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You say the hill's too steep to climb 
Climb it. 

You say you'd like to see me try 
Climbing. 

You pick the place and I'll choose the time 
And I'll climb 

That hill in my own way. 
Just wait a while for the right day. 

 
Pink Floyd – Fearless – Meddle (1971) 

	

Follow, follow the sun 
and which way the wind blows 

when this day is done. 
Breathe, breathe in the air. 

Set your intentions. 
Dream with care. 

Tomorrow is a new day for everyone, 
Brand new moon, brand new sun. 

So follow, follow the sun, 
the direction of the birds, 

the direction of love. 
Breathe, breathe in the air, 

cherish this moment, 
cherish this breath. 

Tomorrow is a new day for everyone, 
brand new moon, brand new sun. 

 
Xavier Rudd – Follow the Sun – Spirit Bird (2012) 

What would you think if I sang out of tune 
Would you stand up and walk out on me? 

Lend me your ears and I'll sing you a song 
And I'll try not to sing out of key 

Oh I get by with a little help from my friends 
Mm I get high with a little help from my friends 
Mm gonna try with a little help from my friends 

 
The Beatles – With a Little Help of My Friends - Sgt. Pepper’s Lonely Hearts Club Band (1967) 

Joe Cocker – Woodstock (1969) 
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LIST OF ABBREVIATIONS 
 
