteins, such as Cox2, into the MIM [57]. In cooperation with a peripheral membrane
protein, Mba1 (multi-copy bypass of AFG3), the positively charged coiled-coil domain at the Oxa1
C-terminus interacts with the negatively charged 21S RNA of the large subunit of the ribosome,
which is in proximity to the polypeptide exit tunnel [76,77] (Figure 2A). Thus, Oxa1 is able to directly
contact the nascent polypeptide very early during the translation and inserts it efficiently into the
membrane. The matrix-exposed loop between the TMHs 1 and 2 may also contribute to ribosome
binding. The Oxa1–ribosome interaction not only promotes co-translational insertion but is also
critical for the assembly of the COX subunits [78]. Similarly, during biogenesis of the Fo part of
ATP synthase, although Oxa1 is not involved in the insertion of Atp9 into the MIM, it is required
for the assembly of Atp9 with Atp6 [79]. Thus, Oxa1 can also function in a chaperone-like manner
in addition to performing membrane insertion. While Oxa1 is conserved and Oxa1 proteins from
different organisms are exchangeable, their specific functions can differ slightly: The yeast Oxa1
is involved in the biogenesis of complexes IV and V, whereas the human Oxa1 is required for the
biogenesis of complexes I and V [50,80,81]. In contrast, Oxa1 depletion affects the levels of complexes
I and IV in Neurospora crassa [82]. The paralog of Oxa1, Cox18 (Oxa2), lacks the ribosome-binding
coiled-coil domain. Hence, with respect to the presence or absence of the ribosome-binding domain,
the mitochondrial Oxa1 and Cox18 resemble the Gram-positive YidC2 and YidC1, respectively [67]
(Figure 2A). Nevertheless, unlike other family members with several known substrate proteins, for
Cox18, Cox2 is the only known substrate [83]. Cox18 performs a post-translational role in efficient
topogenesis and stability of Cox2 during the assembly of COX.

In contrast to yeast and humans, due to independent gene duplications, there are four Oxa
proteins in Arabidopsis thaliana: Oxa1a, Oxa1b, Oxa2a, and Oxa2b. Oxa1a and Oxa1b possess a
coiled-coil domain similar to yeast Oxa1 (Figure 2A) [84]. Interestingly, Oxa2a and Oxa2b possess a
tetratricopeptide repeat (TPR) domain consisting of four TPR motifs near the C-terminus, which is
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a plant-specific feature and is not found in any other known members of the protein family [85]
(Figure 2A). TPR domains are involved in protein–protein interactions in a variety of cellular
proteins. For example, the TPR domain of the TOM receptor, Tom70, interacts with the cytosolic
chaperones Hsc70/Hsp70 and Hsp90, which guide precursor proteins [86]. This interaction is crucial
for mitochondrial precursor targeting and translocation. Along these lines, it can be speculated that the
TPR domains of Oxa2a and Oxa2b perhaps bind the matrix chaperones for facilitating the membrane
protein insertion and/or help in complex assembly. Except for Oxa1b, the other three Oxa proteins are
essential genes in Arabidopsis. This indicates that Oxa1a, Oxa2a, and Oxa2b play vital non-redundant
roles in MIM protein biogenesis in all stages of plant development, while Oxa1b is probably not so
important for normal plant growth and physiology [84].

In terms of plant Oxa proteins, two questions are immediately obvious: The first is why do plants
have four Oxa proteins when most other organisms including humans and yeast have only two?
Secondly, what is the role of the TPR domains found in the plant Oxa2 proteins? The answer to the first
question may be just that plant mitochondria contain many different substrates compared to yeast and
humans. This idea is supported by the fact that many plant mitochondrial genomes encode for more
membrane proteins than those of yeast and humans [87]. For example, the Arabidopsis mitochondrial
genome encodes for 20 putative membrane proteins displaying a wide range of membrane topologies
(Figure 2B), whereas yeast and human mitochondrial genomes encode seven and thirteen membrane
proteins, respectively. Although the major plant respiratory chain protein complexes are fairly
well characterized and structurally resemble their counterparts in fungi and mammals, the electron
transport chain of plant mitochondria differs significantly due to the presence of several plant-specific
alternative oxidoreductases such as alternative oxidase (AOX) and rotenone-insensitive NAD(P)H
dehydrogenases [88,89]. Furthermore, some of the respiratory complexes of plant mitochondria
have numerous extra subunits that are not found in those of bacteria, fungi, and animals. To date,
the functions of only some of them have been revealed. Complex I of plants is especially large,
comprising of approximately 50 subunits [90]. In contrast to complex I of bacteria or other eukaryotic
lineages, plant complex I has an additional spherical domain attached to the membrane arm on the
matrix side, which includes five carbonic anhydrase-like proteins [91,92]. It was recently shown that
these proteins are essential for complex I assembly and specifically influence central mitochondrial
metabolism [93]. Nine more plant-specific subunits of complex I identified need further investigation.
Complex II of flowering plants includes four additional subunits termed Sdh5, Sdh6, Sdh7, and
Sdh8 [94]. While Sdh6 and Sdh7 represent the missing segments of plant Sdh3 and Sdh4, respectively,
the functions of Sdh5 and Sdh8 are currently unknown [95]. Plant complex IV probably contains at
least six additional putative plant-specific subunits that need further confirmation [94]. Similarly, plant
complex V also includes several plant-specific subunits [96]. Any of the abovementioned plant-specific
proteins of the respiratory chain could require either more diverse Oxa proteins or possibly require the
plant-specific TPR domain for proper sorting and insertion.

In trying to answer the second question above, a specific role for the TPR domains found in Oxa2a
and Oxa2b is hard to predict as these are the only known YidC/Oxa1/Alb3 family proteins to contain a
TPR domain. As stated before, it is possible that they could interact with the chaperones of the matrix;
however, since the mitochondrial Hsp70 lacks the classic EEVD motif required for TPR interactions,
this hypothesis is weakened [97]. So far, in yeast and humans the only known substrate for Oxa2
(Cox18) is Cox2. More specifically, Oxa2 is required for the insertion of the second TMH of Cox2 and
translocation of the C-terminus from the matrix to the IMS [83]. It is highly likely that either Oxa2a or
Oxa2b or both of them play a similar role in plants. However, since both are essential, it is unlikely they
have overlapping functions. The role of the TPR domain in Cox2 biogenesis could be similar to that of
Mss2 (mitochondrial splicing system-related protein), which is a membrane-associated TPR-containing
protein that cooperates with Cox18 during Cox2 biogenesis in yeast [98]. It is possible that plants
have just formed a single protein of Cox18 and Mss2 via gene fusion. However, there is no significant
similarity between the TPR domains of Oxa2 proteins and Mss2. Interestingly, no TPR protein has to
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date been found to be required for human Cox2 biogenesis. Considering that either Oxa2a or Oxa2b is
possibly required for Cox2 biogenesis, then what is the other doing? Only future functional studies
will be able to answer this question.

4.2. Membrane Insertion of MIM Proteins Imported into the Matrix

4.2.1. Oxa-Dependent Insertion

Oxa1 functions not only in the insertion of mitochondrial-encoded proteins but also in promoting
the proper insertion of a variety of nuclear-encoded proteins containing multiple TMHs. While the
role of Oxa1 in the insertion of mitochondrial-encoded proteins has been extensively studied, more
recently there has been a focus on its role in the conservative sorting of nuclear-encoded MIM proteins.
For the MIM insertion of nuclear-encoded proteins with a complex membrane topology, TIM23 and
Oxa1 have to cooperate [99]. After translocation into the matrix via TIM23, some precursor proteins
are inserted into the MIM with the help of Oxa1. Interestingly, many of the proteins sorted in this
manner have bacterial homologs [48,100]. Oxa1 is required for its own biogenesis based on this
mechanism [101]. In other cases, only some TMHs of the precursor proteins are laterally sorted by
TIM23 while the remaining are first translocated into the matrix and then exported into the membrane
by Oxa1. For instance, during the biogenesis of Mdl1, TIM23 laterally inserts the first pair of TMHs
into the MIM while the subsequent pair is translocated into the matrix by TIM23 for MIM insertion
by Oxa1 [102]. Generally, laterally inserted TMHs are more hydrophobic than those that are first
translocated into the matrix. Another example is the biogenesis of Sdh4 in yeast. Sdh4 contains three
TMHs, the first two are translocated through TIM23 into the matrix and exported by Oxa1, whereas
the third is arrested in the TIM23 complex and laterally inserted into the MIM [103]. Interestingly,
Sdh4 of flowering plants is truncated and only contains the third TMH found in yeast [104]. However,
the additional subunit Sdh7 resembles the missing part and contains the two missing TMHs [95]. Thus,
it can be speculated that plants simplified the complicated insertion process of Sdh4 by splitting it
into two parts so that one part can follow the TIM23-dependent Oxa1 insertion while the other can be
laterally inserted by TIM23. Since the two subunits of the carrier translocase Sdh3 and Tim18 also use
the TIM23-Oxa1 pathway, depletion of Oxa1 leads to defects in the biogenesis of numerous carrier
proteins, apart from a broad spectrum of other MIM proteins [105].

4.2.2. Oxa-Independent Insertion Using Bcs1 and Tat

The most recent sorting pathway to be identified in mitochondria is the Bcs1 pathway for the
insertion of the Rieske Fe/S protein of complex III into the inner membrane [106,107]. The Rieske
Fe/S protein undergoes a unique maturation and membrane insertion pathway and at this time is the
only protein known to use this route. Similar to many other nuclear-encoded mitochondrial proteins,
the Rieske Fe/S protein contains a cleavable N-terminal-targeting peptide and is translocated across
the outer membrane through the TOM complex and through the inner membrane via the TIM23
complex [107]. Even though the Rieske Fe/S protein is a membrane protein, it is fully translocated
into the matrix and during its maturation has a soluble intermediate [108]. Once inside the matrix, the
N-terminal-targeting signal is cleaved off in two steps [108]. Then, the C-terminus is folded and the
Fe/S cluster is inserted [106]. After C-terminal folding, the Rieske Fe/S protein is inserted into the
MIM by Bcs1 (cytochrome bc1 synthesis) so that it can reach its final topology of N-in and C-out [106].
Therefore, uniquely for mitochondria, the previously folded C-terminus of the Rieske Fe/S protein
must be translocated back through the inner membrane into the IMS. This is in stark contrast to other
conservative pathways where substrates remain in an unfolded state during membrane insertion.

Bcs1 is an AAA-type ATPase protein and has been demonstrated to be the only protein required
to fully translocate the folded C-terminus of the Rieske Fe/S protein across the MIM. While this may
be true in yeast and mammalian mitochondria, it has recently been demonstrated that the closest
related protein in plants is located in the outer membrane—not the inner membrane—and plays no
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role in complex III biogenesis [109]. More recent work has sought to determine if plant mitochondria
use a different pathway for Rieske Fe/S membrane insertion. Here, it could be demonstrated that
plant mitochondria most likely use a twin-arginine translocation (Tat) pathway in place of the Bcs1
pathway [110]. This is interesting because in bacteria and chloroplasts a Tat pathway is also utilized
for the insertion of Rieske Fe/S proteins into the cytochrome bc1 complex and the cytochrome b6f
complex, respectively [111]. The evidence for plant mitochondria using a Tat pathway are that plant
mitochondria contain two subunits of a potential Tat pathway (TatB and TatC) and that modification of
the predicted Tat signal within the plant Rieske Fe/S protein blocks the assembly into complex III [110].
It was further shown that knockouts of the mitochondrial TatB were lethal in Arabidopsis. However,
several questions still remain unanswered: First, where is the mitochondrial TatA? The majority of
Tat pathways require TatA, TatB, and TatC proteins [111]. So far, only mitochondrial TatB and TatC
proteins have been identified. Therefore, either the plant mitochondrial Tat pathway is highly unusual
and functions without a TatA protein or TatA is yet to be identified. Second, why did plants retain
a Tat pathway when it appears to have been lost in most other lineages (e.g., yeast, mammals, and
some green algal species)? Are there more so-far unidentified substrates? Third, why do some species,
such as Chlamydomonas, appear to lack both a Tat pathway and Bsc1? How is the Rieske Fe/S protein
inserted in this situation? Are the Tat components from chloroplasts dual targeted to mitochondria or
is there a completely different novel pathway for topogenesis of the Fe/S proteins in these organisms?
The recent discovery that plant mitochondria contain a Tat pathway has opened up new and exciting
areas of research and it will be fascinating to see how it develops in the future.

5. Case Study: A Comparison of Cox2 Biogenesis in Different Organisms

COX is the terminal enzyme in the respiratory electron transport chain. It catalyzes the transfer of
electrons from soluble cytochrome c to molecular oxygen, coupled to protons getting pumped from
the matrix to the IMS. The hydrophobic reaction center is made up of three mitochondrially-encoded
subunits (Cox1, Cox2, and Cox3) and is surrounded by 11–13 nuclear-encoded subunits [112,113].
Post-assembly, COX forms a homodimer with cardiolipin as the connecting molecule, which is
necessary for its activity and stability [114,115]. Electrons are transferred from the bivalent CuA

site in Cox2 to heme a in Cox1 and then transferred intra-molecularly to the heme a3-CuB site
where oxygen is bound [116]. Cox3 possibly modulates oxygen access or coordinates proton
pumping. The nuclear-encoded subunits surrounding the core are required for assembly, stability,
and dimerization of the enzyme, protection from the ROS, and regulation of the catalytic activity.
Additionally, approx. 30 more nuclear-encoded ancillary factors are required for translational
regulation, membrane integration, heme and copper insertion, and assembly of the various COX
subunits [113]. Studies with yeast and human cell lines have identified several of these factors, most
of which are conserved, but relatively very little information regarding their plant counterparts is
currently available.

Cox2 is an integral membrane protein containing two TMHs and both its N- and C-terminal
regions are present in the IMS. The C-terminal region has a copper-binding Cx3C motif, which upon
maturation forms the CuA site. Generally, the mitochondrial-encoded membrane proteins have small
hydrophilic regions and especially the IMS-exposed stretches are very short, except for Cox2 that has
a large IMS-exposed hydrophilic domain [97]. This exceptional feature of Cox2 demands more than
one insertase machinery and additional factors for its biogenesis. Only after successful export of the
N-terminus does the membrane potential-dependent process of the C-terminus export occur [117].
Also, while the majority of organisms encode Cox2 in the mitochondrial genome, some plant species
have moved the gene encoding Cox2 to the nucleus. Thus, a comparison of how different organisms
perform Cox2 biogenesis makes for an interesting undertaking as it highlights how much we currently
know about the MIM protein insertion in yeast and humans and how much information we are lacking
in reference to plant mitochondria (Figure 3).
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Figure 3. Cox2 biogenesis in yeast, mammals, Arabidopsis, Glycine, and Polytomella. Our current
understanding of how Cox2 is inserted into the MIM of yeast (Saccharomyces cerevisiae) and mammals
(Homo sapiens) is as depicted. The four steps of Cox2 assembly are N-tail export with TMH1 membrane
insertion, N-tail processing, C-tail translocation with TMH2 membrane insertion and maturation by
copper insertion. The last arrow represents the assembly step into complex IV. Based on this knowledge
and some limited available studies with plant mitochondria, we have hypothesized the Cox2 insertion
pathways for two plant species, Arabidopsis thaliana, Glycine max, and an algal species, Polytomella sp.
In yeast, mammals, and Arabidopsis, Cox2 is synthesized by the mitochondrial ribosome whereas in
Glycine and Polytomella, it is cytosolically synthesized and imported into the mitochondria. For full
details, see the corresponding sections in the text.
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5.1. Cox2 Biogenesis in Saccharomyces cerevisiae

Cox2 is the best studied membrane protein in yeast because the cleavage of its leader peptide
serves as a simple indication for successful membrane insertion [76]. The Cox2 gene has no introns
and is transcribed by the general mitochondrial transcription machinery, followed by maturation
with the help of 3′ processing machinery [113]. The translation requires a specific nuclear-encoded
membrane-bound translational activator, Pet111 [118,119]. The coordination of Cox2 synthesis and the
subsequent assembly is potentially regulated by the positively-charged N-terminal leader peptide and
three additional downstream sequences [120,121]. Oxa1 interacts with the precursor of Cox2 (pCox2)
and catalyzes the co-translational membrane insertion of the first TMH with the concomitant export
of the N-terminal domain across the MIM into the IMS [117,122,123] (Figure 3). A specific chaperone
called Cox20 interacts very early with pCox2 and makes it accessible to the membrane-bound IMP
(inner membrane peptidase) complex for proteolytic processing. Cox20 also stabilizes and binds
Cox2 until its assembly with the other subunits of COX [124] (Figure 3). Furthermore, the ribosome
receptor Mba1 appears to stabilize the Cox20-ribosome complex and supports the transfer of Cox2 to
the C-tail export module [125] (Figure 3). Then, Cox18, Mss2, and Pnt1 (pentamidine resistance factor)
cooperatively facilitate the insertion of the second TMH with the simultaneous export of the C-tail [83]
(Figure 3). While Pnt1 has no clear homologs in mammals and plants and appears to be a eukaryotic
invention specific to fungi, Mss2 has a TPR domain resembling that of Tom70 [98,126], suggesting a
prokaryotic origin. It has been suggested that Mss2 recognizes the Cox2 C-terminus in the matrix and
promotes its translocation [98]. In the absence of Oxa1, Cox18, or Mss2, but not Pnt1, Cox2 proteins
are rapidly degraded by proteases due to improper membrane insertion [127]. The last step in the
biogenesis of Cox2 is its maturation by copper insertion at the CxExCGx2Hx2M motif in the β-barrel
structure of the Cox2 C-tail, to form a divalent [Cu2+/Cu1+] complex called the CuA center [113].
Sco1 (suppressor of cytochrome oxidase deficiency 1) was identified as the metallochaperone and
disulfide reductase which transfers copper to the CuA site in Cox2 [128–131] (Figure 3). Sco1 in turn
receives copper from Cox17 [132,133]. It needs to be clarified whether the homolog of Sco1, Sco2, is also
involved in the copper transfer. Although Sco2 deletion does not affect the biogenesis of COX, its
overexpression partially rescues both Sco1 and Cox17 mutants [129]. After copper insertion, the mature
Cox2 is ready to be incorporated into a COX assembly intermediate.

5.2. Cox2 Biogenesis in Homo sapiens

All thirteen mammalian mitochondrial-encoded genes lack introns and transcription is
polycistronic with alternating structural genes and tRNAs. Processing of specific mRNAs is followed
by polyadenylation and the mRNAs lack 5′ UTRs [113]. LRPPRC (leucine-rich PPR motif-containing
protein) is the only known factor that stabilizes all mRNAs, including the COX core subunits [134].
The Cox2-specific translational activator in yeast, Pet111, is not conserved in human mitochondria [135].
It is still unclear how the mRNA translation in humans is activated. In contrast to the structure of
yeast Cox2, the human Cox2 lacks a cleavable presequence. Oxa1L, the human homolog of Oxa1,
is required for the biogenesis of complex I and V but not COX [81,136] (Figure 3). However, it can
functionally complement the corresponding yeast mutant [137]. Hence, it is currently not clear whether
Oxa1L actually performs the same role in Cox2 biogenesis as its yeast homolog. However, the role of
Cox18 (Oxa2) appears to be conserved across species (Figure 3). During the insertion of its N-terminal
TMH, Cox20 stabilizes Cox2 and subsequently Cox18 transiently interacts with Cox2 to promote the
translocation of the Cox2 C-tail containing the apo-CuA site across the MIM (Figure 3). Then, the release
of Cox18 from this complex coincides with the binding of the Sco1–Sco2–Coa6 (cytochrome oxidase
assembly factor 6) copper metalation module to the Cox2–Cox20 intermediate [135,138] (Figure 3).
Interestingly, although no homologs for Mss2 can be found in humans, the proteins corresponding
to alternative splice variants of Cox18 [127] might perform a function similar to Mss2. Both Sco1
and Sco2 have a Cx3C copper-binding motif and are essential for COX assembly [139]. Moreover,
Sco2 has an additional role in the synthesis of Cox2 [140], implying that it probably coordinates the
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synthesis and maturation processes of Cox2. It was proposed that following Cox2 metalation, Sco2
re-oxidizes Sco1, which makes them both ready for the next round of copper transfer. Thus, contrary
to yeast Sco proteins, human Sco proteins have independent cooperative functions in the maturation
of Cox2 or in COX assembly [141]. Cu(I) can be easily transferred from Cox17 to the two Sco proteins
since they have a higher copper affinity [142]. Apart from their role in the biogenesis of Cox2, Sco1
and Sco2 are also involved in cellular copper homeostasis [143]. Very recently, a new protein called
TMEM177 (transmembrane protein 177), which lacks a clear homolog in yeast, was found to form
a complex with Cox2, Cox20, and the copper chaperones. Although its depletion or increased level
affected Cox20 abundance and Cox2 stability, the assembly, abundance, and function of COX remained
unaffected [144].