AAA: Aromatic Amino Acids  
ABA: Abscisic Acid 
ABO: ABA OVERLY SENSITIVE 
ABRC: Arabidopsis Biological Resource Center  
ADG: ABERRANT GROWTH AND DEATH 
ADT: AROGENATE DEHYDRATASE 
AE: ASYMMETRIC LEAVES ENHANCER  
AGPase: ADP-glucose pyrophosphorylase 
AGR: Absolute Growth Rate  
AHK: ARABIDOPSIS HISTIDINE KINASES  
ANT: AINTEGUMENTA 
ANU: ANGULATA  
AOX: ALTERNATIVE OXIDASE 
AP: apurinic or apyrimidic 
APG: ALBINO AND PALE GREEN  
AP-MS: Affinity-Purification Mass Spectrometry 
APC/C: ANAPHASE-PROMOTING COMPLEX/CYCLOSOME 
ARC: ACCUMULATION AND REPLICATION OF CHLOROPLASTS 
ARGOS: AUXIN-REGULATED GENE INVOLVED IN ORGAN SIZE  
ARR: ARABIDOPSIS RESPONSE REGULATORS  
AS: ASYMMETRIC LEAVES 
ATM: ATP-BINDING CASETTE TRANSPORTER OF MITOCHONDRIA  
ATXR: TRITHORAX-RELATED PROTEIN 
BER: Base Excision Repair 
BiFC: Bimolecular Fluorescence Complementation 
BIL: BRZ-INSENSITIVE-LONG HYPOCOTYLS 
BIR: Break-Induced Repair  
BLM: Bleomycin 
BN-PAGE: Blue-Native PAGE 
BOU: A BOUT DE SOUFFLE  
BR: Brassinosteroids 
BRM: BRAHMA 
CAB: CHLOROPYLL A/B BINDING PROTEIN 
CAND: Cullin-Associated and Neddylation-Dissociation 
CAK: CDK ACTIVATING KINASES  
CCS52A: CELL CYCLE SWITCH 52 A  
CDC: CELL DIVISION CONTROL PROTEIN  
CDK: CYCLIN-DEPENDENT KINASE 
CDT: CDC TARGET 
ChIP: Chromatin ImmunoPrecipitation  
CHR: CHROMATIN REMODDELING FACTOR  
CIP: Ciprofloxcacin  
CK: Cytokinin 
CKS: CDK-SUBUNIT 
CLB: CHLOROPLAST BIOGENESIS 
CLS: CRINKLED LEAVES  
CLM: CLUSTERED MITOCHONDRIA 
CHM: CHLOROPLAST MUTATOR 
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CMS: Cytoplasmic Male Sterility  
CRF: CYTOKININ RESPONSE FACTOR 
CRL: CRUMPLED LEAF  
cpDNA: chloroplast DNA 
CYC: CYCLIN 
DAS: Days After Stratification  
DEL: DP/E2F-like 
DEG: Differentially Expressed Gene 
DET: DE-ETIOLATED 
dNTP: deoxyribose nucleotide triphosphate  
DRP: DYNAMIN-LIKE PROTEIN 
dRpase: deoxyribophosphodiesterase 
DSBR: Double-Stranded Break Repair  
dsbreak: Double-stranded DNA break 
ELM: ELONGATED MITOCHONDRIA 
ELO: ELONGATA 
EMS: Ethyl Metane Sulfonate 
EMSA: Electrophoretic Mobility Shift Assay 
ERF: ETHYLENE RESPONSE FACTOR 
EXP: EXPANSIN 
ET: Ethylene 
ETC: Electron Transport Chain 
ETG: E2F TARGET GENE 
FtsH: FILAMENTATION TEMPERATURE SENSITIVE 
G: Gap phase 
GA: Gibberellic Acid 
GDC: Glycine Decarboxylase Complex  
GIF: GRF INTERACTING FACTOR 
GIG: UVI4-Like/GIGAS CELL  
GO: Gene Onthology 
GOF: Gain-Of-Function 
GRF: GROWTH REGULATING FACTOR 
GR-RBP: GLYCINE-RICH RNA-BINDING PROTEIN 
GSH: Glutathione 
GUN: GENOMES UNCOUPLED 
GyrA: DNA gyrase protein A 
HAS: Hours After Stratification  
HCF: HIGH CHLOROPHYLL FLUORESCENCE 
hGFP: headGFP 
H-NS: Histon-like Nucleoid Structuring  
HOMER: Hypergeometric Optimization of Motif EnRichment  
HR: Homologous Recombination 
IGIS: In vitro Growth Imaging System  
Indel: insertion/deletion 
iP: isopentenyladenine  
IPT: ISOPENTYLTRANSFERASE 
IR: Intermediate-size Repeats  
ISWI: IMITATION SWITCH 
KRP/ICK: KIP-RELATED PROTEIN/INTERACTOR OF CDK 
LED: Light Emitting Diodes  
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LHC: Light-Harvesting Complex 
LOF: Loss-Of-Function 
M: Mitosis 
MAD: Mean Absolute Deviation 
MCD: MULTIPLE CHLOROPLAST DIVISION SITE 
MCM: MINICHROMOSOME MAINTENANCE 
MDS: Mitochondrial Dysfunction Stimulon  
MMEJ: Microhomology-Mediated End Joining  
MMR: Mismatch Repair 
MS: Murashige and Skoog 
MSH: MUTS HOMOLOG 
MutS: Mutator S  
mtDNA: mitochondrial DNA 
NAC: NO APICAL MERISTEM/ARABIDOPSIS TRANSCRIPTION FACTOR 
ACTIVATION FACTOR/CUP-SHAPED COTYLEDON  
NCED: NINE-CIS-EPOXYCAROTENOID DIOXYGENASE 
NDB4: NAD(P)H ALTERNATIVE OXIDASE B4 
NEP: nuclear-encoded RNA polymerase 
NHEJ: Non-Homologous End Joining 
ODB: ORGANELLAR DNA BINDING PROTEIN  
OGG: oxoG-DNA glycosylase  
OSB: ORGANELLAR SINGLE STRANDED PROTEIN 
ORRM: ORGANELLE RNA RECOGNITION MOTIF CONTAINING PROTEIN 
OVA: OVULE ABORTION 
OTC: ORNITHINE CARBAMOYLTRANSFERASE 
PDV: PLASTID DIVISION PROTEIN  
PEAPOD: PPD 
PEP: plastid-encoded polymerase  
PHB: PROHIBITIN 
PLC: Programmable Logic Controller  
PLM: Photosynthetic Mutant Library 
PLT: PLETHORA 
POLI: DNA POLYMERASE I  
PPR: PENTATRICOPEPTIDE REPEAT 
PPT: phosphoenolpyruvate translocator  
PRA: Projected Rosette Area 
PS: Photosystem 
PT: Phosphate Translocator 
ptDNA: plastid DNA 
qRT-PCR: quantitative Real-Time-PCR 
RBR: RETINOBLASTEMA-RELATED PROTEIN 
RDR: Recombination-Dependent Replication  
RECA: RECA HOMOLOG 
RCA: Rubisco Activase 
RCC: Relative Change in Compactness  
Rf: Restorer of fertility 
RFC: REGULATOR OF FATTY ACID COMPOSITION 
RGR: Relative growth Rate 
RIP: RNA-EDITING INTERACTING PROTEIN 
RLI: RNASE L INHIBITOR PROTEIN  
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RNR: RIBONUCLEOTIDE REDUCTASE 
ROS: Reactive Oxygen Species  
RPA: Replication Protein A  
RPN: REGULATORY PARTICLE NON-ATPAse 
RPO: RNA polymerase  
RPT: REGULATORY PARTICLE TRIPLE A ATPASE  
RPX: REGULATOR OF PROTEOSOMAL GENE EXPRESSION 
RRG: RETARDED ROOT GROWTH  
S: DNA replication phase  
SA: Salicylic Acid  
SAM: Shoot Apical Meristem 
SAUR: SMALL AUXIN UP RNA 
SCA: SCABRA  
SCF: SKP1/CUL1/F-BOX PROTEIN 
SCL: SCARECROW-LIKE 
SDSA: Synthesis-Dependent Strand Annealing  
SIM: SIAMESE  
SMO: SMALL ORGAN  
SMR: SIAMESE-RELATED  
SLR: Single-Lens Reflex 
ssDNA: single-stranded DNA  
SSA: Single-Strand Annealing  
SSR: SHORT AND SWOLLEN ROOT  
SSS: Substoichiometric Shift 
STM: SHOOT MERISTEMLESS 
SWIB: SWI/SNF complex B protein domain 
SWI/SNF: SWItch/Sucrose Non Fermentable 
TAC: Transcriptionally Active Nucleoids  
TAP: Tandem Affinity-Purification 
TBS: β-subunit of Tryptophan Synthase 
TCA: citric acid cycle  
TEM: Transmission Electron Microscopy 
tGFP: tailGFP  
THA: THREONINE ALDOLASE  
TPT: Triose Phosphate/PT 
UBI: Ubiquitin 
UVI: UV-B-insensitive 
VIGS: Virus Induced Gene Silencing 
VEN: VENOSA 
WHY: WHIRLY 
XP: Xeroderma Pigmentosum 
Y2H: Yeast Two-Hybrid 
ZDS: ζ-CAROTENE DESATURASE 
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OUTLINE AND SCOPE OF THE THESIS 
 

Plant organ size is a commercially important but complex and multifactorial trait. The growth 

of a determinate organ such as a leaf depends mainly on two processes: cell proliferation and 

cell expansion. Many genes and environmental conditions have been reported to affect growth 

through alteration of the cellular composition of plant organs, but many more regulating factors 

need to be discovered before a growth regulatory network can be assembled. In this PhD study, 

I have taken two independent approaches to identify new regulators of leaf development. First, 

I aimed at characterizing new regulators of cell proliferation through mutant analysis of genes 

encoding cell cycle interactors. Cell proliferation is the process that governs early leaf growth 

and requires a substantial amount of resources and energy. In plants, chloroplasts and 

mitochondria generate carbon sources and cellular energy, respectively, so both organelles 

could be important players in leaf growth control. In the second part of my thesis, I explored 

this hypothesis by studying the role of nuclear genes encoding mitochondrial proteins in plant 

growth, with a focus on a protein family containing a SWI/SNF complex B protein domain. 