5.3. Cox2 Biogenesis in Arabidopsis thaliana

Very little previous research has been done to investigate Cox2 biogenesis in plants. Hence,
the following speculations are mostly based on the observations made in yeast and humans, mentioned
above. Based on sequence alignment, the Arabidopsis Cox2 is predicted to be synthesized as a precursor
protein with a presequence, similar to the yeast Cox2. Plant Oxa1a can functionally complement a yeast
oxa1 deletion mutant [145]. Moreover, Oxa1a is essential for embryogenesis whereas homozygous
deletion of Oxa1b does not affect the plant phenotype [84]. Therefore, it is most likely that Oxa1a
mediates the co-translational insertion of the first TMH with concomitant export of the N-tail into the
IMS (Figure 3). The presequence appears to be cleaved off by an IMP-like protease. Then, either Oxa2a
or Oxa2b are possibly involved in the membrane insertion of the second TMH, accompanied by the
C-tail export into the IMS (Figure 3). No homolog of Cox20 nor Mss2 nor Pnt1 has been identified in
plants so far. However, it has to be noted that Mss2 and Pnt1 appear to be fungi-specific and are also
not found in humans. As mentioned previously, it is interesting to speculate that the plant Oxa2 TPR
domains and yeast Mss2 possibly play the same role in Cox2 biogenesis since the C-termini of Oxa2
proteins harbor a predicted TPR domain and the yeast Mss2 also has a predicted TPR domain. However,
since there is no evidence that the TPR domains of Oxa2 proteins and Mss2 are related, convergent
evolution is more likely. Perhaps, the TPR domain of Oxa2a/Oxa2b stabilizes the Cox2 C-terminus
in the matrix until its export into the IMS by the insertase domain of Oxa2a/Oxa2b. Alternatively, it
is also possible that similar to the TPR domain of Tom70 [86], the Oxa2 TPR domains interact with
mtHsp70 or other chaperones that help in Cox2 stability and/or the assembly process, thus eliminating
the need for a dedicated chaperone such as Cox20. After successful translocation, Cox2 can proceed
for maturation by copper insertion most likely with the help of a protein similar to Sco1, called HCC1
(homolog of the yeast copper chaperone 1) (Figure 3). Interestingly, another Sco1 homolog, HCC2 does
not affect COX activity but appears to be important for UV-B stress response [146,147]. Arabidopsis also
has two genes that encode putative Cox17 homologs that are able to complement a yeast cox17 null
mutant [148–150].

5.4. Cox2 Biogenesis in Glycine max

The Cox2 gene typically found in the mitochondrial genome of nearly all plants was very recently
transferred to the nucleus in legumes. The nuclear-encoded Cox2 acquired a mitochondrial-targeting
sequence bordered by two introns [151] and largely decreased the hydrophobicity of the first TMH [152].
The unusually long targeting signal of 136 amino acids consists of three parts that play different roles:
the first 20 amino acids for mitochondrial targeting, the central portion for efficient import, and the last
12 amino acids derived from the mitochondrial-encoded protein are required for correct maturation of
the imported protein. During import, the presequence is cleaved in a three-step process, independent
of assembly [151] (Figure 3). Membrane insertion of the TMHs most likely involves TIM23 and Oxa1
before proceeding to the maturation step (Figure 3). Interestingly, when Cox2 is nuclear encoded, its
C-terminus can be directly imported into IMS and will not require an export step from the matrix.
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Thus, the function of Oxa2 would not be required. However, the genome of Glycine max encodes for at
least one Oxa2-like protein containing a similar TPR domain as the Oxa2 protein from Arabidopsis.

5.5. Cox2 Biogenesis in Chlorophycean algae

In contrast to the above case of legumes where the Cox2 gene has been relocated to the
nucleus as a single unit, in the chlorophycean algae Chlamydomonas reinhardtii and its colorless close
relative Polytomella sp., the Cox2 gene is split into complementary Cox2a and Cox2b genes before
relocating independently to the nuclear genome and becoming lost from the mitochondrial genome.
The Cox2a gene encodes the Cox2a protein that corresponds to the N-terminal half of the typical
single polypeptide Cox2 and contains the two TMHs. The Cox2b gene encodes the Cox2b protein,
which is equivalent to the C-terminal soluble IMS domain of the original protein. Both Cox2a and
Cox2b are independently transcribed into mRNA and translated into separate polypeptides in the
cytosol [153]. The mitochondria then import the two subunits and assemble them into the COX
complex (Figure 3). Interestingly, in Polytomella, the two subunits are imported into mitochondria
using different mechanisms. The Cox2a precursor exhibits a long cleavable mitochondrial-targeting
sequence of 130 amino acids and appears to follow an energy-dependent import pathway involving
mitochondrial-targeting sequence elimination by proteolytic processing and membrane integration of
its two TMHs. The soluble Cox2b protein, lacking a cleavable targeting signal, is directly imported
into the IMS via the TOM complex [154] (Figure 3). Researchers favor an import mechanism of Cox2a
similar to the import route proposed for the soybean Cox2 precursor [151], described above. TIM23,
after fully translocating the mitochondrial-targeting signal and the first TMH of Cox2a to the matrix,
recognizes a stop transfer signal within the second TMH and thereby inserts it laterally into the MIM
(Figure 3). Afterwards, the N-terminal part of the mature Cox2a would be translocated back in an
export-like reaction by the Oxa1 machinery, in order to achieve the functional N-out C-out topology
of Cox2a (Figure 3). It remains to be ascertained whether the mitochondrial disulfide relay through
Mia40 and Erv1 is involved in the import of Cox2b. Probably after binding to the IMS-located Mia40
receptor, Cox2b interacts with the membrane-inserted Cox2a subunit to form the heterodimeric Cox2
subunit (Figure 3). Having derived from the process of split gene transfer, neither polypeptide has
regions that are homologous to the known Cox2 proteins. While Cox2a has a 20 amino acid C-terminal
extension, Cox2b has a 42 amino acid region exhibiting a high degree of charged amino acids at the
N-terminus. According to the model proposed by Perez-Martinez et al., an interaction between the
unique Cox2a C-terminal domain and the highly charged Cox2b N-terminal domain might stabilize
the two Cox2 subunits in the COX complex [153]. However, it was recently shown that the C-terminal
extension of Cox2b appears to be dispensable as it only weakly reinforces the Cox2a/Cox2b interaction.
It was concluded that the hydrophilic domain of Cox2 is a highly stable structure that when split into
Cox2a and Cox2b is able to maintain a strong interaction of the two fragments [155]. It is currently
unknown whether the maturation step for the formation of the CuA center in Cox2b occurs before or
after Cox2a/Cox2b interaction.

6. Outlook

While our understanding of the roles that plant mitochondria play in growth and development,
stress responses and secondary metabolite production is ever increasing, our knowledge about how
plant mitochondria insert and assemble their inner membrane proteins is based mainly on knowledge
gained by research with yeast and mammalian mitochondria. Although many of the membrane
protein insertion mechanisms identified in other organisms are also present in plant mitochondria,
the fundamental differences with plant mitochondria—in containing double the normal number of
Oxa protein homologs, having Oxa proteins with TPR domains, and also likely containing the most
conserved of conservative sorting pathways, a Tat pathway—imply that the mechanisms of membrane
insertion and assembly will also be different in plants. This necessitates specific studies on Oxa and
Tat pathways in plant mitochondria to provide a better understanding of not only how plants insert
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and assemble the MIM proteins but also how these processes are regulated in different tissues and
during various developmental growth stages. Plant mitochondria also appear to be missing several
key proteins found in the mitochondria of other lineages, such as Cox20 or the components of the
MITRAC (mitochondrial translation regulation assembly intermediate of COX) complex, which have
been well studied in other organisms. This raises the possibility that plant mitochondria contain unique
plant-specific proteins for performing these functions. Grouping all plants together is not a good idea
because, considering the example of Cox2 biogenesis, there may be species-specific differences.
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Abstract: Mitochondria are the powerhouse of eukaryotic cells because they are responsible for energy
production through the aerobic respiration required for growth and development. These organelles
harbour their own genomes and translational apparatus: mitochondrial ribosomes or mitoribosomes.
Deficient mitochondrial translation would impair the activity of this organelle, and is expected to
severely perturb different biological processes of eukaryotic organisms. In plants, mitoribosomes
consist of three rRNA molecules, encoded by the mitochondrial genome, and an undefined set of
ribosomal proteins (mitoRPs), encoded by nuclear and organelle genomes. A detailed functional and
structural characterisation of the mitochondrial translation apparatus in plants is currently lacking.
In some plant species, presence of small gene families of mitoRPs whose members have functionally
diverged has led to the proposal of the heterogeneity of the mitoribosomes. This hypothesis supports
a dynamic composition of the mitoribosomes. Information on the effects of the impaired function
of mitoRPs on plant development is extremely scarce. Nonetheless, several works have recently
reported the phenotypic and molecular characterisation of plant mutants affected in mitoRPs that
exhibit alterations in specific development aspects, such as embryogenesis, leaf morphogenesis or the
formation of reproductive tissues. Some of these results would be in line with the ribosomal filter
hypothesis, which proposes that ribosomes, besides being the machinery responsible for performing
translation, are also able to regulate gene expression. This review describes the phenotypic effects on
plant development displayed by the mutants characterised to date that are defective in genes which
encode mitoRPs. The elucidation of plant mitoRPs functions will provide a better understanding
of the mechanisms that control organelle gene expression and their contribution to plant growth
and morphogenesis.

Keywords: mitoribosomes; mitochondrial ribosomal proteins (mitoRPs); arabidopsis; ribosomal filter
hypothesis; plant development; mutants

1. Introduction

Ribosomes are the cellular machinery that performs protein synthesis from translating the
information contained in mRNA molecules. They are ribonucleoprotein complexes that comprise
two subunits, one large (LSU) and one small (SSU), and consist of rRNAs and proteins. In a eukaryotic
cell, ribosomes are found in the cytoplasm, mitochondria and plant chloroplasts. In evolutionary terms,
chloroplasts and mitochondria derive from the ancestors of current cyanobacteria and α-proteobacteria,
respectively, that established a symbiotic relationship with an ancestral eukaryote. During evolution,
the number of genes in the endosymbiotic genomes drastically dropped as most were transferred to
the nuclear genome. Hence they contain only a few dozen genes in the present-day. Transferred genes
also include those that encode mitochondrial and plastid ribosomal proteins, although both organelles
have retained in their genomes some genes encoding the ribonucleoprotein complexes.
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A mitochondrion is a double-membrane organelle essential for life, and is present virtually in all
eukaryotic cells, except for several protozoa, some fungi and mature red blood cells in mammals [1].
Widely known for its role in ATP production through oxidative phosphorylation, the mitochondrion
also plays a key role in a wide range of cellular functions, such as fatty acid oxidation, amino acid
biosynthesis, apoptosis and transduction of cellular signals [2]. All these processes require accurate
protein synthesis inside the organelle.

Mitochondrial ribosomes, or mitoribosomes, are essential for the synthesis of oxidative
phosphorylation machinery. They have been subjected to major research efforts in yeast and humans,
in the former for being a model system for eukaryotic cell biology, and in the latter for mitoribosomes
being implicated in human health. Both the composition and structure of mitoribosomes in both
systems have been solved by cryo-EM [3,4]. In contrast, the precise structure and protein composition
of plant mitoribosomes are not yet known [5], although they are bigger (around 78S) than mammalian
mitoribosomes (55S) [6]. Regarding rRNA composition, plant mitoribosomes are constituted of
three different molecules (5S, 18S and 26S), all of which are encoded by the mitochondrial genome [7].
In contrast, the genes that encode plant mitochondrial ribosomal proteins (hereafter mitoRPs) lie in
both the nuclear and mitochondrial genomes, and their numbers vary from one species to another.
Accordingly, Bonen and Calixte [8] identified in Arabidopsis thaliana (hereafter Arabidopsis) and rice
nuclear genomes 46 and 48 genes, respectively, that encode mitoRPs were 11 of these genes present in
multiple copies (2–4). Furthermore, these authors also identified seven additional mitoRP genes in the
Arabidopsis mitochondrial genome. Sormani et al. [9] described 71 genes in Arabidopsis that encode
mitoRPs, with 63 and 8 of them located in the nuclear and the mitochondrial genomes, respectively.
Similar numbers were also reported for potato and broad bean with 68 to 80 mitoRPs [10,11]. In contrast,
a typical eubacteria such as Escherichia coli contains 54 ribosomal proteins, 33 and 21 in the LSU and
SSU subunits, respectively [12].

In ribosomes, each ribosomal protein type is represented by a single polypeptide. However,
as stated above, several ribosomal proteins are encoded by two genes or more of the same family
(paralogous genes), which results from gene duplications. In Arabidopsis, 13 plastid ribosomal
proteins and 16 mitoRPs are encoded by small-multigenic families [9], whereas the 81 ribosomal
protein types that integrate cytoplasmic ribosomes are encoded by 251 genes [13]. The expression
patterns of paralogous genes may differ, as shown for members of the families that encode the
Arabidopsis cytoplasmic S18, L16 and S15 proteins [14–16]. This suggests that they may be involved
in different developmental processes and/or may act at distinct times in tissues or cell types.
Furthermore, translation in plants may be regulated by modifying the composition of the proteins
that form part of the ribosome. Accordingly, the abundance and composition of polysomes (groups of
ribosomes that translate the same mRNA) vary while bean leaves grow and develop [17]. In addition,
transcript profiling in Brassica napus has revealed the existence of functional divergence and expression
networks among the paralogous genes that encode ribosomal proteins, which strongly suggests their
participation in development, differentiation and/or tissue-specific processes [18].

The presence in plants of small gene families of mitoRPs, whose members are functionally
divergent, has also been reported. In line with this, four paralogues of mitochondrial L12 protein in
potato have been differentially associated with mitochondrial ribosomes [19] and eight members of
the Arabidopsis L18 family have highly divergent sequences and specificities during plant growth
and development [20]. This supports the hypothesis of the heterogeneity of plant mitoribosomes,
which would allow a highly dynamic mitochondrial translational machinery composition [21], and
constitutes the basis of the so-called ribosomal filter hypothesis proposed by Mauro and Edelman [22].
This hypothesis argues that ribosomes are not simply machines that carry out translation, but they
are also able to regulate gene expression. Consequently, the ribosome would act as a filter that would
select specific mRNA molecules for translation in response to different physiological conditions during
development. Hence distinct populations of ribosomes would have varying abilities to translate
particular mRNA molecules [5].
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This review principally focuses on analysing the perturbed plant developmental processes and
the resulting phenotypes hitherto described, caused by mutations in genes that encode mitoRPs, or in
other genes that impair the mitoRP function.

2. Developmental Defects Caused by Mutations in Genes that Encode mitoRPs

Plant growth, including cell expansion and division, is fundamental for plant development and
morphogenesis, and requires a substantial supply of energy and metabolites. This is in consonance with
the increased number of mitochondria in cells observed during leaf and reproductive development [21].
Therefore, perturbed mitochondrial translation is expected to severely impair mitochondrial activity
and, consequently, plant developmental processes will require this organelle to perform well. To date,
mutations in both nuclear and mitochondrial genes that encode mitoRPs have been reported to affect
plant growth and development. The phenotypic alterations described to date due to these mutations
have clearly shown the involvement of mitoRPs in several aspects of plant development and different
plant processes. Accordingly, mutations in some mitoRPs result in an embryo-lethal phenotype while
the analysis of other mutants has revealed a role for some mitoRPs in leaf morphogenesis and in
reproductive tissue formation (Table 1).

Table 1. Plant mitochondrial ribosomal proteins characterized from the analysis of
developmental mutants.

Defects in Gene mitoRP a Species Mutant Phenotype

Embryo development HEART STOPPER (HES) b

AT1G08845 d L18 Arabidopsis
thaliana

Reduced proliferation of endosperm cells
and arrested embryo development in the

late globular stage [20]

Reproductive
development

HUELLENLOS (HLL) b

AT1G17560 d L14 Arabidopsis
thaliana

Early cellular degeneration of the eggs,
characterised by arrested ovule

development before or just after the
formation of the integuments (hll-1) or after

the integuments have begun to spread
around the nucela (hll-2). hll-1 and hll-2 also

show alterations in the gynoecium [23]

NUCLEAR FUSION
DEFECTIVE1 (NFD1) b

AT4G30925 d
L21 Arabidopsis

thaliana

Defective in kariogamy during fertilization
and development of the female and male

gametophytes [24]

NFD3 b

AT1G31817 d S11 Arabidopsis
thaliana

Defective in kariogamy during fertilization
and development of the female

gametophyte [24]

Vegetative
development

rps3 c and rpl16 c S3 and L16 Zea mays

Sectors of poorly developed tissue on
leaves and ears, which result from the
segregation of somatic wild-type and

mutant mitochondria [25]

rps3 c and rpl16 c

AtMg00090 d and
AtMg00080 d

S3 and L16 Arabidopsis
thaliana Distorted leaf phenotype [26]

Rps10 b

AT3G22300 d S10 Arabidopsis
thaliana

Plants homozygous for S10 silencing, show
severe morphological alterations; they

exhibit small, undulating, and yellowish
leaves and died prior bolting [27]

Mrpl11 b

AT4G35490 d L11 Arabidopsis
thaliana

Stunted plant size and a darker leaf
coloring than the wild type [28]

a Mitochondrial ribosomal protein; b Nuclear gene; c Mitochondrial gene; d AGI code.

2.1. Embryo-Lethal Mutations in mitoRPs

In Arabidopsis, the hes (heart stopper) mutant, which is affected in mitochondrial ribosomal protein
L18, displays a low proliferation of seed endosperm cells and arrested embryo development in the
late globular stage (Table 1) [20]. hes embryos have been cultured in vitro, but their phenotypic
rescue has not yet been achieved. Although some give rise to callus, they do not differentiate into
plants despite adding hormones to the culture medium. This indicates that HES is required for cell
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growth, differentiation and the establishment of organ patterns. Zhang et al. [20] identified eight
genes that encode L18 ribosomal proteins in the Arabidopsis nuclear genome, five and two of them
potentially located in the mitochondria and chloroplasts, respectively. The subcellular localisation of
the remaining one is ambiguous. Interestingly, these authors found that the members of this small
gene family markedly differ in their amino acid sequences. Besides, the hes mutant phenotype cannot
be complemented by other L18 members. HES expression is restricted to tissues that undergo active
cell division and differentiation, including the embryo and root tip. The spatial expression pattern
of HES corresponds well to the mutant phenotypes of the hes individuals during seed development.
In E. coli, L18 is an essential protein that forms part of the central protuberance of the 50S subunit of
the ribosome and binds to 5S and 23S rRNAs [29]. The 3D modelling of mutant and wild-type L18
proteins suggests that the amino acid substitution present in the hes mutant protein might affect its
binding to 5S rRNA and hence, the stability of the 50S subunit. However, the hes mutation does not
alter the mitochondria morphology in the embryo or the endosperm. This made Zhang et al. [20] to
propose that the effects on development caused by impaired HES function might be due to alterations
in the mitochondrial metabolic processes affected by reduced mitochondrial translation, which would
require L18. Consistently with this, these authors identified several marker genes of mitochondrial
dysfunction, such as ALTERNATIVE OXIDASE 1a (AOX1a) and NAD(P)H DEHYDROGENASE (NDB4),
which are overexpressed in the hes mutant compared with the wild type. They concluded that the
strong divergence between the genes that encode L18 proteins, the restricted expression pattern of
HES and the inability of other L18 proteins to complement the hes mutant phenotype all support the
existence of heterogeneous mitoribosomes, which would consist in different L18 proteins with distinct
functions. Heterogeneous mitoribosomes would likely have different properties and could modulate
gene expression, which would affect the translation efficiency of certain types of mRNAs in response
to different physiological requirements during development.

Interestingly, the loss of function of one of the Arabidopsis L18 proteins, EMB3105 encoded by
the AT1G48350 gene, and putatively localised in plastids, causes embryonic lethality in the same
developmental stage as the hes mutations does (the globular stage; [30,31]).

2.2. Effects of the Mutations in mitoRPs on Reproductive Tissues

The characterisation of plant mutants has revealed a role for some mitoRPs in reproductive
tissue formation. Along these lines, the Arabidopsis huellenlos-1 (hll-1) and hll-2 mutants are good
representatives (Table 1) [23]. hll-1 and hll-2 individuals carry point mutations which lead to truncated
L14 mitoribosomal proteins and cause arrested ovule development before or immediately after the
formation of integuments of ovules (hll-1), or after integuments have begun to spread around the
nucela (hll-2) [23]. hll-1 and hll-2 also present alterations in the gynoecium, which is smaller than in the
wild type and has a few ovules. In the Arabidopsis genome, Skinner et al. [23] identified a paralogous
gene functionally related with HLL, HUELLENLOS PARALOG (HLP). The ectopic expression of HLP
complements the hll mutant phenotype [23]. This contrast with the lack of complementation of
the hes mutant phenotype by other L18 proteins (see above). Notwithstanding, both genes differ
in their expression levels in organs because transcripts of the HLP and HLL genes are detected
mostly in pistils and leaves, respectively. In addition, the HLL and HLP proteins fused to the green
fluorescent protein (GFP) are targeted to mitochondria, which supports a role for both proteins in
this organelle. In E. coli, the L14 ribosomal protein is an essential protein that binds to rRNA and
participates in forming a bridge between the two ribosomal subunits [32]. This falls in line with the
phenotype of gametic lethality found in hll. Skinner et al. [23] proposed that the phenotypic effect of hll
mutations on reproductive development might be explained by carpels and ovules’ considerable energy
requirements. In agreement with this, an increase in the number of mitochondria in reproductive
tissues and the specific degeneration of ovaries in transgenic plants with reduced activity of the citrate
synthase enzyme, commonly used as a quantitative marker of the presence of intact mitochondria,
have been reported [33,34].
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Karyogamy, this being the fusion of two cellular nuclei to produce a single nucleus, is fundamental
for the sexual reproduction of animals and plants [35]. An analysis of an array of Arabidopsis
mutants, affected in the fusion of the polar nuclei during female gametophyte development, allowed
Portereiko et al. [24] to identify six mutants, namely nuclear fusion defective 1 (nfd1) to 6. One of these
mutants, nfd1, is also affected in kariogamy during fertilisation and male gametophyte development
(Table 1). Defective kariogamy is due to the non-fusion of outer nuclear membranes [24]. The nuclear
NFD1 gene encodes the L21 mitoRP of Arabidopsis, and the orthologous protein in E. coli is a
component of the 50S subunit of the mitoribosome, which binds to 23S rRNA [36,37]. The Arabidopsis
genome contains a single gene for the mitochondrial L21 protein, which is expressed in all the studied
organs. Portereiko et al. [24] proposed that the nfd1 mutation might impair nuclear fusion by altering
the composition of the phospholipids of the nuclear membrane. The importance of mitochondria in
kariogamy is further supported by the identification of four additional nfd mutants (nfd3 to 6) which
also carry T-DNA insertions in nuclear genes predicted to encode mitochondrial proteins [24]. One of
them, NFD3, encodes S11 mitoRP of the 30S subunit (Table 1). Other Arabidopsis mutants affected
in genes that encode mitochondrial proteins such as gametophytic factor2 [38], embryo sac development
arrest28 (eda28) and eda35 [39] are also defective in cellular nuclei fusion.