 

This PhD thesis consists of three introductory chapters and three chapters discussing the 

obtained results. In Chapter 1, I start with a brief introduction to Arabidopsis leaf 

development, encompassing the major cellular characteristics of mutants with an increase in 

leaf size. In this chapter, I emphasize the importance of the cell proliferation phase in leaf 

development. Also, the importance of identifying novel regulators of leaf development through 

mutant screens is discussed. In Chapter 2, the link between plant growth and organelle 

functioning is explored. I present and discuss the differential expression of nuclear genes 

encoding organelle proteins during leaf and root development using publicly available datasets. 

Next, available information on how these genes affect plant growth is reviewed, focusing on 

studies reporting the cellular consequences of misexpressing these genes. I provide evidence 

in this chapter that nuclear genes encoding organellar proteins have important roles in leaf and 

root development, mainly through an alteration of the cell proliferation phase. Finally, since 

the characterization of SWIB5 indicates a role in mitochondrial genome maintenance and 

repair, I present a general overview on the genetics of organelles in Chapter 3. I discuss the 

peculiarities of plant organelle genomes in general, and subsequently focus on the different 

DNA repair pathways important in plant organelles, with a focus on plant mitochondria. In 
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particular, I discuss the factors implicated in double-stranded DNA repair through homologous 

recombination. 

 

After these three introductory chapters, in Chapter 4, we focus on the role of cell cycle proteins 

in leaf development. We first reviewed how misexpression of Arabidopsis core cell cycle 

proteins and their interactors identified with tandem affinity purification, affects leaf 

development. In addition to the compilation of growth phenotypes of CYCLIN-DEPENDENT 

KINASES, CYCLINS and their transcriptional and post-translational regulators, we present a 

growth phenotypic analysis of gain- and loss-of-function mutants for 27 genes encoding 

proteins that interact with cell-cycle proteins. We discuss the effect of misexpression of these 

genes on leaf size and discuss the cellular phenotypes of selected lines. As an addendum of 

this chapter, at the end of the PhD thesis, we present the phenotypic characterization of 

transgenic lines of a bZIP transcription factor, bZIP29, which was identified in the cell cycle 

interactome. 

 

Our results in Chapter 5 and 6 summarise the characterisation of the role of a protein family 

containing a SWI/SNF complex B protein domain targeted to mitochondria and/or chloroplasts 

in plant growth and development. We present the functional characterization of a nuclear-

encoded mitochondrial protein, SWIB5, in Chapter 5. The phenotypic characterization of 

SWIB5 mutants and the expression studies indicate a potential role for SWIB5 in the regulation 

of cell proliferation. Through the optimization of a chromatin immunoprecipitation protocol 

from isolated mitochondria, we show that SWIB5 is a mitochondrial protein, capable of 

binding mtDNA. Next, we prove a role for SWIB5 in the repair of double-stranded mtDNA 

breaks through homologous recombination for specific regions. Additionally, we discuss the 

effects of SWIB5 misexpression on mtDNA replication, recombination, mitochondrial gene 

expression, protein accumulation, retrograde signaling and stress response. Finally, we present 

protein-protein interaction data of SWIB5 using tandem affinity purification and bimolecular 

fluorescence complementation. In Chapter 6, we present the characterization of the other 

members of the organelle-localised SWIB proteins in Arabidopsis (SWIB1-4 and SWIB6). We 

show protein localization and gene expression studies. We then describe a phenotypic 

characterization of gain- and loss-of function lines of these genes. 
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I finish with a general discussion on the major findings obtained during this PhD thesis in a 

general context. Also, perspectives are given to further characterize the function of both cell-

cycle interactors and nuclear-encoded organelle proteins. In particular, I propose some 

experiments related to the characterisation of members of the organelle-localised SWIB-

family.  

 

As a second addendum to this PhD thesis, I provide a manuscript on the development of an in 

vitro growth imaging system (IGIS). The use of this platform to perform a time-resolved 

analysis of Arabidopsis rosette growth is shown, and we elaborate on the use of automated 

image analysis which allows researchers to obtain growth-related parameters. We also 

investigated the growth response of mutants with an increase in leaf size and were able to show 

a differential growth response of the Arabidopsis shoot when challenged with different mild 

stress.  
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Introduction 
 

Understanding how plant growth is regulated is not only important for agriculture, it also 

represents a challenging research topic. Growth is a multifactorial trait and many different 

molecular pathways influence the proper development of an organism. Despite our current 

understanding of many molecular pathways, many regulators of plant organ size remain to be 

characterised. In this chapter, we illustrate the complexity of growth by presenting the different 

stages of leaf growth and development, the organ mainly studied in this thesis. Then, we 

describe several Arabidopsis mutants showing an increase in leaf size, highlighting the 

processes that determine the number of cells that compose a leaf. Finally, we discuss the 

importance of identifying new growth regulators through forward or reverse genetic screens. 

 

Leaf Development: From Primordium to Mature Leaf  
 

Development of plants is fundamentally different from other eukaryotes. Plants, unlike 

animals, undergo post-embryonic morphogenesis and form organs throughout their entire 

lifespan (De Veylder et al., 2007). Plants produce two types of organs: indeterminate organs 

with a theoretically unlimited growth potential such as apical meristems; and determinate 

organs that have, under normal conditions, a defined size and shape such as leaves, flowers and 

fruits (Nieuwland et al., 2009; Rodriguez et al., 2014; Tsukaya, 2003). The sessile lifestyle of 

plants also requires the ability to adequately adapt their growth to a large variety of 

environmental cues. In order to understand the molecular mechanisms involved in plant growth 

regulation, determinate organs, for example the leaf, represent good models of study since traits 

such as final size are quantitative read-outs that allows to investigate the effect of a mutation 

or a treatment on plant growth (Horiguchi et al., 2006; Vanhaeren et al., 2015). Leaves are 

agriculturally important since they contribute significantly to vegetative plant biomass. 