Remarkably, mutations in the plastid ribosomal L21 protein, the only homolog of Arabidopsis
NFD1, cause embryonic lethality in the globular stage [40,41]. The different L21 proteins hitherto
characterised in several species through the analysis of loss of function mutant alleles, suggest a
key role for these proteins in ribosomal function. Nonetheless, their biological effects cannot be
directly inferred [40]. Despite being conserved, these proteins might play different complex roles in
plant development, partly due to their different subcellular localisation (cytoplasm, mitochondria
or chloroplasts).

2.3. Mutations in mitoRP Genes Affect Vegetative Development

2.3.1. Alterations in Leaf Morphology

Defects in leaf development due to mutations in some mitoRPs have been reported: the maize
“non-chromosomal stripe” NCS3 mutant displays sectors of poorly developed tissue on leaves and
ears, which results from the segregation of somatic wild-type and mutant mitochondria (Table 1) [25].
The molecular nature of this phenotype is a deletion produced by a mitochondrial DNA (mtDNA)
rearrangement of a region that contains genes rps3 and rpl16, which respectively code for mitochondrial
ribosomal proteins S3 and L16 [25]. Remarkably, Sakamoto et al. [26] also described a mtDNA
rearrangement that affects Arabidopsis mitochondrial genes rps3–rpl16, caused by the recessive nuclear
mutation chloroplast mutator, which results in a distorted leaf phenotype (Table 1). Genes S3 and L16
have proven to be essential in E. coli [42,43] and their protein products appear to function as assembly
factors of their corresponding ribosomal subunits [44,45]. More recently, the analysis of the maize
mppr6 mutant impaired in the nuclear gene that encodes mitochondrial pentatricopeptide repeat
protein (PPR) MPPR6, which is required for the posttranscriptional regulation of the mitochondrial
rps3 gene, suggests a role of the latter gene also in embryo and endosperm development [46].

Other phenotypes characterised by severe irregularities in leaf morphology have also been
reported for defective nuclear genes that encode mitoRPs. Accordingly, the down-regulation by
RNAi silencing of the Arabidopsis gene for S10 mitoRP causes severe leaf anomalies (Table 1) [27].
In bacteria, the orthologous protein of S10 is NusE, a multifunctional protein that recruits the ribosome
to RNA polymerase [47]. In order to study the effect of S10 mitoRP silencing on vegetative growth,
Majewski et al. [27] cultivated transgenic plants under short day conditions (SD) to favour plant growth
on reproductive development because SD delays the onset of flowering. Transgenic plants exhibited
vastly varying morphologies in relation to the homozygous vs. hemizygous state of the transgene
used for gene silencing, and from the timing of its onset [27]. Accordingly, plants homozygous for
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S10 silencing, showed severe morphological alterations and some even exhibited small, undulating
yellowish leaves that died prior to bolting [27].

Kwasniak et al. [48] focused on studying the effects of silencing the Arabidopsis S10 gene on the
expression of the mitochondrial and nuclear genes that encode mitoRPs or proteins of the mitochondrial
respiratory chain (Table 1) [48]. They concluded that the perturbation of S10 alters the levels of the
above-mentioned mitochondrial components, especially those encoded by the mitochondrial genome.
Thus, in the transgenic plants with the S10 silenced gene, the transcript levels of the mitochondrial
genome genes increased, especially those that code for mitoRPs, whereas those transcribed from
the nuclear genes barely alter. At the translational level, mitoRPs and respiratory chain proteins
accumulate in the S10 silenced plants at higher and lower levels than in the wild type, respectively [48].
This suggests the existence of differential changes in mitochondrial translation efficacy when the
mitoribosomal function is compromised. The authors proposed that mitoribosomes can self-regulate
their own biogenesis by translational control, as previously reported in bacteria and chloroplasts [49,50].
The results of Kwasniak et al. [48] support the ribosomal filter hypothesis proposed by Mauro and
Edelman [22], which states that ribosomes are not simple machines for mRNA translation, but can
act as regulators of gene expression by acting as a filter that differentially affects the translation of
different transcripts. In line with this, defective mitoribosomes, due to the silencing of the S10 protein,
would differentially affect the translation of different mRNA species.

Consistent with this view, Schippers and Mueller-Roeber [21] have reported that the expression
of the genes that encode mitoRPs and the relative translational activity of different ribosomal protein
transcripts in several leaf tissues are highly variable during leaf development in Arabidopsis.

2.3.2. Mutations in mitoRPs and the OGE Retrograde Signalling Pathway

Other mutations in mitoRP genes have a subtle effect on leaf development. For instance,
the Arabidopsis mutant defective for the nuclear gene that encodes L11 mitoRP shows reduced
mitochondrial respiratory proteins abundance, which suggests an alteration in mitochondrial activity.
As a likely consequence, mrpl11 plants display stunted plant size and a darker leaf colouring than the
wild type (Table 1). However, no clear alteration in leaf morphology has been reported [28]. In E. coli,
L11 is a non-essential protein [42] and constitutes one of the main anatomical features of the 50S
ribosomal subunit, the L11 arm, which includes the binding site for the 23S rRNA [51], and may be
important for translation termination [52]. Pesaresi et al. [53] had previously reported that the prpl11
mutant, which is affected in the nuclear gene that encodes the plastid L11 protein, shows reduced
growth and pale pigmentation in cotyledons and leaves. Interestingly, double mutant plants mrpl11
prpl11, but none of the single mutant plants, display a drastically reduced expression of nuclear genes
that encode photosynthetic proteins targeted to chloroplasts (Table 1) [28]. The repression of nuclear
photosynthetic genes may result from perturbed plastid and/or mitochondrial gene expressions due to
the activation of the retrograde signalling pathway named OGE (organelle gene expression). Therefore,
the results reported by Pesaresi et al. [28] indicate cooperation for the signals emitted by chloroplasts
and mitochondria to regulate the expression of nuclear photosynthetic genes when translation in
both organelles is disturbed. This down-regulation of nuclear photosynthetic genes is similar to that
reported for the Arabidopsis prors1-1 and 1-2 mutants affected in the nuclear gene that encodes the
prolyl-tRNA synthetase protein targeted to both chloroplasts and mitochondria [28]. Remarkably, null
mutant alleles prors1-3 and 1-4 are embryonic-lethal as they arrest embryonic sac formation and, hence,
embryo development [28].

3. Defective Mitoribosomal Function by Mutations in Mitochondrial Proteins Other
than mitoRPs

The plant mitoribosome function can be modulated by the activity of nuclear genes that encode
mitochondrial-targeted proteins apart from mitoRP. One example of this is the PPR family of proteins,
a large group of eukaryotic-specific modular RNA proteins encoded by the nucleus that have
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undergone expansion in terrestrial plants [54]. PPR proteins are important for the expression of
organelle genomes and organelle biogenesis because they are involved in transcription, and also in
RNA stability, processing, splicing, editing and translation [54,55]. In line with this, the Arabidopsis
PPR336 protein has been associated with mitochondrial polysomes and is required for the stability
of mitoribosomes [54]. Notwithstanding, no morphological alterations have been described for the
mutants affected in the PPR336 gene. Despite this, the mitochondrial polysomes in these mutant
plants have a lighter molecular weight than those of wild-type plants, which might have an effect
on mitochondria protein translation [56]. Interestingly, Del Valle-Echevarria et al. [57] found that the
MCS16 mosaic mutant of cucumber, which displays distorted cotyledons, chlorotic leaves, stunted
growth and reduced fertility, also shows lower levels of the transcripts of the rps7 mitochondrial gene,
which codes for S7 mitoRP. These authors proposed the PPR336 gene of cucumber to be the likely
candidate responsible for the phenotype of the MCS16 mutant as PPR336 is required for the accurate
processing of rps7 transcripts [58]. The S7 protein is essential in E. coli [42,43] and, together with the S11
protein, forms the 30S E (exit) site [59]. Besides, S7 binds to 16S rRNA and functions as an assembly
initiator of the 30S subunit in bacteria [60].

In Arabidopsis, another PPR protein, the product of the PNM1 (PPR protein localized to the nucleus
and mitochondria 1) gene, has also been reported to be associated with mitochondrial polysomes
in an RNA-dependent manner [59]. Remarkably, impaired PNM1 function in the mitochondria is
embryo-lethal, although it has not been possible to identify the precise RNA targets of the PNM1
protein [61]. The null mutations in the EMP5 gene (EMPTY PERICARP5) of maize, which encodes a
DYW subgroup of PPR proteins involved in editing several mitochondrial transcripts, result in kernels
devoid of embryo or endosperm structures, which reveals a role for this gene in seed development [62].
Interestingly, these defects are due mainly to the incorrect editing of rpl16 mitochondrial transcripts
by changing a leucine for a proline residue at position 153. This change may be critical for the L16
protein function, and hence for mitorribosome activity, as it alters organelle function and compromises
seed development. This would extend the rpl16 function to not only leaf morphogenesis, as previously
mentioned (see Section 2.3.1), but also to seed development. The EMP5 function seems conserved
in rice because its down-regulation results in defective seeds and slower seedling growth, which
indicates other roles for this protein in plant development apart from embryonic ones. Remarkably, the
Arabidopsis mef35 (mitochondrial editing factor 35) mutant, which is affected in a nuclear gene encoding,
as EMP5, a DYW PPR protein, also displays a defect in the editing of the mitochondrial rpl16 transcript
by changing a very conserved threonine of the L16 protein for isoleucine [63]. Yet unlike emp5, this
change has no phenotypic effects on mef35 plants and questions whether the edition of L16 mediated
by MEF35 has any functional consequences.

4. Conclusions and Future Perspectives

In plants, only a few mutants affected in mitoRPs have been hitherto described and characterised
phenotypically and molecularly. Therefore, information on the contribution of plant mitoRPs
and, by extension, mitoribosomes, to plant growth and to different development stages is still
scarce. Nevertheless, the results obtained in recent years by characterising several plant mutants
defective in mitoRPs reveals a prominent role for these proteins in plant morphogenesis (Figure 1).
Some of the results obtained to date support the participation of specific mitoRPs in different
developmental processes, which might be interpreted as a result of the functional specialisation of
distinct mitoRPs [20,23–28]. Accordingly, the modification of the protein composition of mitoribosomes
in various plant tissues, organs or developmental stages may be a mechanism to help regulate
its activity and, finally, the expression of the genes whose products are located in mitochondria.
Consequently, mitochondrial activity would adjust to the needs of the biological processes that take
place at specific times of development. If this were the case, it would support the plant mitoribosomes
heterogeneity hypothesis, which is the basis of the so-called ribosomal filter hypothesis [22]. In this
review, we focused on several pieces of genetic evidence that support this hypothesis in plant
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mitochondria. To strengthen such evidence, we consider it necessary to look in-depth into the
isolation and characterisation of new mutants affected in mitoRP genes in Arabidopsis and other
plant species. Special attention should be paid to the mutants defective in different members of
gene families to identify differential phenotypic effects. In a plant model such as Arabidopsis, it is
possible to screen collections of insertional mutations, mainly induced by T-DNA, to cover almost
every gene [64]. This allows systematic screening for those mutants defective in each predicted mitoRP
gene. Nonetheless, some genes may not be tagged and, even if they are, the insertion might not affect
the function of the corresponding protein or cause a desirable structural or functional change. New
genome editing tools based on the CRISPR/Cas system could overcome these limitations [65] and
be used to generate new alleles of either previously described nuclear mitoRP genes or novel ones.
In line with this, a mitochondria-targeted Cas9 (mitoCas9) protein has been designed and used in
cultured human cells to edit the mitochondrial genome [66]. Gene editing might also be applied to
create a series of hypomorphic alleles of mitoRP genes. To date, only null alleles of the HES, HLL
and NFD genes causing embryonic, ovule or gametophyte lethality respectively, have already been
described [20,23,24]. Therefore, the identification and characterisation of hypomorphic alleles of these
genes should be instrumental to ascertain if the functions of the corresponding mitoRPs are restricted
exclusively to early development. To define the post-embryonic functions of lethal genes, other
genetic and molecular strategies, such as clonal analysis in post-embryonic tissues [67], lethality rescue
based on inducible promoters [68] or post-embryonic knock-down mediated by tissue-specific [69] or
inducible promoters [70], may also be used.

 

Figure 1. Genes that encode mitochondrial ribosomal proteins (mitoRPs) whose mutations cause
developmental defects are shown in the diagrams for the nucleus (grey) and mitochondria (magenta).
The mRNAs encoding proteins of the large (dark purple spheres) and small (light purple spheres)
subunits are shown in dark purple and light purple, respectively. The genes characterised from the
analysis of the mutants defective in embryonic, vegetative or reproductive development are respectively
depicted in red, blue and green. When a gene was named according to a mutant phenotype, the encoded
mitoRP is shown in parentheses. Cytosolic ribosomes are depicted in orange and mitorribosomes in
purple. HES: HEART STOPPER; HLL: HUELLENLOS; NFD1 and 3: NUCLEAR FUSION DEFECTIVE 1
and 3. * The mutations that affect the genes in this figure were all characterised in Arabidopsis thaliana,
except for RPS3, for which a mutant allele was also described in Zea mays.

Besides genetic evidence, it has been proposed that demonstration of the existence of specialized
ribosomes will require resolving three main challenges: (a) the isolation of naturally-occurring specific
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homogenous ribosomes; (b) their structural, biochemical, molecular and cellular characterisation;
(c) the identification and validation of the different substrates of the specialised ribosomes [71].
A plethora of new technical advances, such as single-particle cryo-electron microscopy [72] and
serial femtosecond X-ray crystallography [73], among others, might contribute to characterise the
different ribosomes found in a particular species, organ, tissue, cell or organelle, and to set up their
unique structural and functional properties. This is particularly relevant in plants because to date,
the cryo-EM structure of mitorribosomes is still lacking. A recent study into cytosolic ribosomes
of mouse embryonic stem cells by quantitative mass spectrometry has revealed a functional link
between ribosome heterogeneity, at the RPs composition level, and gene regulation [74]. Consequently,
translating ribosomes lacking particular RPs associate with specific types of mRNAs. Similar studies
of organelle ribosomes are expected to also reveal a functional relationship between its composition
and the control of the gene expression in mitochondria and chloroplasts.
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Abstract: Plant mitochondria are remarkable with respect to the presence of numerous group II
introns which reside in many essential genes. The removal of the organellar introns from the coding
genes they interrupt is essential for respiratory functions, and is facilitated by different enzymes
that belong to a diverse set of protein families. These include maturases and RNA helicases related
proteins that function in group II intron splicing in different organisms. Previous studies indicate a
role for the nMAT2 maturase and the RNA helicase PMH2 in the maturation of different pre-RNAs in
Arabidopsis mitochondria. However, the specific roles of these proteins in the splicing activity still
need to be resolved. Using transcriptome analyses of Arabidopsis mitochondria, we show that nMAT2
and PMH2 function in the splicing of similar subsets of group II introns. Fractionation of native
organellar extracts and pulldown experiments indicate that nMAT2 and PMH2 are associated together
with their intron-RNA targets in large ribonucleoprotein particle in vivo. Moreover, the splicing
efficiencies of the joint intron targets of nMAT2 and PMH2 are more strongly affected in a double
nmat2/pmh2 mutant-line. These results are significant as they may imply that these proteins serve as
components of a proto-spliceosomal complex in plant mitochondria.

Keywords: group II introns; splicing; maturases; RNA helicases; mitochondria; Arabidopsis; angiosperms

1. Introduction

Plants are able to regulate and coordinate their energy demands during particular growth and
developmental stages. These activities require complex cellular signaling between the nucleus and the
mitochondrial genome (i.e., mitogenome (mtDNA)) (reviewed by e.g., [1,2]). Although mitochondria
contain their own genetic material, encoding some proteins and structural RNAs, the vast
majority of mitochondrial proteins are encoded by nuclear loci, and are imported from the cytosol
post-translationally [3–6]. In fact, both the ribosomes and the respiratory machinery are composed
of proteins encoded by both nuclear and organellar loci (see e.g., [7,8]). These necessitate complex
mechanisms to allow the stoichiometric accumulation of subunits encoded by the two physically
remote genetic compartments, through different biosynthetic pathways [9].

The expression of the mtDNA in plants is regulated mainly at the post-transcriptional level.
High-throughput RNA-seq analyses provided with new insights into the complexity of RNA
metabolism in plant mitochondria and indicated that the regulation of mtRNA processing plays
a critical role in plant organellar gene-expression [1,10–15]. The importance of post-transcriptional
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regulation in plant mitochondria is further reflected by the extended half-lives of many of the organellar
transcripts, and the fact that their translation seems uncoupled from their transcription [10,16–18].
One of the most notable features of plant mitochondria gene-expression involves the splicing
of numerous intervening sequences (introns) that must be removed from the coding-regions
post-transcriptionally [10–15]. The processing of the organellar pre-RNAs is essential for respiratory
activities and relies on the activities of many different cofactors which belong to a diverse set of
RNA-binding protein families.

The mitochondrial introns in angiosperms are classified as group II-type and are found mainly
within protein-coding genes [14,19–21]. In Arabidopsis mitochondria, these include 23 group II-type
introns found within the complex I nad1, nad2, nad4, nad5 and nad7 subunits, the cytochrome c
biogenesis factor C (ccmFc), the cox2 subunit of complex IV and the ribosomal proteins rpl2 and rps3
(Table 1 and [22]). Introns belonging to this class are large catalytic RNAs (and in some cases also mobile
genetic elements) which are excised from the precursor RNAs by two sequential transesterification
reactions, involving the release of the intron as an RNA lariat (reviewed by, e.g., [21]). Based on
structural similarities and the catalytic activities, it is generally accepted that the nuclear spliceosomal
introns have originated from bacterial group II-related introns, which were introduced to the eukaryotic
genomes by the bacterial ancestor of the mitochondrion [23]. Although some group II introns are
able to catalyze their own excision in vitro, the splicing of group II introns under native conditions
(in vivo) is assisted by protein cofactors. In bacteria and yeast mitochondria, this involves proteins that
are encoded within the introns themselves (i.e., Intron Encoded Proteins, IEPs; or maturases) [24–27].
Genetic and biochemical data indicate that group II intron-encoded maturases bind with high affinity
and specificity towards the introns in which they are encoded from, and facilitate splicing by assisting
the folding of the RNAs into their catalytically active forms [15,24–27].

The mitochondrial introns in plants are expected to have evolved from maturase-encoding group II
intron RNAs. However, throughout the evolution of land-plants, these have diverged considerably from
their related bacterial ancestors, such as they lack many sequence elements that are considered essential
for the splicing activity, and also lost the vast majority of their related maturase ORFs [14,19,28,29].
Several of the mitochondrial introns in plants are transcribed as individual pieces that are assemble in
trans through base-pairing interactions, to form a splicing-competent structure. Interestingly, this situation
is reminiscent of the trans-interaction of spliceosomal RNAs with pre-mRNAs (reviewed in e.g., [14]).
In Arabidopsis, the trans-spliced introns include the first and third introns in the NADH-dehydrogenase
subunit 1 (i.e., nad1 introns 1 and 3), nad2 intron 2, and nad5 introns 2 and 3 [22]. Due to their degenerate
nature and the fact that the organellar introns have also lost their cognate maturase factors, both
the cis- and trans-splicing reactions of plant mitochondrial group II introns rely upon the activities
of different catalytic enzymes, most of which are encoded by nuclear loci (reviewed by [14,15,19]).
However, the specific roles of these factors in the splicing activity is still under investigation.

Genetic screens have led to the identification of different splicing cofactors in plant
mitochondria [12,14,15,30]. These include proteins which are closely related to maturases encoded
within group II introns (i.e., the mitochondrial MatR encoded in nad1 i4 and four nuclear-encoded
maturase proteins, nMATs 1 to 4) [15,31–35], and at least two RNA helicases (i.e., PMH2 and ABO6)
that are encoded in the nucleus and imported into the organelles [36–39]. Maturases and RNA helicases
belong to ancient groups of RNA-binding proteins that facilitate intron splicing and were most likely
inherited directly from the bacterial symbiont [14,15,21]. Other proteins that influence the splicing
of group II introns in plant organelles include pentatricopeptide repeat (PPR) proteins, chloroplast
RNA maturation (CRM)-related factors (i.e., the mCSF1 protein), members of the plant organellar
RNA recognition (PORR) family, mitochondrial transcription termination factor (mTERF) related
proteins and several other factors, which are seemingly unique to eukaryotes and are thus expected to
evolve from the host genomes to function in organellar group II intron splicing in plants (reviewed in,
e.g., [12,14,15,30]). Some of the proteins, such as nMAT2 [33], PMH2 [37] and mCSF1 [40], are required
for the processing of a larger set of introns, while other factors such as PPR proteins (see, e.g., [41–49])
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and mTERF15 [50] appear to be more specific, influencing the splicing of a single or only a few group
II introns [14].

Table 1. List of group II intron and their splicing efficiencies in nmat2, pmh2 and double nmat2/pmh2 mutants.

Mitochondrial Group II
Introns

Introns
Configuration

nMAT2-
Dependent

PMH2-
Dependent

Splicing Affected in
nmat2/pmh2

ccmFc i1 cis No a,c No b, ambiguous c No
cox2 i1 cis Yes a,c Yes b,c Yes
nad1 i1 trans No a,c No b,c No
nad1 i2 cis Yes a,c Yes b,c Yes
nad1 i3 trans ambiguous a, Yes c Yes b,c Yes
nad1 i4 cis No a,c No b,c ambiguous
nad2 i1 cis ambiguous a, Yes c Yes b,c Yes
nad2 i2 trans No a,c Yes b,c Yes
nad2 i3 cis No a,c No b,c No
nad2 i4 cis ambiguous a, Yes c Yes b,c Yes
nad4 i1 cis No a,c No b,c No
nad4 i2 cis ambiguous a, Yes c Yes b,c Yes
nad4 i3 cis No a,c Yes b,c Yes
nad5 i1 cis ambiguous a, Yes c Yes b,c Yes
nad5 i2 trans ND a, Yes c Yes b,c Yes
nad5 i3 trans ND a, Yes c Yes b,c Yes
nad5 i4 cis ambiguous a, No c No b, ambiguous c No
nad7 i1 cis No a,c Yes b,c Yes
nad7 i2 cis Yes a,c No b, ambiguous c Yes
nad7 i3 cis ambiguous a, No c No b,c ambiguous
nad7 i4 cis ambiguous a, No c Yes b,c Yes
rpl2 i1 cis ambiguous a,c Yes b,c Yes
rps3 i1 cis ambiguous a, Yes c Yes b,c Yes

a, splicing defects in nmat2 mutants as indicated in Keren et al. [33]; b, reduced splicing efficiencies in pmh2 mutants
as indicated by Köhler et al. [37]; c, splicing defects supported by the transcriptome data and RT-qPCR analyses
(this study); Grey shaded columns indicate to decreased splicing efficiencies in the double nmat2/pmh2 mutants; ND,
Not determined.

Here, we examined the functions of the nMAT2 maturase, encoded by the At5g46920 locus, and the
RNA helicase PMH2 (also known as AtRH53), encoded by the At3g22330 gene, in mitochondrial RNA
(mtRNA) metabolism in Arabidopsis plants. Published data have provided with evidence that the
splicing of some group II introns (i.e., cox2 i1 and nad1 i2) in Arabidopsis mitochondria require both
nMAT2 and PMH2 [33,37]. These results are interesting as they may imply that nMAT2 and PMH2
cooperate in the splicing of various organellar introns, in a similar manner to the roles of spliceosomal
factors in the splicing of multiple introns in the nucleus. However, these studies which aimed to
identify the intron targets of nMAT2 and PMH2 could not provide with definitive experimental
data regarding to the roles of these proteins in the splicing of each of the 23 introns in Arabidopsis
mitochondria [22]. Furthermore, although the main functions of nMAT2 and PMH2 are supporting
RNA splicing, recent data indicate that some splicing cofactors may also affect other RNA processing
events in plants mitochondria [41,51–53]. The effects of lowering the expression of nMAT2 and PMH2
on mitochondria functions, organelle gene-expression and the physiology of single nmat2, pmh2 and
double nmat2/pmh2 mutant-lines in Arabidopsis plants are discussed.

2. Results

2.1. The Topology of nMAT2 and PMH2 Proteins

Proteins that interact with group II introns to facilitate their splicing are divided into two main
categories, based on their topology and predicted evolutionary origins [14,15,54–56]: (i) proteins
that are encoded within the introns themselves (i.e., Intron Encoded Proteins, IEPs; or maturases);
and (ii) various ‘trans-acting’ factors that function in the splicing of group II introns. These proteins
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typically contain motifs that are identified as nucleic-acid binding sites, and, in some cases, also seem
to harbor regions likely to mediate protein–protein interactions (see, e.g., [14,15]). Here, we
focus on two key plant members of the maturase and RNA helicase families, nMAT2 and PMH2,
which have key roles in group II introns splicing in different biological systems [14,15]. While nMAT2
(At5g46920; Figures S1A and S2) is identified as a mitochondria-localized nuclear-encoded maturase
protein [31,33], the PMH2 protein (At3g22330; Figures S1B and S2) is closely related to DEAD-box
RNA helicases [36,37].

Maturases encoded within group II introns contain several functional domains that are required
for both the splicing activity and intron mobility [15,28,57]. These include a retroviral-like reverse
transcriptase (RT) domain and a carboxyl-termini region with a sequence similarity to DNA
endonucleases (D/En). Domain search analysis, using SMART [58] and Conserved Domain Database
(CDD) [59] servers, indicate that nMAT2 (735 amino acids) harbors the consensus fingers-palm
(amino acids 104–461) and thumb (X) motifs (amino acids 486–625), typical to reverse-transcriptases
found in group II intron maturases, but lacks the C-terminal D/En domain (Figures S1 and S2).
Based on these data and previous reports [31,34,60], nMAT2 is categorized as a type-I maturase
(i.e., maturases that retain the RT domain but lack the canonical D/En motif). Similar to other
mitochondrial proteins that are encoded within the nucleus, nMAT2 harbors a short (i.e., 12 aa)
N-terminal sequence which represents the mitochondrial targeting signal (Figures S1 and S2).

To gain structural insight, we used the Protein Homology/Analogy Recognition Engine (Phyre)
server [61] to model the 3D-structure of nMAT2 protein (Figure S3A). Based on the “in silico” analysis,
the nMAT2 protein shares a significant homology with the L. lactis LtrA maturase (c5g2xC; confidence
100%) [31,34,60], as well with the RT domains of P21 maturase (c5hhlA; confidence 100), a telomerase
(c3du6A; confidence 99.7) and a retroviral-type RT region of HIV-1 (c1rthA; confidence 98.2).

Characterization of the deduced amino acid sequence of the Arabidopsis PMH2 protein (616 aa),
using the PHYRE [61] and ROBETTA [62] servers, indicates that PMH2 shares high similarities with
other RNA helicases, as the ATP-dependent RNA helicases PRP5 (c4ljyA; confidence 100) and PRP28
(c4w7sA; confidence 100), which are required for the assembly of the spliceosome and the splicing
of spliceosomal introns within the nucleus [63]. Analysis of functional domains, implemented in the
CDD [59] and SMART [58] servers, revealed that in addition to the predicted N-terminal mitochondrial
targeting signal (25 aa long), PMH2 also harbors the two conserved motifs typical to DEAD-box RNA
helicases: a DEXD-box (amino acids 124–326) domain, which also include the consensus ATP binding
site (amino acids 148–154), and a C-terminal region with a great similarity to the “Helicase C-terminal
domain” (amino acids 364–443) (Figures S1 and S2).

2.2. Mutations in the nMAT2 and PMH2 Gene-Loci Affect the Steady-State Levels of Many mRNAs in
Arabidopsis Mitochondria

The homology of nMAT2 and PMH2 with known maturases and RNA-helicases,
respectively [33,36,37], supports a role for these proteins in the processing of mtRNAs in plants.
Accordingly, in our prior work, we showed that nMAT2 functions in the splicing of at least three
mitochondrial introns, including cox2 i1, nad1 i2 and nad7 i2 [33]. The RNase protection and Northern
blot analyses also indicated to perturbations in the processing of several other pre-RNAs in nmat2
mutants [33]. Likewise, using multiplex RT-PCR analyses, Köhler et al. [37] showed that mutations
in the PMH2 locus led to reduced splicing efficiencies of many introns in Arabidopsis mitochondria.
However, the identity of the complete sets of intron targets and the specific roles of nMAT2 and PMH2
in the splicing of group II introns still needs to be resolved. It also remains possible that these factors
will participate in aspects of RNA metabolism other than group II introns splicing [33,37].

To establish the roles of nMAT2 and PMH2 in mitochondrial RNA metabolism we analyzed several
Arabidopsis plants affected in the mMAT2 and PMH2 gene-loci. These including a T-DNA knockout
nmat2 mutant (SALK-line 064659), a pmh2 knockdown T-DNA line, which is strongly affected in the
expression of PMH2 (i.e., SAIL-628C06, [37]), and a double mutant line, nmat2/pmh2, that is affected in
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both these loci (for some unknown reasons, we failed to establish a double mutant line using nmat2 and
a knockout pmh2 mutant, the SALK-line 056387 [37]) (Figures S1 and S2). Analysis of the phenotypes
associated with nmat2 and pmh2 mutants indicate that they are both hardly distinguishable from those
of wild-type plants, grown under similar conditions (see “Materials and Methods”) (Figure 1) [34,37].
To gain more insights into the roles of nMAT2 and PMH2 in mtRNA metabolism, and to address specific
changes in the levels of the different mRNAs and pre-RNAs in Arabidopsis mitochondria, we used
transcriptome analyses by quantitative reverse transcription PCRs (RT-qPCR) (see, e.g., [34,35,40,60,64]),
of wild-type plants and nmat2, pmh2 and nmat2/pmh2 mutants.

Figure 1. Plant phenotypes associated with nmat2, pmh2 and the double mutant line. The effects
of loss of nMAT2 and PMH2 on seedling development (A), leaf (B) and flower (C) morphologies
of Arabidopsis wild-type (Col-0) and knockout/knockdown mutant lines. The effects of higher
light intensity (i.e., 300 μE m-2 sec-1) on three-week-old nmat2/pmh2 plants is indicated in panel (D).
Bars represent 5.0 mm in panel (A), 2.5 mm in panel (B) and 1.0 mm in panel (C).

Different from canonical maturases encoded within group II introns, the RNA profiles by RT-qPCR
indicated that nMAT2 functions in the maturation of numerous different transcripts in Arabidopsis
mitochondria. In nmat2, notable reductions in mRNA levels were seen in transcripts which correspond
to different exons in complex I nad1 (i.e., exons b–c and exons c–d), nad2 (exons a–b and d–e), nad4
(exons b–c), nad5 (exons a–b, b–c and c–d) and nad7 (exons b–c) genes, the cox2 subunit of complex
IV and the ribosomal rps3 gene (Figure 2), that are all interrupted by group II intron sequences in
Arabidopsis mitochondria [22]. Lower steady-state levels of cox2, nad1 and nad7 transcripts in nmat2
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coincide with the data shown in Keren et al. [34]. However, reduced transcript levels corresponding
to nad2, nad4, nad5 and rps3 may indicate additional splicing defects in nmat2, as was previously
suggested by the RNase protections and Northern blot analyses [34]. The expression of ccmFc,
which is also interrupted by a group II intron sequence, was not (or only slightly) affected in nmat2.
Similarly, the levels of mRNAs that correspond to mitochondrial genes which lack group II introns
(i.e., “intron-less” transcripts) were not significantly affected by the mutation in the nMAT2 gene-locus
(Figure 3). These included cox1 and cox3 subunits of complex IV, different subunits of the ATP synthase
enzyme (i.e., complex V), various cytochrome C biogenesis and maturation (ccm) factors, and many
ribosomal genes (other than rps3), which their mRNAs levels in nmat2 were comparable to those seen
in wild-type plants (Figure 2).

Figure 2. Transcript abundance of mitochondrial mRNAs in nmat2, pmh2 and nmat2/pmh2 mutants.
Transcriptome analyses of mitochondria mRNAs levels in Arabidopsis plants by RT-qPCR was
preformed essentially as described previously [35,40,60] (see also in “Materials and Methods”, RNA
extraction and analysis). RNA extracted from three-week-old seedlings of wild-type (Col-0) and mutant
plants was reverse-transcribed, and the relative steady-state levels of cDNAs corresponding to the
different organellar transcripts were evaluated by qPCR with primers which specifically amplified
mRNAs (see “Materials and Methods”). The histogram shows the relative mRNAs levels (i.e., log2
ratios) in mutant lines versus those of wild-type plants. Arrows indicate to genes that are interrupted
by group II intron sequences in Arabidopsis mitochondria [22], while asterisks indicate to transcripts
where the mRNA levels were reduced in both nmat2 and pmh2 lines. The values are means of five
biological replicates (error bars indicate one standard deviation).
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Figure 3. Splicing efficiencies and abundance of mitochondrial transcripts in nmat2, pmh2 and
nmat2/pmh2 mutants. Transcriptome analyses of mitochondria gene-expression in Arabidopsis plants
by RT-qPCR were preformed essentially as described previously [34,35,49] (see also in “Materials and
Methods”, RNA extraction and analysis). RNA extracted from three-week-old seedlings of wild-type
(Col-0) and mutant plants was reverse-transcribed, and the relative steady-state levels of cDNAs
corresponding to the different organellar transcripts were evaluated by qPCR with primers which
specifically amplified pre-RNAs and mRNAs (see “Materials and Methods”). The histogram shows
the splicing efficiencies as indicated by the log2 ratios of pre-RNA to mRNA transcript abundance
in mutant lines compared with those of wild-type plants. The values are means of three biological
replicates (error bars indicate one standard deviation).

The RNA profiles of pmh2 mutants were similar to those previously reported in Köhler et al. [37].
These analyses indicated to reduced mRNA levels of multiple genes, including cox2, nad1 exons b–c and
c–d, nad2 exons a–b, b–c and d–e, nad4 exons a–b, b–c and c–d, nad5 exons a–b, b–c, c–d, nad7 exons a–b,
as well as rpl2 and rps3 mRNAs (Figure 2). Similarly to nmat2 mutant, the accumulation of “intron-less”
transcripts in the mitochondria was not significantly affected in the pmh2 mutant (Figure 2). Small changes
in the abundances of various mtRNAs in nmat2 and pmh2 plants (Figure 2 and [37]) may be caused
by compensatory effects during transcription or post-transcriptional processes. Together, these data
strongly suggest that both nMAT2 and PMH2 function in the splicing of many group II introns in
Arabidopsis mitochondria.

2.3. nMAT2 and PMH2 Function in the Splicing of Similar Subsets of Group II Introns
in Arabidopsis Mitochondria

To better understand the roles of nMAT2 and PMH2 in the processing of group II introns in
plants, we compared the splicing efficiencies (i.e., the ratios of pre-RNAs to mRNAs) of the 23 group II
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introns found in the mitochondria of Arabidopsis thaliana plants [22], between wild-type (Col-0) plants
and nmat2 and pmh2 mutants. Splicing defects were determined to be present in cases where the
accumulation of a specific pre-mRNA was correlated with a reduced level of its corresponding mRNA
in each mutant line.

Although Northern blot and ribonuclease protection experiments indicated a role for nMAT2
in the splicing of cox2 i1, nad1 i2 and nad7 i2, these analyses did not yield conclusive results with
regard to the roles of nMAT2 in the processing of other transcripts in Arabidopsis mitochondria
(Table 1 and [33]). To establish the roles of nMAT2 in the splicing of specific mitochondrial introns,
we used transcriptome analyses by RT-qPCRs of total mtRNAs obtained from wild-type and mutant
plants [34,35,40,60,64]. These analyses indicated to splicing defects in cox2 i1, nad1 i2, nad1 i3, nad2
introns 1 and 4, nad4 i2, nad5 introns 1,2 and 3, nad7 i2, and the single intron within rps3 (Figure 3).
To some extent, reduced splicing efficiencies were also observed in the cases of nad1 i4, nad2 i3, nad4 i3,
nad5 i4, nad7 i4 and rpl2 i1 (Figure 3). However, given the small degree to which their mRNAs levels
were reduced in the mutant (Figures 2 and 3), it is difficult to draw firm conclusions about the roles of
nMAT2 in the splicing of these introns (Table 1). The RNA profiles further indicate that the splicing of
ccmFc i1, nad1 i4, nad2 introns 2 and 3, nad4 introns 1 and 3, nad5 i4 and nad7 introns 1, 3 and 4 did not
rely upon nMAT2 (Figures 2 and 3, and Table 1). The splicing of these introns is therefore expected to
be facilitated by various other splicing cofactors.

Similar to the data shown in Köhler et al. [37], splicing defects in pmh2 were supported in the cases
of 15 mitochondrial introns (see Figure 3 and Table 1). These including cox2 i1, nad1 i2 and i3, nad2 intron
1,2 and 4, nad4 introns 2 and 3, nad5 introns 1, 2 and 3, nad7 introns 1 and 4, rpl2 i1 and rps3 i1, in which
the accumulations of pre-RNAs were correlated with notable reductions in their corresponding
mRNAs in pmh2 mutants. However, we could not confidently draw any conclusions about the
significance of PMH2 to the splicing of ccmFc1 i1, nad1 i4 and nad7 i2, as although the steady-state
levels of their pre-RNAs were higher in the mutant, the accumulation of their corresponding mRNAs
(i.e., ccmFc mRNA, nad1 exons d–e and nad7 exons b–c) was not significantly affected in pmh2 (Figure 2).
Notably, the transcriptome profiles and splicing defects of pmh2 mutants shared some similarities with
those seen in nmat2 mutants (Figures 2 and 3, and Table 1). Introns that their splicing was affected in
both nmat2 and pmh2 include cox2 i1, nad1 i2, nad1 i3, nad2 i1, nad2 i4, nad4 i2, nad5 i1, nad5 i2, nad5 i3
and rps3 i1 (Figures 2 and 3, and Table 1).

Taken together, the RNA profiles (Figures 2 and 3), and the data shown in Keren et al. [34] and
Köhler et al. [37] strongly indicate that nMAT2 and PMH2 function specifically in group II introns
splicing. In light of the expected significance of splicing to the functionality of many of the organellar
transcripts, and hence to respiratory functions and plant physiology, we speculate that the lack of
gross phenotypes associated with mutations in nMAT2 or PMH2 gene-loci may relate to redundant
functions with other organellar splicing cofactors (i.e., maturases, RNA helicases, PPRs, PORRs or
CRM-related proteins) that exist in Arabidopsis mitochondria [14,15,35,40]. Accordingly, the splicing
of individual group II introns in plant mitochondria seems to rely on the activities of different protein
cofactors [14,15,30]. While the functions of RNA helicases, including PMH2, are expected to affect a
broad set of introns, the roles of the maturase-type nMat2 factor, which evolved from a protein acting
only on the intron carrying its own gene, in the splicing of many group II introns in plant mitochondria
are quite remarkable. Similarly, the organellar-encoded maturases, MatR and MatK, also act on
multiple intron targets in the mitochondria and chloroplasts (respectively) of land-plants [60,65].

2.4. nMAT2 Is Found in Large Ribonucleoprotein Particles that Also Contain PMH2

The experimental data indicate that nMAT2 and PMH2 are involved in the processing of similar
subsets of group II introns in Arabidopsis mitochondria (Figures 2 and 3, and Table 1). We thus
intended to investigate whether these factors may cooperate in regulating the splicing of many
mitochondrial pre-RNAs. Native organellar complexes were fractionated by velocity centrifugation
sedimentation throughout sucrose gradients, and each fraction was analyzed by immunoblot analyses
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with antibodies against nMAT2 [33] and PMH2 [36,37]. Immunoblots with antibodies against
serine hydroxymethyltransferase 1 (SHMT1) were used as a control. In agreement with previous
analyses [33,36,37], both nMAT2 and PMH2 proteins migrated through the sucrose gradients towards
the bottom of the tubes, with apparent molecular masses of ≥1000 kDa, which are significantly higher
than their monomeric sizes (74 and 61 kDa, respectively) (Figure 4A). Interestingly, the signals of
nMAT2 and PMH2 were observed in the same fractions, following the sucrose gradient centrifugation
(i.e., fractions 16, 17 and strongly enriched in fraction 18). Notably, the particle sizes of nMAT2 and
PMH2 proteins were reduced following the ribonuclease A treatment, as observed by their appearance
in fractions of lower molecular weights (i.e., lanes 12–18) after the sucrose gradient fractionation
(Figure 4B). Thus, the RNase-sensitivity assays lend additional support to the association of nMAT2
and PMH2 with organellar transcript in Arabidopsis mitochondria.

Figure 4. nMAT2 and PMH2 proteins are identified in large ribonucleoprotein particles in Arabidopsis
mitochondria. Fractionation of wild-type and mutant mitochondria pre-treated with: RNase
inhibitor (A); or ribonuclease A (RNase-A) (B) by sucrose gradient centrifugation. Aliquots of crude
mitochondria protein extract (Mito) were solubilized in n-dodecyl-β-maltoside (DDM) (1.5% (w/v)),
and sucrose gradient fractionated mitochondria samples (Fractions 3–18) were subjected to immunoblot
analysis with antibodies raised against different organellar proteins (see “Materials and Methods”),
including serine hydroxymethyltransferase 1 (SHMT1) protein (53 kDa), PMH2 (61 kDa, [36,37]) and
nMAT2 (74 kDa, [33]), as indicated in each blot. High molecular mass standards (GE Healthcare) sizes
are given in kilodaltons.

The similarities in the RNA profiles of nmat2 and pmh2 mutants and the appearance of both
of these proteins in ribonucleoprotein (RNP) particles of similar molecular masses may indicate
that nMAT2 and PMH2 cooperate in the splicing of group II introns in Arabidopsis mitochondria.
Analogously, the splicing of group II introns in yeast mitochondria was also found to be mediated by
both maturases and RNA helicases [52,53,66], although the specific roles of these factors in the splicing
of group II introns are still under investigation.
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Using a transgenic approach, we showed that the expression of a recombinant nMAT2 protein,
which contains a hemagglutinin (3HA) tag at its carboxyl terminus, restores the splicing defects of
nad1 i2, nad7 i1 and cox2 i1 in nmat2 mutants (Figure S4) [33]. Here, we further applied this method
to identify proteins and RNAs that are stably associated with nMAT2, in vivo. Affinity purifications
with anti-HA antibodies following mass spectrometry analyses, were used to identify proteins that
co-purified with nMAT2-HA that were absent in co-IPs of Arabidopsis plants transformed with an
empty vector control (Figure S4). Antibodies against SHMT1 were used as a control for the integrity of
the co-immunoprecipitations (co-IPs) assays. Intriguingly, in addition to nMAT2, the co-IPs followed
by LC-MS/MS analyses also revealed the presence of various peptides which corresponded to PMH2
protein, as well as two ribosomal factors (At1g16870 and At1g31817) and four pentatricopeptide repeat
(PPR) proteins (i.e., At1g26460, At1g10270, At1g55890 and At1g61870) (Table S1). Other proteins
that co-purified with nMAT2 included several prohibitins (At4g28510, At2g20530 and At5g44140),
which are highly abundant in Arabidopsis mitochondria and are found in high molecular weight
complexes [67]. It remains possible, therefore, that these may have nonspecifically co-purified with the
nMAT2 particles.