Through their functions in photosynthesis and carbon metabolism, leaves also produce the 

resources and energy necessary for the growth of other organs that can be of agricultural 

importance (Demura and Ye, 2010; Tsukaya, 2013). 
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Box 1. Arabidopsis rosette, leaf and cellular growth related parameters: definition,  measurements and 

calculations (Adapted from (Vanhaeren et al., 2015; Wilson-Sanchez et al., 2014)). 

Projected rosette area: The projected rosette area corresponds to the area occupied by the rosette in a top-view 
image. The projected rosette area is extracted from images after picture segmentation and removal of the 
background. Due to overlap of the rosette leaves and leaf curvature, the projected rosette area can differ from the 
summation of the areas of its dissected leaves.  

The convex hull of the rosette: The convex hull is the area defined by the smallest convex set containing the 
rosette. Easily stated, the convex hull can be considered as the area within a virtual rope wrapped around the 
rosette. The size of the convex hull thus depends on the length of the leaf and petioles.  

Rosette perimeter: The rosette perimeter is the length of the outline of the rosette.  
 
Rosette stockiness: Stockiness is a mathematical measure of the roundness of the rosette and is calculated as 
followed: 
  

𝑆𝑡𝑜𝑐𝑘𝑖𝑛𝑒𝑠𝑠 = 4
𝜋	𝑥	𝑎𝑟𝑒𝑎

𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟3
 

Rosette compactness: Surface coverage, also referred to as compactness of a rosette, describes the ratio between 
the projected rosette and the convex hull. This value indicates how much of the surface of the convex hull is 
occupied by the rosette. Plants composed of many leaves with short petioles will have a high surface coverage.  

Leaf Area: Leaf area can be extracted from pictures of dissected leaves or segmented from rosette images (Apelt 
et al., 2015; Tessmer et al., 2013). The sum of all the individual rosette leaves provides the total rosette area. The 
final leaf area corresponds to the area of a leaf at maturity, when it has stopped growing.  
 
Leaf shape: Leaf shape can be explained in relation to the plane defined by the leaf proximal–distal and medial–
lateral axes (two dimensions) and in relation to the direction defined by the leaf adaxial–abaxial axis (three 
dimensions). 
 
Cell number: The total cell and pavement number per leaf can be calculated by extrapolating the total cell number 
or pavement cell number, respectively, per drawn area to the total leaf area.  

Cell Area: Within a defined area of the leaf, cell areas are measured, from which an average area is calculated. 
The average cell area of a leaf comprises both pavement cells and stomatal guard cells. The small size of the latter 
will result in a skew distribution to the right in maturing leaves, since the size of the expanding pavement cells 
will be much larger than the mean. Alternatively, the area in which cells are counted can be divided by the total 
number of cells in that area. This method produces however an estimate of the average cell size and does not yield 
the actual distribution of the cell sizes. The average pavement cell area can be calculated analogously to that of 
the average cell area with the exception that the area of guard cells is not taken into account. 

 

In Arabidopsis, leaf primordia initiate at the peripheral zone of the shoot apical meristem 

(SAM) as a group of founder cells. The leaf primordium grows initially solely through the joint 

activity of cell division and cell growth, termed cell proliferation (Andriankaja et al., 2012; 

Donnelly et al., 1999; Van Lijsebettens and Clarke, 1998). After few days, a cell-cycle arrest 

front moves in a basipetal direction in the developing leaf and this event marks a transition 

point to a cell expansion based growth (Fig. 1). During cell expansion, the small and round 
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cells of the epidermis, previously proliferating, increase in volume and differentiate into their 

characteristic puzzle-shaped form. In some plant species, cells are able to undergo an 

alternative cell cycle coinciding with cell expansion, the endoreduplication cycle, during which 

genomic DNA content is doubled during a classical S-phase of the cell cycle but no mitosis 

occurs (Larkins et al., 2001). Throughout leaf development, stem-cell like cells in the 

epidermis, called meristemoids, divide and give rise to stomata and additional epidermal cells 

(Fig. 1) (Geisler et al., 2000). These cellular processes mainly reflect the development of ab- 

and adaxial epidermal tissue in leaves. Besides epidermal tissue, also the vascular cells, spongy 

and palisade mesophyll cells differentiate together with specialized epidermal cells such as 

trichomes (Tsukaya, 2013). Leaf veins are formed during the cell expansion phase in a 

hierarchical order, with the midvein formed first followed by secondary veins and their 

connecting loops (Donnelly et al., 1999). Many different cell types differentiate during the cell 

expansion phase, and we refer to several reviews that discuss differentiation in more depth 

(Glover, 2000; Kalve et al., 2014; Pyke and Lopez-Juez, 1999; Tsukaya, 2013). At the end of 

the growth period, the leaf reaches its final shape and size (Fig. 1) which will remain constant 

until senescence starts. 
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Figure 1. Different developmental stages of Arabidopsis thaliana at the rosette, leaf and cellular level. From 
inside to outside the circle the different phases of development (cell proliferation phase, meristemoid division 
phase and cell expansion phase) are shown as pictures of a rosette (day 4–20 after sowing), leaf 1–2 (day 4–20), 
and cell drawings of the abaxial side of leaf epidermis (day 4–20). Dividing cells in the primary general cell-
division front are represented in green, meristemoid cells in orange and expanding cells in yellow. Two drawings 
are represented for a leaf [base (inner) and tip (outer) of the leaf] when dividing (small squared shape) and 
expanding cells (puzzleshape) are present – underlining the progression of the transition phase. Figure adapted 
from (Gonzalez et al., 2012). 
 

Cellular Parameters and Genes Influencing Leaf Growth  
 

The characterisation of mutants affecting leaf growth, i.e. producing larger leaves, has 

contributed greatly to the understanding of the cellular parameters involved in leaf size control. 