Published data, as well as our own studies, indicate that organellar splicing factors in plants
are tightly associated with their intron targets [33,60,65,68–72]. Here, we used the co-IPs to identify
mtRNAs that are stably associated with nMAT2-PMH2 particles, in vivo (see “Materials and Methods”).
The association of group II intron-containing pre-RNAs with nMAT2-PMH2 particles was supported
in the cases of cox2 i1, nad1 i2, nad1 i3, nad2 introns 1, 2 and 4, nad4 intron 3, nad5 introns 1, 2 and 3,
nad7 introns 1, 2, 3 and 4 and rps3 i1 (Table S2). The sequencing data also indicated the presence of
nad2 i2, nad4 i3, nad7 introns 1 and 4 and rpl2 i1 in the co-IPs of nmat2/nMAT2-HA plants (Table S2).
As the splicing of these introns is not affected in nmat2 (Figure 3), we thus assume that these intron
are likely associated with PMH2 protein. No cDNAs that correspond to ccmFc i1, nad1 i4 and nad4 i1
transcripts were detected in the pelleted RNAs. As the splicing of these introns does not depend upon
nMAT2 or PMH2 (Table 1), these results strongly support the specificity of the co-IP analyses.

2.5. Study of Double Mutants Affected in nMAT2 and PMH2 Gene-Loci

Mutations in nMAT2 and PMH2 affect the maturation of numerous pre-RNAs in Arabidopsis
mitochondria, many of which are affected in both mutant lines (Figures 2 and 3, Table 1).
Fractionation of native organellar complexes and pulldown assays indicate that nMAT2 and PMH2
are found in RNP complexes of similar molecular weights, in vivo (Figure 4 and, Tables S1 and S2).
We therefore anticipated that mutants homozygous to both gene-loci would show strong defects
in the maturation of pre-RNAs that their splicing is assisted by both nMAT2 and PMH2 proteins
(i.e., cox2, nad1, nad2, nad4, nad5 and rps3 pre-RNAs). For this purpose, the nmat2 and pmh2 plants were
crossed, and the resulting double mutant-line, nmat2/pmh2 (Figure S1B), was analyzed for its associated
growth phenotypes and organellar activities. Phenotypic examination of nmat2/pmh2 seedlings
suggested that under optimal growth conditions i.e., in either long (16:8-h) or short day conditions
(8:16-h), 22 ◦C, 100 μE m−2 s−1, primary root elongation, vegetative growth, flower morphology
and fertility were only slightly affected in the double mutant, (Figure 1). However, we noticed that
the leaves of nmat2/pmh2 plants turn reddish when these are grown under higher light intensities
(i.e., 300 μE m−2 s−1), suggesting the accumulation of anthocyanin pigments in the leaves (Figure 1D).
Leaf redness through anthocyanin is often considered as a stress response (Chalker-Scott 1999).
Accordingly, accumulation of anthocyanin and ROS was observed in other mutants affected in
mitochondrial RNA metabolism, as nmat1 mutants [34].

2.6. Double nmat2/pmh2 Mutants Are Strongly Affected in the Maturation of cox2, nad1, nad5 and rps3
Pre-RNA Transcripts in Arabidopsis Mitochondria

To identify changes in transcript levels in the double mutant line, we examined the splicing
efficiencies of each of the 23 mitochondrial group II introns in wild-type and nmat2/pmh2 plants by
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RT-qPCR analyses. Notable splicing defects were seen in cox2 i1, nad1 i2, nad1 i3, nad2 i1, nad2 i4, nad4
i2, nad5 i1, nad5 i2, nad5 i3 and rps3 i1. In many cases, the splicing in the double mutant line was
more strongly affected than in the single nmat2 or pmh2 mutants (Figure 3), further supporting that the
splicing of these introns depends upon the activities of both of these factors. Splicing defects were also
apparent in the cases of nad2 i2, nad4 i3, nad7 introns 1,2 and 4 and rpl2 i1, which their splicing relies on
either nMAT2 (nad7 i2) or PMH2 (nad2 i2, nad4 i3, nad7 i1, nad7 i4 and rpl2 i1). However, the splicing
efficiencies of these introns in nmat2/pmh2 were comparable with those seen in the single nmat2 or
pmh2 mutant lines. To some extent, the levels of nad1 i4, nad2 i3 and nad7 i3 pre-RNAs were slightly
higher in nmat2/pmh2 plants compare to those of the wild-type plants (Figure 3). However, as their
corresponding mRNAs levels were not significantly reduced in the mutant (Figure 2), it is difficult
to draw firm conclusions to whether the splicing of these introns was affected in the double mutant.
The splicing of introns that their splicing is not dependent upon nMAT2 or PMH2, including ccmFc
i1, nad1 i1, nad4 i1 and nad5 i4, was not significantly affected in nmat2/pmh2 (Figure 3 and Table 1).
The maturation of these RNAs is therefore facilitated by splicing cofactors other than nMAT2 or PMH2.
Similarly to the single mutant lines, no significant difference in the relative accumulation of mRNAs
corresponding to intron-less transcripts was observed between the wild-type plants and nmat2/pmh2
mutant line (Figure 2).

2.7. Analysis of Mitochondrial Respiratory Activity and the Biogenesis of Organellar Respiratory Chain
Complexes in nmat2, pmh2 and nmat2/pmh2 Mutants

The respiratory machinery is an aggregation of four major electron transport complexes
(i.e., CI to CIV) and the ATP synthase enzyme (also denoted as CV), which function together in oxidative
phosphorylation and drive the synthesis of ATP. Number of studies have shown that perturbation of
splicing can affect mitochondria biogenesis and functions [14]. While the activity of complex IV is expected
to be essential, complex I defects in plants result in a broad spectrum of phenotypes, ranging from
mild to severe growth and developmental defects (reviewed by e.g., [73]). Interestingly, Arabidopsis
mutants that are completely lacking complex I activity are strongly affected in their cellular physiology,
but are viable when they are grown on sugar-containing MS media [74,75]. To analyze whether the
respiratory activity was altered in nmat2, pmh2 and nmat2/pmh2 plants, the oxygen-uptake rates of
wild-type and mutant-lines were monitored in the dark with a Clark-type electrode. When respiration
was analyzed on three-week-old seedlings grown on MS-plates, the average O2-uptake rates of nmat2 and
pmh2 mitochondria (105.76 ± 11.25 and 99.11 ± 4.45 nmol O2 min−1 gr FW−1, respectively) were similar to
those measured in wild-type plants (103.84 ± 8.79 nmol O2 min−1 gr FW−1) (Figure 5). However, inhibition
of mitochondrial respiratory chain complex I by rotenone (+ROT) affected the respiration rates of
wild-type and pmh2 plants (i.e., 52.32 ± 7.25 and 61.68 ± 7.95 nmol O2 min−1 gr FW−1, respectively),
whereas the inhibitor appeared to has a less effect on the respiratory activity of nmat2 plants
(i.e., 82.54 ± 5.25 nmol O2 min−1 gr FW−1) (Figure 5). Similarly, while the average O2-uptake rates
of nmat2/pmh2 (104.29 ± 8.08 nmol O2 min−1 gr FW−1) were similar to those of wild-type plants, they were
also less sensitive to inhibition by rotenone (91.06 ± 3.98 nmol O2 min−1 gr FW−1) (Figure 5). As the
maturation of COX2 is affected in both the single and double mutant lines (Figures 2 and 3), we also
measured the O2-uptake rates in the presence of potassium cyanide (KCN), which inhibits electron transport
through complex IV. The data shown in Figure 5 indicate that inhibition of mitochondrial respiration by
KCN is more pronounced in wild-type plants than in each of the mutants. In summary, the respiration
measurements suggest that complex IV is affected in nmat2, pmh2 and the double nmat2/pmh2 mutant-line,
whereas complex I is more notably affected in the nmat2 and nmat2/pmh2 mutants. These results may
correlate with the severity in the RNA metabolism defects observed in each of the mutants (Figures 2 and 3).
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Figure 5. Respiration activities in wild-type and mutant lines. O2-uptake rates of wild-type plants
and nmat2, pmh2 and nmat2/pmh2 mutants were analyzed with a Clark-type electrode as we described
previously [35]. For each assay, equal weight (i.e., 100 μg) three-week-old MS-grown Arabidopsis
seedlings were submerged in 2.5–3.0 mL sterilized water and applied to the electrode in a sealed
glass chamber in the dark. O2-uptake rates were measured in the absence (Control) or in presence of
rotenone (ROT, 50 μM) and potassium cyanide (KCN, 1 mM) which inhibit complexes I and IV activities,
respectively. The values are means of four biological replicates (error bars indicate one standard
deviation). The asterisk indicates a significant difference from wild-type plants (Student’s t-test, p 0.05).

Protein accumulation depends on the balance between the rates of translation and protein
degradation. Reduced mRNA transcript levels may also affect the organellar translation efficiencies.
Accordingly, protein synthesis in the chloroplasts is correlated with transcript abundance [76].
The relative accumulation (i.e., steady-state levels) of different mitochondrial proteins in three-week-old
nmat2, pmh2 and nmat2/pmh2 mutants was analyzed by immunoblot assays with antibodies raised
against different organellar proteins (Table S3). These included the complex I subunits, 18-kDa
(also termed as NDUFS4), NAD9, the Rieske iron-sulfur protein (RISP) of complex III, COX2 subunit
of complex IV, the β subunit of the ATP synthase enzyme (AtpB, complex V), the plant mitochondrial
voltage-dependent anion channel (VDAC, or Porin), the serine hydroxymethyltransferase 1 (SHMT1)
protein, the mitochondrial alternative oxidase subunits 1 or 2 (AOX1/2) and the plastidial Rubisco
enzyme (Figure 6). Relative protein levels were measured by densitometry of Western blots,
and quantified using ImageJ software [77]. These analyses indicated that the abundances of the complex
I 18-kDa subunit and Nad9 protein were similar in wild-type, pmh2 and nmat2 plants. The signals
corresponding to the 18-kDa subunit and RISP protein seemed to be, at least to some extent, higher
in the double mutant (1.40-fold and 2.11-fold, respectively; Figure 6A). However, the steady-state
levels of COX2 subunit (Figure 6A), which its maturation was affected in nmat2, pmh2 and the double
mutant line (Figures 3 and 4, and Table 1), were found to be somewhat decreased in the mutants
(i.e., between 31% and 56% lower) than in the wild-type plants. Several other proteins, including the
complex V subunit AtpB (2-fold to 4-fold), Porin (1.23-fold to 2.40-fold), SHMT1 (1.65-fold to 2.27-fold),
and more notably AOX1/2, accumulated to higher levels in the mutants (Figure 6A). Upregulation in
AOX expression is tightly associated with mitochondrial dysfunction and stress in plants [3,5,78–82].
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Figure 6. Relative accumulation of organellar proteins in wild-type plants and nmat2, pmh2
and nmat2/pmh2 mutants. (A) Immunoblots with total proteins (about 50 μg) extracted from
three-week-old rosette leaves of wild-type plants, and homozygous nmat2 and pmh2 mutants.
The blots were probed with polyclonal antibodies raised to γ-carbonic anhydrase-like subunit 2 (CA2),
NADH-oxidoreductase subunit 9 (NAD9) and the 18-kDa subunits of complex I, Rieske iron-sulfur
protein (RISP) of complex III, the cytochrome oxidase subunit 2 (COX2) of complex IV, mitochondrial
ATP-synthase subunits and (AtpA and AtpB) of complex V, serine hydroxymethyltransferase 1 (SHMT1)
protein and the mitochondrial voltage-dependent anion channel (VDAC, or Porin). Detection was
carried out by chemiluminescence assays after incubation with HRP-conjugated secondary antibody;
(B) BN-PAGE of crude mitochondria preparations was performed according to the method described
previously [83]. Crude mitochondria preparations, obtained from three-weeks old Arabidopsis
seedlings, were solubilized with DDM (1.5% (w/v)) and the organellar complexes were resolved
by BN-PAGE. For immunodetections, the proteins were transferred from the native gels onto a PVDF
membrane. The membranes were distained with ethanol before probing with specific antibodies
(Table S3), as indicated below each blot. Arrows indicate to the native complexes I (~1000 kDa),
III (dimer, ~500 kDa), IV (~220 kDa) and V (~600 kDa).
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Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE) was used to determine the effects of
the mutations in nMAT2 and PMH2 on the biogenesis of the respiratory machinery. Separation of native
organellar complexes by BN-PAGE and Western blot analyses revealed that complex I (using antibodies
against the and the γ-type carbonic anhydrase CA2) was affected in nmat2 and more notably in the
mitochondria of nmat2/pmh2 plants, while the levels of complex I in pmh2 mutant were similar to those
observed in the wild-type plants (Figure 6B). As the splicing of various nad transcripts is affected in
both nmat2 and pmh2, we speculate the differences in complex I levels between the mutant lines may
relate to the strong maturation defects in nad7 pre-RNAs seen in the nmat2 mutant. In accordance with
the splicing defects (Figures 2 and 3) and reduced COX2 protein levels (Figure 6A), lower complex
IV levels were evident in crude organellar preparations of nmat2, pmh2 and the double mutant line.
The respiratory chain complexes III and V were found in similar abundances in the mitochondria
of wild-type and mutant plants (Figure 6B). Similarly, the accumulation of RuBisCO enzyme was
also not significantly affected by the mutations in nMAT2 or PMH2 gene-loci. We, therefore, assume
that the mtRNA maturation defects affect the biogenesis of the respiratory machinery in nmat2, pmh2
and nmat2/pmh2 plants. While the steady-state levels of COX2 and complex IV are reduced in the
three mutant lines, the levels of the complex I 18-kDa and NAD9 subunits were not significantly
affected in the mutant plants. Thus, reduced complex I levels, seen in nmat2 and the double mutant
line, may relate to altered translation rates or lower availability of different complex I subunits in
these mutants.

3. Discussion

3.1. The Splicing of Group II Introns in Land-Plant Mitochondria Rely on the Activities of Different
Nuclear-Encoded RNA-Binding Cofactors

The challenges of maintaining prokaryotic-type structures and functions within the cells are
common to all eukaryotes. However, plants possess some of the most complex organelle compositions
of all known eukaryotic cells. Plant mitochondrial genomes are unique in structural complexity,
and gene-expression in plant mitochondria is highly complicated, involving multiple transcription
initiation sites and extensive RNA processing steps [10–12,14,15]. These including the splicing of
numerous group II-type introns that interrupt the coding regions of many essential genes. A major
difference between bacterial group II introns and their counterparts in plant mitochondria resides
in the nature of their target loci [21,57,84]. While in prokaryotes the group II introns often lie
outside transcribed regions and are thus expected to have only a minor effect on bacterial fitness,
the mitochondrial introns in plants reside within many genes required in both translation and
respiratory-mediated functions [14,19,21]. These have diverged considerably from their bacterial
ancestors, such as they lost many elements that are considered essential for splicing, and typically are
also lacking their related maturase ORFs [19,20]. It is not surprising, therefore, that the splicing
of the organellar introns in plants is accomplished largely by nuclear-encoded RNA-binding
cofactors [14,15,60], which may also provide a means to link organellar functions with environmental
and developmental signals. Here, we focus on the roles of the nuclear-encoded nMAT2 and PMH2
factors in the splicing of group II introns in Arabidopsis mitochondria.

3.2. nMAT2 and PMH2 Play Key Roles in the Splicing of Group II Introns in Plant Mitochondria

RNA-binding proteins play central roles in the post-transcriptional regulation of gene-expression
in different biological systems. Accumulating data indicate that maturases and RNA helicases have
pivotal roles in the splicing of group II introns (Reviewed by [14,15,21,57]). Model maturases encoded
within group II introns function as intron-specific splicing cofactors, while RNA helicases belong
to a large group of enzymes which carry multiple roles in gene-expression and RNA metabolism.
To unravel the molecular basis of group II introns splicing processes in land-plant mitochondria,
we utilized detailed expression analyses of wild-type, nmat2, pmh2 and double nmat2/pmh2 mutants.
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Both nMAT2 and PMH2 function in group II introns splicing (Figures 2 and 3, and [33,37]). The mtRNA
landscapes of nmat2 and pmh2 mutants indicated to perturbations in the maturation of many organellar
pre-RNAs, all of which are containing group II intron sequences, while the steady-state levels of
different intron-less transcripts were similar between wild-type plants and nmat2 and pmh2 mutants
(Figures 2 and 3).

Significantly, the transcriptomes analyses revealed high similarities in the RNA profiles and
splicing defects of nmat2 and pmh2 mutants. Introns that their splicing is notably affected in both
nmat2 and pmh2 include cox2 i1, nad1 i2, nad1 i3, nad2 i1, nad2 i4, nad4 i2, nad5 i1, nad5 i2, nad5 i3 and
rps3 i1 (Figures 2 and 3, and Table 1). When the activity of both these factors is affected (i.e., in the
double nmat2/pmh2 mutant line), the maturation defects of these pre-RNAs are more noticeable in
nmat2/pmh2 then in each individual line (Figures 2 and 3, and Table 1). Still, none of the analyzed
processing events is completely abolished and mRNAs corresponding to the intron targets of nMAT2
and PMH2 are observed in the mutants (Figures 2 and 3) [33,37]. We thus speculate that these results
indicate to redundant functions with other splicing cofactors that exist in plant mitochondria [14,15].
Accordingly, MatR [60], nMAT1 and nMAT4 [33–35], the CRM-related mCSF1 protein [40,85,86] and the
RNA helicase ABO6 [39] also influence the splicing efficiencies of multiple pre-RNAs in Arabidopsis
mitochondria. For example, the splicing efficiencies of at least 13 different introns is affected in the
mcsf1 mutants [40]. The splicing of several of these introns, including cox2 i1, nad1 i2 and i3, nad2
i1 and i4 and nad5 i1, i2 and i3, also depends upon the activities of both nMAT2 and PMH2. Such a
general substrate recognition is typical for RNA chaperones, which in many cases were shown to
facilitate the transitions of the RNA ligands from non-functional, or intermediate structures, into the
functionally-active forms (see e.g., [87]).

3.3. nMAT2 and PMH2 Are Associated Together in Large RNP Complexes with Various Group II Introns
in Arabidopsis Mitochondria

The RNA profiles indicate that nMAT2 is an atypical trans-acting maturase factor, which regulates
the splicing of at least 11 out of the 23 group II introns in Arabidopsis mitochondria
(Figures 2 and 3, and Table 1) [33]. In accordance with previous reports [37], PMH2 was found to function
in the splicing of 15 mitochondrial group II introns (Figures 2 and 3, and Table 1). Interestingly, many of
the introns that their splicing was affected in nmat2 (beside nad7 i2) are also identified as the intron targets
of PMH2 (Table 1). The similarities in the RNA profiles of nmat2 and pmh2 mutants, and the fact that the
splicing of these introns is more strongly affected in the double mutant-line (Figures 2 and 3, and Table 1),
may indicate that nMAT2 and PMH2 function together in the splicing of organellar pre-RNAs in
Arabidopsis. Accordingly, separation of native mitochondrial preparations by sucrose gradients
revealed that nMAT2 and PMH2 are both parts of high molecular weight ribonucleoprotein particles
(Figure 4) [33,37]. Pulldown experiments further showed that PMH2 and several other proteins co-purify
with the recombinant nMAT2-HA protein, in vivo (Table S1). The co-IPs also indicated to the presence of
various group II introns (or pre-RNAs) in the nMAT2/PMH2-associated particles (Table S2). However, it
remains unclear whether nMAT2 and PMH2 operate independently, or whether their functions in the
splicing of mitochondrial introns may be coordinated.

In an attempt to relate the experimental observations produced by the genetic and biochemical
analyses with the overall tertiary structures of the mature forms of nMAT2 and PMH2 proteins
(i.e., lacking their predicted N-termini targeting regions), we performed an atomic model of these
proteins using the Phyre2 server [61]. The predicted structures of nMAT2 and PMH2 indicate the
presence of positively charged surfaces that may serve as RNA-binding modules, while the uncharged
or negatively charged regions may be required for protein–protein interactions (Figure S3). nMAT2 and
PMH2 docking calculations were performed by Gramm-X [88], with no predetermined bias towards
any specific residue interactions, and the predicted structures were visualized by PyMol [89]. The in
silico analyses showed that PMH2 and nMAT2 may interact together throughout the association of
amino acids found in a loop region between the two helicase domains of PMH2 (amino acids 327–363),
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and a short linker region (amino acids 461–485) between the fingers-palm and thumb domains of
nMAT2 (Figure S5). However, this hypothetical model, which suggests an interaction between these
two factors, needs to be supported experimentally. Nevertheless, the presence of nMAT2 and PMH2
together with group II introns in organellar RNPs (Figure 4 and, Tables S1 and S2) may relate to
spliceosomal-like complexes in plant mitochondria [15]. Studies are under way in our laboratory to
specify the binding characteristics of nMAT2 and PMH2 to group II intron RNAs and to examine
whether these proteins associate with one another.

3.4. Mitochondrial Respiratory Activity Is Altered in nmat2 and pmh2 Mutants

Analysis of the protein profiles of wild-type and mutants plants indicated that complex I was
affected in nmat2 and nmat2/pmh2 plants, while reduced levels of complex IV were apparent in the both
single and double mutant-lines (Figure 6B). To examine if the reduced complexes I and IV levels affect
respiratory functions, we measured the O2-uptake rates of Arabidopsis wild-type and mutant plants,
using a Clark-type electrode. No significant differences in the O2-uptake rates were observed between
the mutants and wild type plants. However, inhibition of mitochondrial respiratory chain complex I
by rotenone had a stronger effect on wild-type and pmh2 plants than on nmat2 and nmat2/pmh2 plants
(Figure 5), which are affected in complex I biogenesis (Figure 6). We further analyzed the respiratory
activities in the presence of KCN, a complex IV-specific inhibitor. As shown in Figure 5, the presence
of cyanide had a stronger effect on wild-type plants (about 70% decrease), whereas the respiration
rates in the mutant lines decreased by only about 50% in the presence of the inhibitor. These results are
correlated with the splicing defects observed in the mutants (Figures 2 and 3). Similar respiration rates
seen in wild-type and mutant plants in the absence of inhibitors of the respiratory system (Figure 5),
may correspond to the induction of alternative pathways of electron transport, via alternative oxidases
(AOX) (Figure 6A) and/or type II NAD(P)H dehydrogenases (ND) [3,5,78–82]. Similarly, notable
increases in the expression of various nucleus-encoded alternative oxidase genes, including AOXs
and NDs, are seen in many other plants that are affected in mitochondrial RNA metabolism and the
biogenesis of the respiratory system in plants (see, e.g., [34,35,40,43,50,64,74,90–92].

3.5. Morphology of nMAT2 and PMH2 Mutant Alleles

The results in Figure 1 and published data [33,36,37] indicate that the phenotypes of nmat2 and
pmh2 mutants are comparable with those of wild-type plants. The single and the double mutants are
all able to grow, flower and set viable seeds. In light of the expected significance of mitochondria
functions to plant physiology, why does the loss of nmat2 or pmh2 cause only minor (or no obvious)
phenotypic effects? Currently, we cannot provide a definitive explanation, but we speculate that the
lack of strong phenotypes may be consequences of the multiplicity of splicing cofactors that are known
to exist in plant mitochondria [14,15]. This assumption is supported by the fact that the mutations did
not completely abolish the maturation of the pre-RNAs in nmat2 and pmh2 mutants, and the protein
profiles and O2-uptake measurements which indicate that the respiratory activity is only partially
affected in the mutants (Figures 5 and 6). The splicing defects seem more noticeable in the double
mutant line (Figures 2 and 3), which also exhibit more notable growth and developmental defect
phenotypes (i.e., shorter roots, altered leaf and flower morphologies, and leaf redness under higher
light conditions) (Figure 1). However, despite the maturation defects, the corresponding mRNAs are
still accumulating in the double mutant line. We therefore assume that in addition to nMAT2 and
PMH2 other factors are likely involved in the splicing of each of the RNA targets.

3.6. Maturases and RNA Helicases as Putative Proto-Spliceosomal Factors in Plant Mitochondria

As indicated above, maturases and RNA helicases serve as key factors in the splicing of group II
introns in different organisms [14,15,21,57]. Canonical maturases encoded within group II introns bind
with high affinities and specificities to their own host pre-RNAs, and thereby stabilize the catalytically
active structure of the intron core [24,93], although in some rare cases these proteins may act on several
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closely related group II intron targets [94]. More notably are the functions of the organellar maturases
in plants, which expanded their splicing functions to multiple intron targets (reviewed by [14,15,21]).
Angiosperms contain six maturase-related proteins: MatK encoded by the trnk intron in the
chloroplasts, the MatR ORF found within nad1 i4 in the mitochondria, and four nuclear-encoded
maturases (nMATs 1 to 4) that exist in the nucleus as self-standing ORFs, out of the context of their
cognate introns, and are imported post-translationally into the mitochondria [14,15,31]. Both MatK
and MatR function in the splicing of different organellar group II introns, and their functions seem
essential in plants [60,65,95]. Likewise, the nuclear-encoded nMAT1 and nMAT4 also promote the
splicing of different subsets of group II introns in the mitochondria [32,34,35,60]. Here, we show that
nMAT2 acts as a more general splicing cofactor that influences the splicing of numerous introns in
Arabidopsis mitochondria (Figures 2 and 3, and Table 1). This evolutionary transition, where the
intron-specific factors degenerated and evolved to regulate the splicing of multiple intron targets in
plant mitochondria (all of which reside in protein-coding genes), may arose in plants as means to
regulate organellar gene-expression in concert with cellular and environmental signals [15,21,57].

In addition to maturases, the splicing of organellar group II introns also depend upon the
activities of other proteinaceous cofactors, which may assist in the folding of the large group II intron
RNAs. In particular, DEAD-box RNA helicase seem to play central roles in introns splicing and RNA
maturation (see, e.g., [36,37,52]). RNA helicases belong to a large group of enzymes that have multiple
roles in RNA metabolism and gene-expression (reviewed by [96]). In yeast, mss116p mutants are
defective in the splicing of the four mitochondrial group II introns, but are also seem to be affected
in the splicing of group I introns and in the translation of various mRNAs in the mitochondria [52].
Our data show that, in Arabidopsis mitochondria, PMH2 is involved in the maturation of numerous
group II introns-containing pre-RNAs (Figures 2 and 3, and Table 1). However, based on the data in
Köhler et al. [37] and our own results (Figures 2 and 3), it is difficult to support any additional roles for
PMH2 in mtRNA metabolism other than group II intron splicing.

As with group II introns, the catalytic activities in the spliceosomes are also mediated by the RNA
components, while the spliceosomal proteins, including the core pre-mRNA-processing 8 (PRP8) and
different RNA helicases, are postulated to play roles in regulating RNA folding and conformational
changes needed during the splicing reactions (reviewed by e.g., [97]). The assembly of the spliceosomes
involves sequential rearrangements in protein-RNA and RNA-RNA interactions, which are driven
by RNA helicases, such as the PRP5 and PRP28 proteins (see, e.g., [98]). PRP5 appears to mediate
RNA-protein interactions during early pre-spliceosome formation (i.e., complex A). In a subsequent
reaction, involving PRP28, the U4, U5 and U6 snRNPs are recruited for the formation of the pre-catalytic
spliceosome (complex B) that catalyzes the first reaction leading to the release of exon 1 and the
formation of an intron-exon 2 lariat intermediate. The second catalytic step is mediated by PRP8
and leads to mRNA formation and the release of the intron lariat. Intriguingly, the topology of
PRP8 resembles that of maturases [99–101], which also facilitate RNA folding and ribozyme catalysis
(see e.g., [15,21]). It was therefore hypothesized that PRP8 has evolved from a maturase-related RNA
chaperon, and that during eukaryotic evolution has acquired additional domains and protein cofactors,
such as RNA helicases, to facilitate spliceosome assembly and introns splicing [15,97]. The involvement
of maturases and DEAD-box proteins in group II intron splicing in plants and yeast mitochondria may
be homologous to the spliceosome, where PRP8 and various RNA helicases function at multiple steps
to facilitate pre-RNA folding and intron splicing.

4. Materials and Methods

4.1. Plant Material and Growth Conditions

Arabidopsis thaliana (ecotype Columbia) was used in all experiments. Wild-type (Col-0) and
nmat2 mutant lines (SALK-064659) were obtained from the Arabidopsis Biological Resource
Center (ABRC) at Ohio State University (Columbus, OH, USA). Homozygous pmh2 mutant line
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(SAIL-628C06) was generously donated from the Binder’s laboratory (Ulm University, Ulm, Germany).
Prior to germination, seeds of wild-type and mutant lines were surface-sterilized with bleach
(sodium hypochlorite) solution and sown on MS-agar plates containing 1% (w/v) sucrose. The plates
were kept in the dark for 5 days at 4 ◦C and then grown under long day condition (LD, 16:8-h) in a
controlled temperature and light growth chamber (Percival Scientific, Perry, IA, USA) at 22 ◦C and
light intensity of 300 μE m−2 s−1. After two weeks, the germinated seedlings were transferred to soil
and cultivated in the growth chamber, under similar growth conditions (i.e., 22 ◦C, 60% RH and light
intensity of 300 μE m−2 s−1) in either short (SD 8:16-h) or long (LD 16:8-h) day conditions. PCR was
used to screen the plant collection and check the insertion integrity of each individual line (specific
oligonucleotides are listed in Table S4). Sequencing of specific PCR products was used to analyze the
precise insertion site in the T-DNA lines.

4.2. Establishment of a Homozygous Double nmat2/pmh2 Mutant Line

Double nmat2/pmh2 mutants were generated from single homozygous nmat2 and pmh2 lines,
SALK-064659 and SAIL-628C06, respectively by genetic crossing. The resultant F1 seeds were sterilized,
grown on kanamycin-containing MS medium and their seedlings were screened for double mutants
(i.e., nmat2/pmh2). The self-fertilized F2 seedlings were further confirmed for the presence of nmat2
and pmh2 alleles by genomic PCR, and the double nmat2/pmh2 mutant was then used for the analyses
of its associated growth and developmental phenotypes and organellar activities.

4.3. Microscopic Analyses of Arabidopsis Wild-Type and Mutant Plants

For the analysis of plant morphology, whole plants and different organs obtained from wild-type
and homozygous lines were examined under a Stereoscopic (dissecting) microscope.

4.4. Respiration Activity

Oxygen consumption (i.e., O2 uptake) measurements were performed with a Clarke-type
oxygen electrode, and the data feed was collected by Oxygraph-Plus version 1.01 software
(Hansatech Instruments, King’s Lynn, Norfolk, UK), as described previously [102]. The electrode was
calibrated with oxygen-saturated water and by the addition of excess sodium dithionite for complete
depletion of the oxygen in water housed in the electrode chamber. Equal weights (100 mg) of 2-week-old
seedlings were immersed in water and incubated in the dark for a period of 30 min. Total respiration was
measured at 25 ◦C in the dark following the addition of the seedlings to 2.5 mL of water.

4.5. RNA Extraction and Analysis

RNA extraction and analysis was performed essentially as described previously [35,40,60,103].
In brief, RNA was prepared following standard TRIzol Reagent protocols (Thermo Fisher Scientific,
Waltham, MA, USA) with additional phenol/chloroform extraction. The RNA was treated with
DNase I (RNase-free) (Ambion, Thermo Fisher Scientific) prior to its use in the assays. RT-qPCR
was performed with specific oligonucleotides designed to intron-exon regions (pre-mRNAs) and
exon-exon (mRNAs) regions corresponding to the 23 intron-containing mitochondrial transcripts
in (Table S5). Reverse transcription was carried out with the Superscript III reverse transcriptase
(Invitrogen, Carlsbad, CA, USA), using 1–2 μg of total RNA and 100 ng of a mixture of random
hexanucleotides (Promega) and incubated for 50 min at 50 ◦C. Reactions were stopped by 15 min
incubation at 70 ◦C and the RT samples served directly for real-time PCR. Quantitative PCR (qPCR)
reactions were run on a LightCycler 480 (Roche-Diagnostics, Basel, Switzerland), using 2.5 μL of
LightCycler 480 SYBR Green I Master mix (Roche-Diagnostics, Basel, Switzerland) and 2.5 μM forward
and reverse primers in a final volume of 5 μL. Reactions were performed in triplicate in the following
conditions: pre-heating at 95 ◦C for 10 min, followed by 40 cycles of 10 s at 95 ◦C, 10 s at 58 ◦C and
10 s at 72 ◦C. The nucleus-encoded 18S rRNA (At3g41768) and the mitochondrial 26S ribosomal rRNA
subunit (ArthMr001) were used as reference genes in the qPCR analyses.
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4.6. Total Protein Extraction and Analysis

Protein analysis was performed essentially as described in [33,60]. Total protein was extracted
from three-week-old Arabidopsis leaves or isolated mitochondria by the borate/ammonium
acetate method [104]. For this purpose, frozen plant tissue was homogenized in the presence
of polyvinylpolypyrrolidone (PVPP) (1:1 w/w ratio). The homogenate was added to microfuge
tubes containing 400 μL ice-cold protein extraction buffer (50 mM Na-borate, 50 mM ascorbic
acid, 1.25% (w/v) sodium dodecyl sulfate (SDS), 12.5 mM β-mercaptoethanol, pH 9.0) and the
protease inhibitor cocktail “complete Mini” from Roche Diagnostics GmbH (Mannheim, Germany).
Proteins were recovered by centrifugation (25,000× g) in the presence of three volumes of ice-cold
0.1 M ammonium acetate in methanol buffer (NH4-OAc-MeOH), generally as described in [104].
Protein concentration was determined according to the Bradford method (BioRad, Hercules, CA, USA),
with bovine serum albumin used as a standard. Approximately 20 μg total protein was mixed with
an equal volume of 3× protein sample buffer [105], supplemented with 50 mM β-mercaptoethanol,
and subjected to 12% SDS-PAGE (at a constant 100 V). Following electrophoresis, the proteins were
transferred to a PVDF membrane (BioRad; Hercules, CA, USA) and blotted overnight at 4 ◦C with
specific primary antibodies. Detection was carried out by chemiluminescence assays after incubation
with an appropriate horseradish peroxidase (HRP)-conjugated secondary antibody.

4.7. Preparation of Mitochondria from MS-Grown Arabidopsis Seedlings

Crude mitochondria extracts were prepared essentially as described in [83]. For the preparation of
organellar extracts from A. thaliana, 200 mg of 14-days-old seedlings were harvested and homogenized
in 2 mL of 75 mM MOPS-KOH, pH 7.6, 0.6 M sucrose, 4 mM EDTA, 0.2% polyvinylpyrrolidone-40,
8 mM L-cysteine, 0.2% bovine serum albumin and protease inhibitor cocktail “complete Mini” from
Roche Diagnostics GmbH (Mannheim, Germany). The lysate was filtrated through one layer of
miracloth and centrifuged at 1300× g for 4 min at 4 ◦C (to remove cell debris). The supernatant was then
centrifuged at 22,000× g for 10 min at 4 ◦C. The resultant pellet, containing thylakoid and mitochondrial
membranes, was washed twice with 1 mL of wash buffer 37.5 mM MOPS-KOH, 0.3 M sucrose and
2 mM EDTA, pH 7.6. Protein concentration was determined by the Bradford method (BioRad; Hercules,
CA, USA) according to the manufacturer’s protocol, with bovine serum albumin (BSA) used as a
calibrator. For immunoassays, crude mitochondria fractions were suspended in sample loading
buffer [105] and subjected to SDS-PAGE (at a constant 100 V). Following electrophoresis, the proteins
were transferred to a PVDF membrane (BioRad; Hercules, CA, USA) and incubated overnight (at 4 ◦C)
with various primary antibodies (Table S4). Detection was carried out by chemiluminescence assay
after incubation with an appropriate horseradish peroxidase (HRP)-conjugated secondary antibody.

4.8. Blue Native (BN) Electrophoresis for Isolation of Native Organellar Complexes

Blue native (BN)-PAGE of crude mitochondria fractions was performed generally according to
the method described by Pineau et al. [83]. An aliquot equivalent to 40 mg of crude Arabidopsis
mitochondria extracts, obtained from wild-type nmat2, pmh2 and nmat2/pmh2 plants (see above; Protein
extraction and analysis) was solubilized with n-dodecyl-β-maltoside [DDM; 1.5% (w/v)] in ACA buffer
(750 mM amino-caproic acid, 0.5 mM EDTA, and 50 mM Tris-HCl, pH 7.0), and then incubated on ice
for 30 min. The samples were centrifuged 8 min at 20,000× g to pellet any insoluble and Serva Blue
G (0.2% (v/v)) was added to the supernatant. The samples were then loaded onto a native 4 to 16%
linear gradient gel. For “non-denaturing-PAGE” Western blotting, the gel was transferred to a PVDF
membrane (BioRad; Hercules, CA, USA) in Cathode buffer (50 mM Tricine and 15 mM Bis-Tris-HCl,
pH 7.0) for 16 h at 4 ◦C at constant current of 40 mA. The mitochondria were then incubated with
antibodies against various organellar proteins and detection was carried out by chemiluminescence
assay after incubation with an appropriate horseradish peroxidase (HRP)-conjugated secondary
antibody. In-gel complex I activity assays were performed essentially as described previously [92].
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4.9. Co-Immunoprecipitations

Mitochondria extracts from nmat2/nMAT2-HA plants were solubilized with 1% NP-40 (v/v) in
assay buffer (150 mM NaCl, 10 mM sodium phosphate buffer, pH 7.2) at a protein concentration of
about 1 mg/mL. After 30 min incubation on ice, the organellar extract was centrifuged for 10 min at
21,000× g. The clear supernatant was then incubated with anti-HA antibodies conjugated to protein
A/G sepharose beads, with gentle mixing at 4 ◦C for 16 h. The beads were collected by a brief
centrifugation (1 min at 1000× g, at 4 ◦C) and washed three times with 0.6 M NaCl, 0.5% (v/v) NP-40,
50 mM Tris-HCl (pH 8.3), followed by a single wash with 1× PBS buffer. The identity of the proteins
in the co-IPs was established by LC-MS/MS analysis (The Smoler Proteomics Center, Technion, Haifa,
Israel) (see also Table S1). Commercial antibodies to SHMT were used as controls for the integrity of the
co-IP method. Total mtRNA that co-precipitated with the anti-HA antibodies was DNase digested and
then reverse transcribed, using the Superscript III reverse transcriptase and a random hexanucleotide
mixture. The identity of the co-purified mtRNAs was established by PCR of the cDNA library with
specific oligonucleotides designed to organellar pre-RNAs (see Table S6) and sequencing (The Center
for Genomic Technologies, The Hebrew University of Jerusalem, Israel).

Supplementary Materials: The following are available online at www.mdpi.com/1422-0067/18/11/2428/s1.
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Abstract: Mitochondria are the source of reactive oxygen species (ROS) in plant cells and play a
central role in the mitochondrial electron transport chain (ETC) and tricarboxylic acid cycle (TCA)
cycles; however, ROS production and regulation for seed germination, seedling growth, as well as
mitochondrial responses to abiotic stress, are not clear. This study was conducted to obtain basic
information on seed germination, embryo mitochondrial antioxidant responses, and protein profile
changes in artificial aging in oat seeds (Avena sativa L.) exposed to exogenous nitric oxide (NO)
treatment. The results showed that the accumulation of H2O2 in mitochondria increased significantly
in aged seeds. Artificial aging can lead to a loss of seed vigor, which was shown by a decline in
seed germination and the extension of mean germination time (MGT). Seedling growth was also
inhibited. Some enzymes, including catalase (CAT), glutathione reductase (GR), dehydroascorbate
reductase (DHAR), and monodehydroascorbate reductase (MDHAR), maintained a lower level
in the ascorbate-glutathione (AsA-GSH) scavenging system. Proteomic analysis revealed that the
expression of some proteins related to the TCA cycle were down-regulated and several enzymes
related to mitochondrial ETC were up-regulated. With the application of 0.05 mM NO in aged oat
seeds, a protective effect was observed, demonstrated by an improvement in seed vigor and increased
H2O2 scavenging ability in mitochondria. There were also higher activities of CAT, GR, MDHAR,
and DHAR in the AsA-GSH scavenging system, enhanced TCA cycle-related enzymes (malate
dehydrogenase, succinate-CoA ligase, fumarate hydratase), and activated alternative pathways, as
the cytochrome pathway was inhibited. Therefore, our results indicated that seedling growth and
seed germinability could retain a certain level in aged oat seeds, predominantly depending on the
lower NO regulation of the TCA cycle and AsA-GSH. Thus, it could be concluded that the application
of 0.05 mM NO in aged oat seeds improved seed vigor by enhancing the mitochondrial TCA cycle
and activating alternative pathways for improvement.

Keywords: nitric oxide; ROS; mitochondria; proteins; alternative pathway; antioxidant enzymes

1. Introduction

High-quality seeds are extremely important to agricultural production, productivity, and
germplasm conservation. However, seed deterioration occurs during storage, even under optimal
storage conditions, which causes the loss of seed vigor. Various biochemical and metabolic alterations
take place during seed aging, including electrolyte leakage, the loss of cell membrane integrity, DNA
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alteration, and damage of mitochondrial structure and function [1–3]. Although the mechanisms of
seed aging are still being researched, reactive oxygen species (ROS) are considered the main factor
contributing to seed aging and leading to the damage of lipids, DNA, and proteins [4,5]. ROS, including
hydrogen peroxide (H2O2), hydroxyl radical (·OH), and superoxide radical (O2

−), accumulate in the
aged seeds of sunflowers (Helianthus annuus L.) [6], oats [2], and elm (Ulmus pumila L.) [7]. Therefore,
it is necessary to explore the aging mechanisms of the detrimental role of ROS in deteriorated seeds.

Mitochondrion can provide energy for cell metabolism and transport by respiration and is the
main site for the generation and scavenging of ROS [8–10]. Plant mitochondria have two different
pathways for electron transport at the ubiquinone pool, the cyanide-sensitive cytochrome pathway
and the cyanide-resistant alternative pathway. The cytochrome pathway, consisting of complex I
(NADH dehydrogenase), complex II (succinate dehydrogenase), complex III, and finally complex IV
(cytochrome oxidase), catalyze the four-electron reduction of O2 to H2O [11]. However, complex I and
complex III are considered as the main source of ROS [8,12]. There are two terminal oxidases in the
plant mitochondrial electron transport chain (ETC). In addition to the cytochrome pathway, alternative
oxidase (AOX) can be used as terminal oxidase to reduce O2 to H2O in the alternative respiratory
pathway descried in plant mitochondria and could produce a branch in the ETC. Then, electrons
in ubiquinone are divided between the cytochrome pathway (complex III and complex IV) and
AOX [11,13]. It has been reported that severe drought stress induces the accumulation of ROS in wheat
(Triticum aestivum L.) seedlings; however, alternative pathways could improve drought-resistance by
removing ROS [14]. Over-expression of the AOX gene reduces the level of ROS in Arabidopsis under
chilling stress, while suppressing AOX induces higher levels of ROS [15]. Thus, studies have shown
that AOX could play important role in balancing ROS during plant oxidative stress. However, the
relationship between the alternative pathway and ROS accumulation in the mitochondria of aged
seeds has not yet been thoroughly studied.