Of course, the correct initiation of leaf primordia, the differentiation of polarity axes and tissues 

play important roles in leaf growth as well, but here we focus on the mechanisms that control 

the number and the size of leaf cells. Mutations of numerous genes can affect growth negatively 

but it is often difficult to discriminate direct from indirect effects of these mutations. For 

example, perturbing cellular metabolism is likely to negatively affect leaf size. Here, we 

therefore restrict our discussion to mutants producing larger organs, since in these cases, the 

mutated genes are more likely to represent direct regulators of leaf size (more examples in Fig. 

2 and reviewed in (Gonzalez et al., 2012)). Still, a growth regulator can be defined as a factor 
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that affects growth, positively or negatively, through the alteration of the number and/or size 

of the cells that compose a plant organ. In this case, growth can be regulated by affecting these 

processes directly, or indirectly as the consequence of disturbing a particular process. 

 

The size of a leaf is determined by final cell size and number and different events, from leaf 

initiation to the cell expansion phase can be affected leading to an altered leaf size. First, the 

size of the SAM can influence the amount of founder cells that are recruited to form the leaf 

primordium. If more cells are recruited to the leaf initial, more cells enter the proliferation 

phase and can therefore lead to the formation of larger organs. Both the SAM and the leaf 

primordium size is larger when SAMBA is mutated in Arabidopsis (Fig. 2) (Eloy et al., 2012). 

SAMBA is a negative regulator of the ANAPHASE PROMOTING 

COMPLEX/CYCLOSOME (APC/C), which targets mitotic cyclins for degradation during the 

metaphase-to-anaphase transition (Eloy et al., 2015; Heyman and De Veylder, 2012). In 

particular, SAMBA targets CYCLIN A2 (CYCA2) for APC/C-mediated proteolysis (Eloy et 

al., 2012). 

 

Second, in some mutants, cells of the leaf initial can divide faster compared to the wild-type 

before the transition to cell expansion, leading to the formation of larger leaves containing 

more cells. When another subunit of the APC/C complex, APC10, is overexpressed, cells 

proceed faster through the cell cycle due to an increased proteolysis of the mitotic cyclin 

CYCB1;1, but in these plants the timing of the transition to cell expansion is not affected (Fig. 

2) (Eloy et al., 2011). The triple mutant of GRF-INTERACTING FACTOR1-3, gif1/2/3, 

produces smaller leaves as a result of a reduction in cell cycle duration due to a decreased 

expression of cell cycle genes (Lee et al., 2009). In contrast, plants overexpressing either GIF1, 

GIF2 or GIF3 produce larger leaves due to an increase in the number of leaf cells (Lee et al., 

2009). 

 

A third cellular parameter influencing leaf size is the duration of the cell proliferation phase. 

Many mutants that produce larger leaves compared to wild-type are delayed in the transition 

to cell expansion (Fig. 2), such as plants overexpressing the transcription factors GROWTH 

REGULATING FACTOR5 (GRF5) or AINTEGUMENTA (ANT) (Horiguchi et al., 2005; 

Mizukami and Fischer, 2000; Vercruyssen et al., 2015). Plants overexpressing ANT have a 

prolonged expression of CYCD3, encoding a G1-type cyclin. Interestingly, when the CYCD3 
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gene is overexpressed under its own promotor, cell proliferation is stimulated and plants 

produce larger leaves (Horiguchi et al., 2009). Plants overexpressing AUXIN-REGULATED 

GENE INVOLVED IN ORGAN SIZE (ARGOS) express ANT and CYCD3;1 longer during leaf 

development, which delays the transition to cell expansion and leads to an increase in leaf size 

(Hu et al., 2003). The observation that a large amount of proteins regulates the developmental 

shift to cell expansion and differentiation underlines its importance in the determination of final 

leaf size. 

 

When cells exit the cell proliferation phase, leaf growth is mainly supported by turgor-driven 

cell expansion (Andriankaja et al., 2012; Gonzalez et al., 2012). As for the cell proliferation 

phase, both the rate and the duration of the cell expansion can affect final leaf size (Fig. 2). 

However, in contrast to mutants affected in the number of cells that compose a leaf, fewer 

mutants with an increase in cell size have been characterized so far. One example of such 

mutants is the line overexpressing the EXPANSIN 10 (EXP10) protein, involved in cell-wall 

loosening and extension. This gain-of-function mutant produces larger leaves containing larger 

cells (Cho and Cosgrove, 2000). Plants overexpressing a GFP-stabilized version of SMALL 

AUXIN UP RNA19 (GFP-SAUR19) also produce larger leaves due to an increase in cell size 

(Spartz et al., 2012; Spartz et al., 2014).  

 

Finally, the capacity of meristemoids to divide for a longer period can positively influence final 

leaf size (Fig. 2). Meristemoids, scattered in the epidermis, have stem cell properties and 

continue to divide while other epidermal cells have started a cell expansion based growth. 

Meristemoids undergo up to three asymmetric divisions, termed amplifying divisions, 

generating up to three pavement cells and giving rise to the stomatal lineage. The generation 

of new cells through meristemoid division contributes to the production of about half of the 

pavement cells of a mature leaf (Geisler et al., 2000). Two proteins, PEAPOD1 (PPD) and 

PPD2, regulate the duration of a so-called secondary cell cycle arrest front, corresponding to 

the arrest of division of the meristemoid cells (White, 2006). Down-regulation of the PPD 

genes increases the amount of amplifying division of meristemoids, leading to the production 

of more cells and an increase in leaf size (Gonzalez et al., 2015; White, 2006). 
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Figure 2. The different processes that can influence cell number, cell size and hence final leaf size (i.e. 
primordium initiation, the duration of proliferation, the rate of proliferation, meristemoid division, cell expansion 
rate and cell expansion duration) are presented. These events are positively (green) and negatively (red) regulated 
by different genes. (Abbreviations: ANT (AINTEGUMENTA: AT4G37750), APC10 (ANAPHASE PROMOTING 
COMPLEX 10: AT2G18290), ARF2 (AUXIN RESPONSE FACTOR 2: AT5G62000), ARGOS (AUX- IN-
REGULATED GENE INVOLVED IN ORGAN SIZE: AT3G59900), ARL (ARGOS-LIKE: AT2G44080), AVP1 
(ARABIDOPSIS THALIANA V-PPASE 3: AT1G15690), CCS52A (AT4G11920) CCS27A (CELL CYCLE 
SWITCH PROTEIN 52, AT3G16320), CYCD3 (CYCLIN D3), DA2 (AT1G78420), CYP78A6 (CYTOCHROME 
P450, FAMILY 78, SUBFAMILY A, AT2G46660) EBP1 (A. THALIANA ERBB-3 BINDING PROTEIN 1: 
AT3G51800), GIFs: GRF1-IN- TERACTING FACTOR 1,2,3: AT5G28640, AT1G01160, AT4G00850), GRF3 
(GROWTH-REGULATING FACTOR 3: AT2G36400), MED25 (MEDIATOR 25: AT1G25540), miR396a 
(MICRORNA396A: AT2G10606), miR396b (MICRORNA396B: AT5G35407), quadruple DELLA (GAI 
(GIBBERELLIC ACID INSENSITIVE: AT1G14920) RGA (REPRESSOR OF GA: AT2G01570) RGL1 (RGA-LIKE 
1: AT1G66350), RGL2 (RGA-LIKE 2: AT3G03450)), RPT2a (REGULATORY PARTICLE AAA-ATPASE 2A: 
AT4G29040), SWP (STRUWWELPETER: AT3G04740), TCP4 (TCP FAMILY TRANSCRIPTION FACTOR 4: 
AT3G15030), TOR (TARGET OF RAPAMYCIN: AT1G50030), ZHD5 (ZINC-FINGER HOMEODOMAIN 5: 
AT1G75240), UBP15 (UBIQUITIN-SPECIFIC PROTEASE 15, AT1G17110). Figure adapted from (Vanhaeren 
et al., 2015). 

 

In summary, the final number and size of leaf cells depends on (1) the number of cells recruited 

to the leaf primordium from the SAM, (2) the rate and (3) duration of cell division, the rate (4) 

and duration (5) of cell expansion and (6) the activity of meristemoid division (Fig. 2; 

(Gonzalez et al., 2012)). When one of these cellular events is affected, leaf area is affected 

positively or negatively. Furthermore, several mutants indicate that the regulation of the 

transition from cell proliferation to cell expansion is tightly regulated, and that these two events 

are interconnected during leaf development. For example, a well-described phenomenon is 

cellular compensation, a process during which a reduction in cell numbers is accompanied by 

enhanced post-mitotic cell expansion (Hisanaga et al., 2015). 
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Regulation of Cell Division is Important for Leaf Development  
 

In plants, the key for sustaining and adapting growth is the activity of the meristems, stem cell 

niches that contain undifferentiated cells with the capacity to divide to form new structures. 

The stem cells are relatively quiescent but are surrounded by actively proliferating cells. 

Division of stem cells is asymmetric since one daughter cell remains a stem cell to maintain 

the stem cell population and the other daughter cell is committed to proliferate and differentiate 

(Nieuwland et al., 2009). In the shoot apex, the stem cells are located in the dome-shaped 

meristem, and cells at the SAM periphery can proliferate and differentiate in lateral organs 

such as leaves (Carraro et al., 2006; Grandjean et al., 2004). 

 

The regulation of stem cell niche maintenance and the delivery of new cells at the periphery 

implies a strict regulation of the cell-cycle of the stem cells. The different phases of the classical 

mitotic cell cycle are conserved across eukaryotes and consist of an S-phase during which DNA 

is duplicated and a mitotic (M) phase during which the cell is physically split in two daughter 

cells. Both phases are separated by gap (G) phases during which cells grow and pass through 

different checkpoints before entering the next phase (De Veylder et al., 2007). The progression 

through the different phases of a cell division cycle is controlled by several proteins, termed as 

core cell cycle proteins, corresponding to CYCLIN-DEPENDENT KINASES (CDKs), 

CYCLINS and their transcriptional and post-translational regulators (Inze and De Veylder, 

2006). Compared to other eukaryotes, in plants, the cell division cycle is controlled by more 

core cell cycle regulators. For example, Arabidopsis encodes about 70 core cell cycle regulators 

as compared to only 15 in yeast and 23 in human (Menges et al., 2005; Van Leene et al., 2010; 

Vandepoele et al., 2002). It is postulated that this diversity contributes to the capability of 

plants to adapt their growth and development in response to many different signals (De Veylder 

et al., 2007; Nieuwland et al., 2009). Defects in progressing through the cell division cycle 

affects the generation of new leaves at the very early stages of growth. For example, the SAM 

of mutants in core cell cycle genes is often less organised, undifferentiated or simply consisting 

of fewer cells (Fig. 3) (Gaamouche et al., 2010; Lin et al., 2007; Liu et al., 2012), which 

hampers shoot development. Also, the amount of cells recruited to a leaf primordium and the 

cell proliferation phase are dependent on the regulation of cell division in the SAM. 
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Figure 3. Shoot apical meristem organisation is affected in cell-cycle mutants. Shoot apical meristem and 
rosette of (A, C) wild-type plants and (B, D) plants expressing a dominant negative CDKA;1.N146 under the 
control of the SHOOT MERISTEMLESS (STM) promoter. Figure modified from (Gaamouche et al., 2010). 
 