Mitochondria are important sites for the scavenging of ROS, consisting of the enzymatic
antioxidant systems and non-enzymatic antioxidant systems, such as superoxide dismutase (SOD),
catalase (CAT), and ascorbate-glutathione (AsA-GSH) cycles [16–18]. It has been shown that the
activities of antioxidant enzymes decrease as a result of seed aging [2,6]. However, there is no further
information on the role of different antioxidant enzymes on ROS scavenging in mitochondria.

Nitric oxide (NO) is a gaseous signaling transduction molecule and plays an important role in
responding to diverse stressors in plants. It has been suggested that NO is a regulator of germination
as well as H2O2 [5,19]. Some research has provided evidence that many of the crucial physiological
processes of plants are related with NO, including germination, respiration, stress response, and
regulating ROS balance. Exogenous NO could significantly enhance the germination rate of wheat
seeds and decreased the content of H2O2 and O2

− in the mitochondria under salt stress [20].
NO treatment has been shown to improve the activities of CAT, SOD, and APX in cucumber (Cucumis
sativus L.) under salt stress [21] and wheat seed under copper stress [22]. Moreover, NO could inhibit
the cytochrome pathway, while inducing the alternative pathway [23]. Royo et al. [24] showed that NO
is essential for the induction of the AOX pathway under phosphate-limiting conditions in Arabidopsis.
However, there is little known about the role of NO in regulating mitochondrial ROS and antioxidant
mechanisms in aged seeds.

Recently, proteomics has become an important method to study the mechanisms of aged seeds
and detect changes in various cellular processes. Li et al. [7] identified 48 mitochondrial proteins that
changed in abundance on aged elm seeds and found that the alteration of voltage-dependent anion
channels (VDAC), tricarboxylic acid cycle (TCA), and mitochondrial ETC were related to seed aging.
Yin et al. [25] revealed the mitochondrial metabolite of aged rice (Oryza sativa L.) seeds under the
critical node and found that induction of the alternative pathway led to a decrease in cytochrome c
and the accumulation of ROS. However, the way in which events are regulated in the mitochondria of
aged seeds should be further studied.
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Oat, a low-carbon and eco-friendly crop, can be planted in regions experiencing a variety of
environmental stresses, including infertility, salinity, drought, and cold. This study was designed
to determine changes in mitochondria as a result of exogenously applied NO, including seedling
growth, ROS accumulation, antioxidant enzyme improvement in the AsA-GSH cycle, and proteomics
information in the embryo of oat seeds after aging, and to understand the response of mitochondria to
seed deterioration.

2. Results

2.1. Changes in Seed Germination and Seedling Growth in Aged Oat Seeds under Nitric Oxide Treatments

The germination percentage and seedling length of aged oat seeds (A0) was significantly (p < 0.05)
lower than non-aged seeds (CK), and improved significantly (p < 0.05) after NO treatment (A1) in all
areas except for seed germination (Table 1). On the other hand, there were severe inhibiting roles of
higher NO contents (A3 and A4, Figure 1) on root and shoot length. Mean germination time (MGT) of
aged oat seeds (A0) was significantly higher (p < 0.05) than CK and could also be significantly (p < 0.05)
reduced with NO treatment (A1). However, there were no effect of higher NO content (A2 and A3) on
MGT (Table 1).

Table 1. The germination percentage, mean germination time, and seedling length of aged oat seeds
with different NO concentrations. Data are means ± standard deviation (SD) from four replications for
each treatment. Different letters indicate significant differences among NO treatments (p < 0.05).

Treatment
Germination

Percentage (%)
Mean Germination

Time (d)
Root Length (cm) Shoot Length (cm)

CK 99 ± 1.2 a 1.9 ± 0.04 d 6.2 ± 0.30 a 4.7 ± 0.38 a

A0 68 ± 5.9 b,c 3.4 ± 0.14 b 3.9 ± 0.50 c 1.9 ± 0.23 c

A1 78 ± 4.3 b 3.0 ± 0.04 c 5.1 ± 0.54 b 2.4 ± 0.46 b

A2 75 ± 8.3 b,c 3.3 ± 0.20 b 4.1 ± 0.40 c 2.0 ± 0.27 b,c

A3 70 ± 8.2 b,c 3.4 ± 0.29 b 2.0 ± 0.39 d 0.7 ± 0.08 d

A4 65 ± 6.2 c 3.9 ± 0.19 a 1.7 ± 0.05 d 0.6 ± 0.08 d

Figure 1. Patterns of seedling length in aged oat seeds with different NO treatments.

2.2. Changes in Mitochondrial H2O2 Content, Malate Dehydrogenase (NAD-MDH), and O2
− Content in

Aged Oat Seeds under NO Treatments

The content of mitochondrial H2O2 in aged seeds (A0) was significantly higher (p < 0.05) compared
to CK, and NO application significantly (p < 0.05) decreased the content of H2O2 in aged seeds
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(Figure 2A). However, there were no significant differences (p > 0.05) in H2O2 content among the
treatments of A1, A2, and A3, and H2O2 content reached the lowest point at A4.

There was no significant difference (p > 0.05) in terms of the activity of mitochondrial NAD-MDH
between A0 and CK, but activities of NAD-MDH were significantly improved (p < 0.05) with lower
level exogenous NO treatments (A1 and A2), compared to A0 (Figure 2B). Furthermore, activity
decreased significantly (p < 0.05) as NO content increased from A1 to A4 and reached the lowest level
at A3. There was no significant difference (p > 0.05) between A3 and A4, which were similar to A0
(Figure 2B).

The mitochondrial O2
− content in aged seeds (A0) increased compared to CK, and NO application

decreased the content of O2
− in aged seeds (Figure 2C). However, there were no significant differences

(p > 0.05) of O2
− content among the treatments of CK, A0, A1, A2, A3, and A4.

Figure 2. Changes in mitochondrial H2O2 content and NAD-MDH activity in aged oat seeds with
different NO treatments. (A) H2O2 content; (B) NAD-MDH activities; (C) O2

− content. Data are
means ± SD from three replications for each treatment. Different letters indicate significant differences
among NO treatments (p < 0.05).

2.3. Changes in Mitochondrial Antioxidant Enzymes in Aged Oat Seeds under Nitric Oxide Treatments

There was a significant difference (p < 0.05) in the activity of mitochondrial glutathione reductase
(GR) between A0 and CK, but no differences were found in terms of CAT, monodehydroascorbate
reductase (MDHAR), and dehydroascorbate reductase (DHAR) (Figure 3). Furthermore, activities of
GR, CAT, MDHAR, and DHAR were all significantly improved (p < 0.05) with lower level of exogenous
NO treatment (A1), compared to A0. However, enzyme activities displayed different tendencies as
NO application increased from A1 to A4. The activities of GR, MDHAR, and DHAR presented no
significant increase among NO treatments from A1 to A4 (Figure 3A,C,D). For CAT, activity decreased
significantly (p < 0.05) with increasing exogenous NO content and reached the lowest level at A4
treatment, which showed no significant difference to CK or A0 (Figure 3B).
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Figure 3. Changes in mitochondrial antioxidant enzyme activities in aged oat seeds with
different NO treatments. (A) Glutathione reductase (GR) activities; (B) Catalase (CAT) activities;
(C) Monodehydroascorbate reductase (MDHAR) activities; (D) Dehydroascorbate reductase (DHAR)
activities. Data are means ± SD from three replications for each treatment Different letters indicate
significant differences among NO treatments (p < 0.05).

2.4. Changes in Mitochondrial Complex IV in Aged Oat Seeds under Nitric Oxide Treatments

The activity of mitochondrial complex IV in aged oat seeds (A0) decreased significantly (p < 0.05)
compared to un-aged seeds (CK). There were different effects for different NO contents on the activity
of mitochondrial complex IV in aged seeds. The activity of mitochondrial complex IV in the aged seeds
significant decreased (p < 0.05) at the lower NO treatment level (A1), then activity began to increase
with NO treatments from A2 to A4. The level of activity of mitochondrial complex IV under A3 and
A4 treatments attained the highest level and returned to a similar level to CK (Figure 4).

Figure 4. Changes in mitochondrial complex IV activity in aged oat seeds with different NO treatments.
Data are means ± SD from three replications for each treatment. Different letters indicate significant
differences among NO treatments (p < 0.05).
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2.5. Changes in Mitochondrial Proteins in Aged Oat Seeds under Nitric Oxide Treatments

According to the results of H2O2 and antioxidant enzymes in aged oat seeds treated with NO,
we found that A1 treatment was the most sensitive in terms of mitochondrial physiology. Therefore,
seed samples from CK, A0, and A1 were selected for the proteomics analysis.

A total of 3874 proteins were found in the quantitative analysis of proteomics. Of the proteins
screened with mitochondrion markers, 103 mitochondrial related proteins were identified. At the
same time, the results of Gene Ontology (GO) annotation showed that 37 proteins were enriched
in mitochondrial related pathways, and there were four overlapping proteins found between
mitochondrial markers and GO annotation. Therefore, a total of 136 mitochondrial proteins could
be identified. In order to screen the differentially expressed proteins depending on the fold changes,
we divided the results of the proteomic analysis into three comparison groups, including A1/A0
(0.05 mM sodium nitroprusside (SNP) treatment compared to 0 mM SNP in aged seeds), A0/CK (aged
seeds compared to unaged seeds), and A1/CK (0.05 mM sodium nitroprusside treatment in aged seeds
compared to unaged seeds).

In general, only 52 differentially expressed proteins were determined for their name and functions
according to the MapMan (Table 2). For A1/A0, 11 differentially expressed proteins were identified,
including eight up-regulated and three down-regulated proteins. There were 11 up-regulated proteins
and 29 down-regulated proteins in A0/CK, and 11 up-regulated and 24 down-regulated proteins
in A1/CK. The number of up-regulated proteins was very similar, and there were much more
down-regulated proteins in the group of A0/CK and A1/CK. It could be found that the number
of up-regulated proteins were much more than that of down-regulated proteins in aged seeds with
NO treatment (A1/A0). However, there were much more down-regulated proteins than up-regulated
proteins with aging treatments in groups of A0/CK and A1/CK. According to the MapMan analysis,
these differentially expressed proteins were classified into 12 functional categories, including TCA cycle,
mitochondrial ETC, protein synthesis and elongation, signaling, RNA transcription, heat stress, cell
division, and transport metabolism. Among these proteins, large numbers of differentially expressed
proteins belonged to the functional categories of the TCA cycle and protein synthesis and elongation,
which, as a proportion of total proteins, attained the highest level of 19.23%. The mitochondrial ETC
followed this, at 15.38% (Figure 5).

Furthermore, from the overview of a hierarchical clustering analysis of the differentially expressed
proteins in the three comparison groups, the differentially expressed proteins of A1/A0, A0/CK, and
A1/CK showed different expression patterns (Figure 6A). Although there were three differentially
expressed proteins identified in all three groups, two proteins existed in the groups of A1/A0 and
A1/CK, the same 21 proteins in A1/CK and A0/CK, and the same five proteins were found in A1/A0
and A0/CK. Then, the remaining one, nine and 11 differentially expressed proteins only existed in
the A1/A0, A1/CK, and A0/CK groups, respectively (Figure 6B). In particular, this occurred during
the physiological processes, including the mitochondrial TCA cycle, ETC, and protein synthesis and
elongation. Some proteins located in the TCA cycle were down-regulated in the aged seeds (A0/CK),
such as the subunit of Succinate-CoA ligase (I1LYN0, K3ZV34, B4FRH5 and W5C4B7), fumarate
hydratase (R4X771), malic enzyme (K3ZRI5), aldehyde dehydrogenase (K3YRJ0), and a subunit of
Succinate-CoA dehydrogenase (M3AS20). However, the proteins of the subunit of Succinate-CoA
ligase (I1LYN0 and K3ZV34) were only up-regulated in the aged seeds with NO treatment (A1/A0).
Particularly for the Fumarate hydratase 1(Q10LR5), up-regulation appeared in seeds with NO treatment
(A1/A0 and A1/CK). For the mitochondrial ETC proteins, the subunit of ATP synthase (W5BEP1
and A0A0K9R2N3) and external alternative NAD(P)H-ubiquinone oxidoreductase (Q9SKT7) were
both up-regulated in the aged seeds (A0/CK) and with NO treatment (A1/CK); while, the subunit of
ATP synthase (A0A200QHI3) was down-regulated in the aged seeds with NO application (A1/A0).
For protein synthesis and elongation, aging treatment (A0/CK) could lead the proteins to become
down-regulated, for example, the factor of elongation (A0A0D3H000, F2DG12, and F2EDF6), lon
protease homolog (A0A0D3GV84 and W5C618); however, the factor of elongation (A0A0D3H000
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and F2DG12) would be up-regulation with NO treatment (A1/A0). In the group of A1/CK, most
proteins related to protein synthesis and elongation were down-regulated, except for the Chaperon in
CPN60-like (Q8L7B5). Therefore, the proteins of the mitochondrial TCA cycle, mitochondrial ETC,
and protein synthesis and elongation had different patterns across different groups (A1/A0, A0/CK,
and A1/CK).

Figure 5. The functional category distribution of the 52 differently expressed mitochondrial proteins in
aged oat seeds. Note: Functional classification was based on the MapMan.

Figure 6. (A) Clustering analysis of differentially expressed proteins and (B) The number of
differentially expressed proteins as a result of the exogenous application of NO across different
groups (A1/A0, A0/CK, A1/CK) of aged oat seeds. Note: The color scale bar in the right of the
hierarchical clustering analysis indicates the up-regulated (ratio > 0.00) and the down-regulated
(ratio < 0.00) proteins. In the Venn diagram, the overlapping regions of cycles indicate proteins that
were regulated in both or all treatments, whereas non-overlapping circles indicate proteins regulated
in the only treatment.
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Table 2. Total of 52 differentially expressed proteins across three comparison groups in aged oat seeds
in response to exogenous NO treatment.

Hit Number Accession No. Protein Name (Species) Fold Change

A1/A0 A0/CK A1/CK

TCA cycle

I1LYN0 AT2G20420 Succinate-CoA ligase [ADP-forming] subunit beta, mitochondrial
Glycine max 1.25 0.67 ns

K3ZV34 AT5G23250 Succinate-CoA ligase [ADP-forming] subunit alpha, mitochondrial
Setaria italica 1.33 0.76 ns

Q10LR5 AT5G50950 Fumarate hydratase 1, mitochondrial, putative, expressed
Oryza sativa subsp. japonica 1.25 ns 2.56

R4X771 AT5G50950 Fumarate hydratase, mitochondrial Taphrina deformans ns 0.40 0.49

K3ZRI5 AT2G13560 Malic enzyme Setaria italica ns 0.70 0.71

K3YRJ0 AT1G79440 Aldehyde dehydrogenase Setaria italica ns 0.77 0.73

B4FRH5 AT2G20420 Succinate-CoA ligase [ADP-forming] subunit beta, mitochondrial
Zea mays ns 0.79 ns

W5C4B7 AT5G23250 Succinate-CoA ligase [ADP-forming] subunit alpha, mitochondrial
Triticum aestivum ns 0.67 ns

V4KMJ1 AT5G66760 Succinate dehydrogenase [ubiquinone] flavoprotein subunit,
mitochondrial Eutrema salsugineum ns 1.52 ns

M3AS20 AT5G40650 Succinate dehydrogenase [ubiquinone] iron-sulfur subunit,
mitochondrial Pseudocercosporafijiensis ns 0.74 ns

Mitochondrial electron transport

A0A200QHI3 AT3G52300 ATP synthase subunit d, mitochondrial Macleaya cordata 0.80 ns 0.67

W5BEP1 AT3G52300 ATP synthase subunit d, mitochondrial Triticum aestivum ns 2.20 2.37

A0A0K9R2N3 AT3G52300 ATP synthase subunit d, mitochondrial Spinacia oleracea ns 1.24 ns

V4LNR7 AT3G52300 ATP synthase subunit d, mitochondrial Eutrema salsugineum ns ns 0.70

A0A1J3KAQ0 AT5G08530 NADH dehydrogenase [ubiquinone] flavoprotein 1, mitochondrial
Noccaea caerulescens ns 0.72 0.72

W5I0L9 AT3G03070 NADH dehydrogenase [ubiquinone] iron-sulfur protein 6,
mitochondrial Triticum aestivum ns ns 0.68

Q9SKT7 AT5G13430 External alternative NAD(P)H-ubiquinone oxidoreductase B4,
mitochondrial Arabidopsis thaliana ns 3.93 4.23

K3Y9D3 AT5G13430 Cytochrome b-c1 complex subunit Rieske, mitochondrial
Setaria italica ns ns 0.78

Protein synthesis and elongation

A0A0D3H000 AT4G11120 Elongation factor Ts, mitochondrial Oryza barthii 1.35 0.65 ns

B6T7S2 AT5G47320 40S ribosomal protein S19 mitochondrial Zea mays ns 0.59 0.58

F2DG12 AT2G45030 Elongation factor G, mitochondrial Hordeum vulgare subsp. vulgare 1.33 0.46 0.66

Q5JNL6 AT1G51980 Mitochondrial processing peptidase Oryza sativa subsp. japonica ns ns 0.68

B6U5I0 AT2G29530 Mitochondrial import inner membrane translocase subunit Tim10
Zea mays ns 0.72 0.62

Q6EN45 AT5G53140 Probable protein phosphatase 2C member 13, mitochondrial
Oryza sativa subsp. japonica ns 0.42 0.62

A0A0D3GV84 AT5G26860 Lon protease homolog, mitochondrial Oryza barthii ns 0.66 0.75

Q8L7B5 AT2G33210 Chaperonin CPN60-like 1, mitochondrial Arabidopsis thaliana ns ns 1.49

F2EDF6 AT4G11120 Elongation factor Ts, mitochondrial Hordeum vulgare subsp. vulgare ns 0.74 ns

W5C618 AT5G26860 Lon protease homolog, mitochondrial Triticum aestivum ns 0.76 ns

Signalling, G-protein

F2CSX0 AT5G27540 Mitochondrial Rho GTPase Hordeum vulgare subsp. vulgare ns ns 0.75

A0A1Q3B5G5 AT5G27540 Mitochondrial Rho GTPase Cephalotus follicularis ns 0.40 0.42

F2E3Y6 AT5G39900 Translation factor GUF1 homolog, mitochondrial Hordeum vulgare
subsp. vulgare ns 0.76 ns
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Table 2. Cont.

Hit Number Accession No. Protein Name (Species) Fold Change

A1/A0 A0/CK A1/CK

RNA transcription

Q7X745-2 AT5G39840 Isoform 2 of ATP-dependent RNA helicase SUV3L, mitochondrial
Oryza sativa subsp. japonica 1.33 0.62 ns

Q6K7E2 AT2G44020 Mitochondrial transcription termination factor-like Oryza sativa
subsp. japonica ns 0.73 ns

Tetrapyrrole synthesis, protoporphyrin IX oxidase

W5GSR7 AT1G48520 Glutamyl-tRNA(Gln) amidotransferase subunit B,
chloroplastic/mitochondrial Triticum aestivum ns 0.77 0.77

K3Y6C6 AT5G14220 Protoporphyrinogen oxidase Setaria italica 0.75 2.43 1.83

Stress, abiotic, heat

G2X6B5 AT5G22060 Mitochondrial protein import protein MAS5 Verticillium dahliae ns 1.56 1.66

A0A1J3J8H0 AT5G22060 Heat shock 70 kDa protein 10, mitochondrial (Fragment)
Noccaea caerulescens ns 0.23 0.28

Cell devision

F2DZF0 AT3G57090 Mitochondrial fission 1 protein Hordeum vulgare subsp. vulgare ns 1.30 1.25

W4ZR59 AT3G57090 Mitochondrial fission 1 protein Triticum aestivum ns 0.73 0.68

Transport metobolism

Q5NAJ0 AT1G14560 Graves disease mitochondrial solute carrier protein-like Oryza
sativa subsp. japonica ns 1.30 1.25

Q10QM8 AT5G64970 Mitochondrial carrier protein, expressed Oryza sativa subsp. japonica ns ns 0.68

Misc, oxidase-copper, flavone

B4G146 AT5G06580 D-lactate dehydrogenase [cytochrome] mitochondrial Zea mays 0.69 1.58 ns

Amino acid metabolism

B6SWZ4 AT4G34030 Methylcrotonoyl-CoA carboxylase beta chain mitochondrial
Zea mays ns ns 1.21

Co-factor and vitamine metabolism, lipoic acid

U5H066 AT5G08415 Lipoyl synthase, mitochondrial Microbotryum lychnidis-dioicae ns 0.73 0.72

Redox, Glutaredoxins

Q0JQ97 AT3G15660 Monothiol glutaredoxin-S1, mitochondrial Oryza sativa
subsp. japonica ns 0.78 ns

Nucleotide metabolism

K3ZE81 AT5G23300 Dihydroorotate dehydrogenase (quinone), mitochondrial
Setaria italica ns ns 0.75

C1-metabolism formate dehydrogenase

A0A0D3GGT7 AT5G14780 Formate dehydrogenase, mitochondrial Oryza barthii ns 0.72 0.67

Major CHO metabolism, Degradation, sucrose, Invertases, nautral

Q10MC0 AT1G56560 Neutral/alkaline invertase 1, mitochondrial Oryza sativa
subsp. japonica ns 0.76 ns

Not assigned

W5BQ98 AT4G22310 Mitochondrial pyruvate carrier Triticum aestivum 1.31 ns ns

Q6ZGV8 AT3G52140 Clustered mitochondria protein homolog Oryza sativa
subsp. japonica ns 1.68 1.91

Q0JDA2 AT1G47420 Succinate dehydrogenase subunit 5, mitochondrial Oryza sativa
subsp. japonica ns 1.32 1.23

B6SPH3 AT5G08040 Mitochondrial import receptor subunit TOM5-like protein Zea mays 1.45 0.33 0.45

Different regulated proteins regarded as the abundance was equal to or more than 1.2-fold or less than 0.8-fold
(p ≤ 0.05). The “ns” indicates no significant difference.