Proteins with a direct or indirect role in cell cycle regulation appear to be important 

determinants of leaf growth. Still, although many genes have been characterised for their role 

in cell proliferation regulation, it remains elusive how they affect the expression, activity or 

degradation of core cell cycle regulators. Notable exceptions are SAMBA and APC10 that are 

important for the regulation of APC/C activity involved in the degradation of CYCLIN A and 

CYCLIN B (Eloy et al., 2012; Eloy et al., 2011). Identifying the links between known growth 

regulators and the core cell cycle machinery would greatly advance our knowledge on how 

organs such as leaves are able to grow and develop. 

 

How to Accurately Measure Growth in Arabidopsis 
 

In order to better understand plant growth, a variety of tools such as automated phenotyping 

systems have been developed to adequately monitor and compare growth characteristics 

between mutants or upon a given treatment (reviewed in (Dhondt et al., 2013; Li et al., 2014; 

Vanhaeren et al., 2015)). Growth phenotyping systems can be described by means of 

throughput (number of individuals that can be studied), dimensionality (the different 

phenotypic traits measured) and resolution (spatial level: the plant, organ, tissue or cellular 

characteristic studied and temporal level: the time period used to measure a given trait) (Dhondt 

et al., 2013). 

 

A B

C D
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Investigating the growth of the whole plant allows for high-throughput studies. For example, 

pictures of the Arabidopsis rosette can be taken at a single time point to measure size-related 

traits, or growth can be monitored in specialized automatic growth platforms equipped with 

imaging systems (Dhondt et al., 2014; Granier et al., 2006; Skirycz et al., 2011). With these 

platforms, pictures of the rosette are often taken on a daily basis. From these pictures, the 

rosette can be extracted from the background to quantify different growth-related parameters. 

The projected rosette area (PRA) estimated from the images can give a first indication of 

deviations in growth due to a mutation or change in environment compared to a control. If daily 

pictures are taken, the absolute and relative growth rates can be determined from the PRA. The 

images also allow to calculate the convex hull, the area defined by the smallest convex set 

containing the rosette. The convex hull is then used to calculate parameters such as the 

compactness, the ratio between PRA and convex hull, and the stockiness, a measure for the 

roundness of the rosette (Dhondt et al., 2014; Vanhaeren et al., 2015). Additionally, some 

phenotyping systems are able to image beyond the visible spectrum which allows to measure 

other growth-related traits such as photosynthetic performance quantified by imaging 

chlorophyll fluorescence (De Vylder et al., 2012; Jansen et al., 2009). 

 

Measuring area and size-related parameters of entire rosettes allows for high throughput, but 

the spatial resolution is limited. When more detailed analysis of rosette growth is necessary, 

the area of individual leaves is often measured. Typically, this requires the dissection of all 

individual leaves from the rosette according to their age to quantify their area, length and/or 

width (Gonzalez et al., 2010; Vanhaeren et al., 2015). Performing this leaf series analysis is 

labor-intensive but allows to investigate the growth phenotype more accurately, especially if 

the size of every leaf is not affected similarly (Gonzalez et al., 2010). Interestingly, some 

techniques have been developed to virtually dissect the rosette and measure individual leaf 

areas based on rosette images (Apelt et al., 2015; Tessmer et al., 2013). However, the automatic 

determination of individual leaf areas from rosette pictures remains technically challenging, 

because several leaves in the Arabidopsis rosette overlap. Also, the throughput of these systems 

is not high. For example, only 48 plants can be monitored at the same time with the 

Phytotyping4D system (Apelt et al., 2015). 

 

If an increase or decrease in size is observed at the organ level, the spatial or temporal 

resolution of the phenotypic analysis can subsequently be increased depending on the research 
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question. For example, growth parameters of specialized cell types such as leaf venation 

patterns or trichome distribution can be measured (Bensch et al., 2009; Dhondt et al., 2012; 

Kaminuma et al., 2009; Price et al., 2011). Also, 3-D reconstructions allow volumetric 

measurements of the SAM or leaf primordia, which cannot be measured using other imaging 

techniques (Vanhaeren et al., 2010). To determine at which point during leaf development a 

difference in size is visible compared to a control, the area of a particular leaf can be monitored 

over its entire growth period. 

 

Leaf development is dependent on two cellular processes: cell proliferation and cell expansion 

(Donnelly et al., 1999; Gonzalez et al., 2012). When a growth phenotype is observed at the 

plant and/or organ level, the cellular cause of this phenotype is often studied in more detail. 

Leaves can be cleared to perform drawings of epidermal or mesophyll cells that are digitalized 

and analysed manually or with automated image analysis scripts (Andriankaja et al., 2012; 

Ferjani et al., 2007). This analysis provides information about total cell number, average 

pavement or mesophyll cell area, but also cell circularity, number of stomata, stomatal index 

and stomatal density (Vanhaeren et al., 2015). Imprinting techniques are an alternative for 

microscopic drawings to quantify epidermal cell number and size in a non-destructive manner 

and allow a temporal analysis of cellular parameters from the same leaf (Christensen, 2010; 

Geisler et al., 2000; Mathur and Koncz, 1997). Additional techniques such as multi-photon 

microscopy allow measurements of cell volume (Wuyts et al., 2012; Wuyts et al., 2010). Of 

course, a thorough cellular investigation does not allow a high throughput but provides 

essential information on how a genotype or environmental conditions affect the number and 

size of leaf cells. 