3. Discussion

Seed aging and deterioration during storage could induce the loss of seed vigor, and seed
germination, especially MGT, is usually used to reflect the level of seed vigor. It has been reported
that seed germination decreases in aged seeds, such as maize [26], oat [2], and elm [7]. In our study,
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seed germination percentage decreased significantly after 26 days of aging (Table 1). Exogenous NO
promotes the germination of seeds under stress or no-stress conditions [27]. For example, NO has
been shown to stimulate seed germination under severe salt stress in wheat [20], and NO pretreatment
significantly improves seed germination under copper stress, also in wheat [21]. Accordingly, a lower
level of NO treatment (i.e., group A1) could improve the seed germination percentage in aged oat
seeds. However, the differences among A1, A2, and A3 were not significant, which meant that the
improvement in seed germination was sensitive to lower contents of NO. Excessive content or no NO
could depress seed germination. MGT, an important index of seed vigor, exhibited a strong vigor
with a shorter time [28]. Meanwhile, MGT was dramatically shorter for the A1 compared to other
treatments in the aged oat seeds, and the roots and seedlings were significantly elongated. The changes
in MGT and seedling length illustrate that the aged oat seed reached a higher level of vigor with the
application of 0.05 mM NO. Aging leads to a change in MGT during germination. It has been shown
that the transcripts encoding the proteins are associated with protein synthesis and impart changes
during germination [29]. Based on the influence of imbibing time on protein abundance, different
imbibing time was selected for uniform size aged seeds and non-aged seeds to ensure that they were
at the same physiological point.

Mitochondrion is important organelle for respiration and metabolism, including mitochondrial
ETC, and the TCA cycle. The ETC, composed of a series of electron carriers on the inner membrane of
the mitochondrion, is called a respiratory chain. Furthermore, the mitochondrial ETC is a main site for
ROS production, especially complex I and complex III [8,12]. It was found that the content of H2O2

significantly increased in aged seeds, but O2
− content did not differ significantly, most likely because of

the speed at which it was produced was not conductive to monitoring. Mitochondrial respiration might
be disturbed and cause the over accumulation of ROS during seed storage. In this study, we found the
mitochondrial NADH dehydrogenase [ubiquinone] flavoprotein 1 (A0A1J3KAQ0) in aged oat seeds
(A0 and A1) was significantly lower than that in unaged seeds (CK). As a subunit of the mitochondrial
membrane, respiratory chain NADH dehydrogenase (complex I), NADH dehydrogenase flavoprotein 1
(A0A1J3KAQ0), is believed to belong to the minimal assembly required for catalysis and complex I
functions in the electron transfer from NADH to respiratory chain. The activity reduction of complex I
limits the transmission of the mitochondrial respiratory chain. Jardim-Messeder et al. [30] illustrated
that succinate dehydrogenase was an important site of ROS production in plant mitochondria,
in addition to complex I and complex III, for enhancing H2O2 release, and could also be a limiting
factor in plant growth through mitochondrial ROS generation. Li et al. [7] reported that the succinate
dehydrogenase [ubiquinone] flavoprotein subunit 1 in mitochondrial ETC decreased in aged elm seeds.
Furthermore, complex IV (Cytochrome c oxidase) was significantly lower in aged oat seeds compared to
CK (Figure 5). Also, it was shown that NO could inhibit complex IV [31,32]. In our results, the activity
of complex IV was significantly reduced only with a lower content of exogenous NO (A1), which
reflected that the cytochrome respiratory chain was inhibited. ATP synthase (complex V) is responsible
for ATP production in mitochondria. Different responses were found in terms of ATP synthase in
oat seeds; the subunits of ATP synthase (W5BEP1 and A0A0K9R2N3) were up-regulated in the aged
seeds (A0/CK), but no significant differences were observed for the NO treatment (A1/A0). The other
two subunits (A0A200QHI3 and V4LNR7) were down-regulated with the NO treatment (A1/A0 and
A1/CK). Plant mitochondria have two different pathways of electron transport: the cyanide-sensitive
cytochrome pathway and the cyanide-resistant alternative pathway. With the administration of NO,
the cytochrome pathway was inhibited and the alternative pathway might have changed. It has been
reported that NO inhibited the cytochrome pathway, while the alternative pathway was not affected
for soybean mitochondria [23].

Succinate dehydrogenase plays a central role in mitochondrion for linking the TCA cycle and
ETC by catalyzing the succinate to fumarate. In our proteome analysis results, the subunit of
Succinate-CoA ligase [ADP-forming] (I1LYN0 and K3ZV34) in aged seeds was significantly lower
compared to CK. Succinate-CoA ligase can catalyze a reversible reaction, transforming succinyl-CoA
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and ADP or GDP to succinate and ATP or GTP [33]. Supplying 0.05 mM of NO (A1) significantly
increased the Succinate-CoA ligase [ADP-forming] subunit (I1LYN0 and K3ZV34) in aged seeds.
This protein is involved in the subpathway that synthesizes succinate from succinyl-CoA. Subsequently,
succinate dehydrogenase catalyzes succinate to fumarate [30]. Then, the fumarase (fumarate hydratase;
E.C. 4.2.1.20) catalyzes the reversible hydration of fumarate to malate, which is a part of TCA.
The results showed that the protein abundance of fumarate hydratase (Q10LR5) in the A1 treatment
was significantly higher than that of the aged seeds (A0). Meanwhile, NAD-MDH activity also
increased dramatically with the supplying of 0.05 mM NO in aged seeds. MDH can catalyze the
interconversion of malate and oxaloacetate, combined with the reduction or oxidation of the NAD
pool [33]. NAD-MDH catalyzes NADH to reduce oxaloacetic acid and produce malate. The increase
in fumarate hydratase and NAD-MDH suggested that there was an accumulation of malate. Malate
can be oxidized by malic enzymes to yield pyruvate and CO2 through oxidative decarboxylation [34].
The mitochondrial pyruvate carrier (W5BQ98) protein was observably expressed in aged seeds with
application of 0.05 mM NO (A1). It has been reported that pyruvate acts on AOX to stimulate its
activity in mitochondria isolated from the roots of soybean seedlings [35]. Pyruvate could activate
AOX in the mitochondria of soybean cotyledons [36] and tobacco leaf [37]. It has been shown that
external administration of pyruvate to isolated mitochondria results in activation of AOX pathways in
wild type and pyruvate kinase transgenic lines, and transgenic lines decrease pyruvate [38]. The results
demonstrated that the AOX pathway was enhanced following the NO treatment.

In general, the cytochrome pathway and alternative pathway branches point to ubiquinone.
Exogenous NO inhibits the cyanide-sensitive cytochrome pathway and induces the cyanide-resistant
alternative pathway. This suggests complex III is a major site of ROS production in the mitochondrial
electron transport chain [39]. Alternative pathways did not pass through complex III, which could
decrease the production of ROS in aged seeds with the exogenous NO. On the other hand, there was
evidence that AOX played a particularly important role in regulating the balance of ROS. The AOX
pathway could decrease the accumulation of ROS [14,40], and there was a higher accumulation of ROS
when AOX was suppressed [15]. NO could reduce the production of ROS by inhibiting the cytochrome
pathway and inducing the alternative pathway, and the alternative pathway was activated by pyruvate.
It has been showed that the presence of exogenous NO induces AOX [11,41]. This was consistent with
our results, where NO activated AOX pathways and thus reduced the generation of ROS.

Based on the results obtained in this study, we proposed a possible schematic pathway which
might be operating during artificial aging (Figure 7). During oat seed aging, the expression of some
proteins related to the TCA cycle were down-regulated and several enzymes related to mitochondrial
ETC were up-regulated. Additionally, H2O2 of ROS accumulated dramatically, and some enzymes,
including CAT, GR, MDHAR, and DHAR maintained the lower level in the AsA-GSH scavenging
system. Finally, seed germination and seedling growth were limited as oat seeds aged. This indicated
that seed aging led to a decrease in the activities of GR, DHAR, and MDHAR, accompanied by a
gradual reduction in the mitochondrial inner membrane [2]. Changes in mitochondrial structure are
posited to be responsible for the decrease in antioxidant enzymes in aged seeds, however this is worth
further study. In view of the results for NO treatment in aged seeds, some enzyme activities located in
the TCA cycle (such as succinate-CoA ligase and fumarate hydratase) and AsA-GSH (such as CAT, GR,
MDHAR, and DHAR) were enhanced and H2O2 content declined at lower level, before alternative
pathways were activated as the cytochrome pathway was inhibited. Seedling growth of aged oat seeds
could regain normality and seed germinability could be retained to a certain level. Taken together,
our results clearly demonstrate that exogenous NO in aged oat seeds can enhance seed vigor by
improving enzyme activities in the AsA-GSH and decreasing the accumulation of H2O2. Furthermore,
the enhancement of the TCA cycle and activated alternative pathway are beneficial for seedling growth
in aged oat seeds with the application of 0.05 mM NO.
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Figure 7. Schematic representation of protein abundance, ROS scavenging, and major biological
pathways related to mitochondrial energy synthetic metabolism under NO treatment in aged oat seeds
(different groups A1/A0, A0/CK, and A1/CK).

4. Materials and Methods

4.1. Seed Materials

Oat seeds (variety: Haywire) were bought from Beijing Clover Seed & Turf Co. Ltd. (Beijing,
China). The germination percentage of the seeds was 99% and original moisture content was 9.2%.

4.2. Determination of Seed Moisture Content

The seed moisture content was determined in accordance with ISTA (2015) [42]. Approximately
4.5 g of seeds were placed in a sample container and weighed, and then they were oven-dried at
130~133 ◦C for 2 h (two replicates). After cooling for 30 min in a desiccator, the seeds were weighed
again and the moisture content was calculated.

4.3. Adjusting the Seed Moisture Content

The moisture content of seed samples was regulated to 10%. Approximately 160 g of seeds were
placed in a desiccator with saturated potassium chloride solution and weighed continually. When the
seed weight was required to reach the corresponding moisture content, they were immediately placed
into an aluminum foil bag and sealed, then incubated at 4 ◦C for 1 day, at least.

4.4. Seed Aging Treatments

After regulation of seed moisture content, the seeds in the aluminum foil bags were aged in a
constant temperature water bath at 45 ◦C, and then aged 26 days seeds were used for experimental
samples. The aged seed germination percentage was 68%.
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4.5. NO Treatment and Germination Test

Uniform sized seeds were used in all treatments. The aged seeds were treated with 0 (A0),
0.05 (A1), 0.1 (A2), 0.5 (A3), and 1.0 (A4) mM sodium nitroprusside (SNP) for 8 h in the germination
incubator (GXZ-380B, Ningbo, China), and the non-aged seeds (CK) were treated with distilled water
for 8 h in the germination incubator (GXZ-380B, Ningbo, China). Then, all treatments were rinsed three
times with distilled water. The SNP acted as a donor of NO. The seed samples after NO treatment were
used in the germination trials. Germination was assayed according to the rules of ISTA (2015) [42].
Four replicates of 100 seeds were germinated in Petri dishes on filter paper with distilled water. The test
was conducted in the germination incubator (GXZ-380B, Ningbo, China) at 20 ◦C with 8 h light and
16 h dark for 10 days. On the 5th day, the length of the root and shoot were measured, and on the
10th day the number of normal seedlings was counted. When radicles emerged from the seed coat,
the whole embryo and radicle were taken as subsequent experimental materials.

Mean germination time (MGT) was calculated according to Ellis and Roberts [43]. Mean germination
time (days) = Σ(nd)/Σn, where n was number of germinated seeds (2 mm radicle growth through seed
coat) in day, d, of counting seed germination, and Σn was total germinated seeds.

4.6. Isolation and Purification of Mitochondria

Mitochondria were extracted with 80 embryos collected from seeds with radicles protruding
5 mm after imbibition for 66 h (aged seeds) and 42 h (non-aged seeds). All extraction procedures
were carried out at 0~4 ◦C. The embryos were ground with a mortar and pestle, using a grinding
medium. The grinding medium was composed of 50 mM phosphate buffer (pH 7.5), 0.3 M mannitol,
0.5% (w/v) bovine serum albumin (BSA), 0.5% (w/v) polyvinylpyrrolidone-40, 0.2 mM EDTA-2Na,
and 20 mM cysteine. The homogenate was centrifuged at 2000× g for 10 min approximately twice.
The supernatant was centrifuged at 12,000× g for 15 min. The precipitate was suspended in a wash
medium buffer containing 0.3 M mannitol, 0.1% (w/v) BSA, and 10 mM N-[Tris (hydroxymethyl)
metyl]-2-aminopropanesulfonic acid (TES) (pH 7.5), and centrifuged again at 12,000× g for 15 min.
The final precipitate was washed once with a wash medium and suspended in a small volume
of the medium (mitochondrial fraction). The crude mitochondria extract was used for enzyme
activity determination.

For pure mitochondria, the suspension was loaded onto a Percoll step gradient consisting of 1:4:2
ratios, bottom to top, of 40% Percoll: 21% Percoll: 16% in a mannitol wash buffer. The mixture was
centrifuged for 1 h at 40,000× g, and the mitochondria presented as an opaque band at the 21/40% and
16/21% interface. The mitochondrial band was collected and washed three times by centrifugation at
20,000× g for 15 min in a wash buffer containing 0.3 M mannitol, 0.1% (w/v) BSA, and 10 mM TES
(pH 7.5), and the last time without BSA in the wash buffer.

4.7. Determination of H2O2 Content

The H2O2 content in the mitochondria of the embryo was carried out using a commercial
chemical assay kit (Nanjing Jianchen Bioengineering Institute, Nanjing, China) according to the
manufacturer’s instruction.

4.8. Enzyme Assays

Determination of the protein content in the mitochondria of the embryo was carried out using a
commercial chemical assay kit (Suzhou Comin Biotechnology Institute, Suzhou, China) according to
the manufacturer’s instruction. The assay was based on the Coomassie brilliant blue G-250 bound to
protein to form a blue complex in the acidic solution, which shows a maximum absorption peak at
595 nm.

Catalase (CAT) (EC 1.11.1.6) activity in the mitochondria of the embryo was measured by the
dynamic change in absorbance at 240 nm after 1 min, due to the decline of extinction of H2O2. A total
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of 20 μL of the supernatant was mixed with 800 μL phosphate buffer (25 mM, pH 7.0, mixed with
0.1 mM EDTA) and 200 μL 100 mM H2O2.

GR (EC 1.6.4.2) in the mitochondria of the embryo was carried out using a commercial chemical
assay kit (Suzhou Comin Biotechnology Institute, Suzhou, China) according to the manufacturer’s
instruction. One GR activity unit was defined as the decreasing rate of absorbance of 1 nmol NADPH
per min at 340 nm.

DHAR (EC 1.8.5.1) in the mitochondria of the embryo was carried out using a commercial chemical
assay kit (Suzhou Comin Biotechnology Institute, Suzhou, China) according to the manufacturer’s
instruction. One DHAR activity unit was defined as the increase in absorbance of 1 nmol AsA per min
at 265 nm.

MDHAR (EC1.6.5.4) in the mitochondria of the embryo was carried out using a commercial
chemical assay kit (Suzhou Comin Biotechnology Institute, Suzhou, China) according to the
manufacturer’s instruction. One MDHAR activity unit was defined as the oxidation of 1 nmol NADPH
per min at 340 nm.

Complex IV in the mitochondria of the embryo was carried out using a commercial chemical
assay kit (Suzhou Comin Biotechnology Institute, Suzhou, China) according to the manufacturer’s
instruction. A complex IV activity unit was defined as the catalytic degradation of 1 nmol of reductive
cytochrome c per min at 550 nm.

NAD-MDH in the mitochondria of the embryo was carried out using a commercial chemical
assay kit (Suzhou Comin Biotechnology Institute, Suzhou, China) according to the manufacturer’s
instruction. One NAD-MDH activity unit was defined as the consumption of 1 nmol NADH per min
at 340 nm.

4.9. Protein Quantification and Digestion

Pure mitochondrial protein concentration was measured using the Bradford method. The appropriate
amount of protein sample was mixed with 8 M urea solution to be quantified. According to the
quantitative results above, the protein sample (500 μg each sample) was reduced by 10 mM DTT
at 37 ◦C for 2.5 h and IAA was added to the final concentration of 10mM at room temperature for
40 ◦C min in darkness. All samples were transferred in the filter of a centrifuge tube (MW cutoff was
10 kDa). After reduction with DTT and alkylation with iodoacetamide, the proteins on the filter were
washed three times using a lysis buffer and ABC solution (0.05 M NH4HCO3 in water), respectively.
Then, the samples were digested by trypsin (1 μg trypsin for 100 μg protein) and incubated at 37 ◦C
for 16 h. Subsequently, the peptide samples were used for LC-MS/MS analysis.

4.10. Mass Spectrometry Method and Data Analysis

4.10.1. DDA Sample Acquisition

In order to generate the spectral library, peptides from each sample were mixed and acquired
twice with a data dependent acquisition (DDA) mode using Q Exactive HF (Bremen, Germany, Thermo
Fisher). The peptide mixture was separated using an EasyNano LC1000 system (San Jose, Thermo
Fisher) with a home-made C18 column (3 μm, 75 μm × 15 cm) at a flow rate of 450 nL/min. A 120-min
linear gradient was set as follows: 3% B(0.1% FA in H2O)/97% A(0.1% FA in H2O) to 6% B in 12 min;
6% B to 22% B in 75 min; 22% B to 35% B in 20 min; 35% B to 100% B in 6 min; and 7 min for 100% B.
For the data acquisition, a top 20 scan mode with MS1 scan range m/z 400–1200 was used, and other
parameters were set as below: MS1 and MS2 resolution was set to 120 K and 30 K; AGC for MS1 and
MS2 was 3 × 106 and 1 × 106; isolation window was 2.0 Th; NCE was 27; and dynamic exclusion time
was 20 s.
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4.10.2. Spectral Library Generation

DDA raw files were searched against a Uniprot protein database containing all plant proteins
(downloaded on 2017.10.12, 2,304,711 entries) using Proteome Discoverer 2.1 (San Jose). The protein
sequence was appended with the iRT fusion protein sequence (Biognosys, Schlieren, Switzerland).
A search engine of SequestHT was used with the following searching parameters: enzyme of trypsin
with maximum number of two missed cleavages; precursor and fragment ion mass tolerance was
set to 10 ppm and 0.02 Da; variable modification was set to Oxidation of M, deamination of N, Q,
Acetylation of Protein N terminus and fixed modification was set to carbamidomethylation of C;
an algorithm of Percolator [44] was used to keep peptide FDR less than 1% and the q-value used
for protein identification was 0.01. The search results of data-dependent acquisition using Proteome
Discoverer 2.1 was transferred into a spectral library using Spectronaut 10 (Biognosys). Only a high
confidence of peptide was used for the generation of the spectral library. Fragment ions within the
mass range of m/z 300–1800 were kept and peptides less than three fragment ions were removed.

4.10.3. DIA Sample Acquisition

Each sample, with the addition of the same amount of iRT, was analyzed using a data independent
acquisition (DIA) method. This method consisted of one full MS1 scan, with resolution set at 60 K
using AGC of 3 × 106 and a maximum injection time of 20 ms. Sequential 29 isolation mass windows
were set as follows: for m/z 400 to 800, the mass isolation window was set to 20 Th; for m/z 800–1000,
the mass isolation window was set to 40 Th; and for m/z 1000–1200, the mass isolation window was set
to 50 Th. Each DIA MS2 spectrum was acquired using a resolution of 30 K and AGC was set to 1 × 106,
maximum injection time was 45 ms and collision energy was set to NCE 30. All the LC conditions
were exactly the same as the DDA sample acquisition listed above.

4.10.4. DIA Data Analysis

DIA raw data were processed using Spectronaut 10. Default settings were used for protein
identification and quantitation. Peak detection, dynamic iRT, correction factor 1, interference correction,
and cross run normalization, were enabled. All peptides were filtered using a Q value ≤ 0.01.
The average quantity of fragment ion areas from the top three peptides were used to compare protein
abundance between samples.

4.10.5. Identification of Mitochondrial Proteins

Mitochondrial protein analysis was conducted when the quantitative proteins were screened for
mitochondrion markers. At the same time, all proteins were submitted to DAVID (https://david.
ncifcrf.gov/) and to GO annotation. Mitochondrial proteins were enriched in the mitochondria related
pathways by analyzing the Cellular Component. In the study, proteins with a fold change of >1.2
or <0.8 (p-value ≤ 0.05) were regarded as differentially expressed proteins. The functions of these
differential proteins were used as Basic Local Alignment Search Tools (BLAST) to find regions of
local similarity between sequences in The Arabidopsis Information Resource (TAIR). Then, MapMan
(MapManlnst-3.5.1 R2) was used to classify the functions of those mitochondrial proteins.

4.11. Statistical Analyses

The mean of three or four replicates was analyzed using analysis of variance (ANOVA), which
was performed using SPSS 23.0 software. Duncan’s multiple range test was used to compare the
treatment means of germination, physiological indicators and enzyme activities. Data was presented
as means ± SD from three or four replications for each treatment. Different letters indicated significant
differences among NO treatments (p < 0.05).
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