 

When Arabidopsis shoot growth is studied, the researcher often needs to decide whether a high 

throughput but low resolution is desirable, for example monitoring projected rosette area 

(Dhondt et al., 2014; Granier et al., 2006; Skirycz et al., 2011), or a lower throughput with a 

high resolution, for example examining a cellular phenotype for a given mutant or treatment 

(Gonzalez et al., 2012; Vanhaeren et al., 2015). Studying a plant growth-related trait in detail 

can yield much information and allows answering the following questions: “What” (What is 

changed in terms of growth), “Where?” (Where/in which leaves is the phenotype observed?) 

and “When?” (When during development are the changes occurring and which are the cellular 

processes that are affected?) (Vanhaeren et al., 2015). By gradually increasing the resolution 
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of an observed phenotype, differences in growth in different genotypes or environmental 

conditions can be adequately assessed and allows to connect observed plant phenotypes to 

cellular characteristics. Finally, understanding the molecular mechanisms responsible for the 

observed phenotypes allows to answer “Why?” certain differences in growth can arise 

(Vanhaeren et al., 2015). 

 

Expanding the Growth Regulatory Network Through Mutant Screens 
 

A variety of approaches have been undertaken to identify regulators of plant growth and 

development. Traditionally, forward genetic screens have been performed to identify alleles 

leading to obvious and easily observable phenotypes. For example, such a screen was done to 

identify ethylene insensitive mutants which do not exhibit a so-called ‘triple response’ when 

treated with ethylene (Alonso et al., 2003; Bleecker et al., 1988; Guzman and Ecker, 1990). 

Also, several screens have been performed to identify enhancer, suppressors or modifiers of a 

particular mutant phenotype. For example, a suppressor screen aimed at identifying mutants 

capable of reversing the argonaute1 mutant phenotype corresponding to a pleiotropic effect on 

leaf and flower development, to a wild-type morphology (Micol-Ponce et al., 2014). 

 

Large-scale screens of fast neutron or Ethyl Metane Sulfonate (EMS) mutagenised plants and 

of T-DNA insertion lines have been performed to identify regulators of leaf morphology (Berna 

et al., 1999; Horiguchi et al., 2006; Perez-Perez et al., 2009; Wilson-Sanchez et al., 2014). 

These forward and reverse genetic approaches resulted in the identification of 19 phenotypic 

classes of different leaf architectures, and the genes which are characterised so far indicate that 

a variety of processes contributes to leaf shape (Fig. 3; (Perez-Perez et al., 2009)). Although 

these screens are suitable and effective to identify obvious alterations in leaf morphology, few 

examples of genetic screens aiming at identifying mutants producing larger leaves have been 

reported. Indeed, such a screen is not as straightforward since this quantitative phenotype can 

be more subtle and requires strictly controlled growth conditions and accurate phenotyping 

(Vanhaeren et al., 2015). In an attempt to identify mutants with an altered leaf size control, 

6000 M2 fast-neutron or γ-irradiated M2 plants and 5000 T-DNA insertions lines of 

Arabidopsis were screened for an altered leaf size or shape (Horiguchi et al., 2006). Starting 

from this mutant collection, 147 mutants with an altered leaf size were selected to measure the 

number and size of mesophyll cells. Only fifteen mutant lines out of 147 produced larger leaves 

(Horiguchi et al., 2006). Three mutants producing large leaves, named grandifolia-D, harbor a 
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partial chromosomal duplication and produce larger leaves due to an increase in cell 

proliferation (Horiguchi et al., 2009). In another, still ongoing, screen of all available T4 

homozygous T-DNA lines from the Salk Unimutant collection from the Arabidopsis Biological 

Resource Center (ABRC), 10% of T-DNA lines analysed so far exhibits an increase leaf area 

while 45% show a decrease (Wilson-Sanchez et al., 2014). 

 

	
Figure 4. Pictures showing representative individuals of the phenotypic classes identified in forward and 
reverse screens. The wild-type strain (A) Landsberg erecta (Ler) and the mutants (B) asymmetric leaves1-11 
(as1-11), (C) rotunda1-1 (ron1-1), (D) rugosa1-1 (rug1-1), (E) ondulata2 (ond2), (F) exigua1-1 (exi1-1), (G) 
orbiculata1-3 (orb1-3), (H) elongata4 (elo4), (I) angusta4 (ang4), (J) apiculata6 (api6), (K) denticulata2 (den2), 
(L) angulata5-1 (anu5-1), (M) erosa3-1 (ero3-1), (N) scabra4-2 (sca4-2), (O) venosa3-3 (ven3-3), (P) dentata1 
(dea1), (Q) serrata4-2 (sea4-2), (R) transcurvata2-1 (tcu2-1), (S) ultracurvata1-1 (ucu1-1), and (T) incurvata6 
(icu6). Pictures were taken 19 days after sowing. Scale bar is 5 mm. Picture adapted from (Perez-Perez et al., 
2009). 

 

Besides screening populations of mutants, other approaches have been used to identify leaf 

growth regulators (reviewed in (Gonzalez and Inze, 2015)). For example, investigating gene 

expression profiles during leaf development can be indicative of the potential involvement of 

a protein in cell proliferation or cell expansion (Andriankaja et al., 2012). Indeed, the 

expression of GRF5, a positive regulator of cell proliferation, is higher in young, proliferating 

leaves compared to expanding or maturing leaves (Vercruyssen et al., 2015). To identify genes 

involved in growth regulation, the network around a known leaf growth regulator can be further 
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studied. When PPD proteins are downregulated, plants produce larger leaves that are dome-

shaped (Gonzalez et al., 2015; White, 2006). In a search for protein interactors of PPD, two 

KIX proteins (KIX8 and KIX9) were picked up and, interestingly, the ppd phenotype is 

phenocopied in double kix8 kix9 knock-out plants (Gonzalez et al., 2015). The targeted screen 

of interactors or targets of growth regulators is therefore a valuable approach to identify new 

regulators of growth. Currently, many leaf growth regulators have been identified that act in 

many different molecular pathways (reviewed in (Gonzalez et al., 2009; Hepworth and 

Lenhard, 2014; Kalve et al., 2014)). The variety of molecular pathways influencing growth 

still challenges the identification of direct or indirect links in the network, and targets or 

interactors of known growth regulators can represent these links. 

 

In conclusion, leaf development is a complex trait, depending on both the environment and the 

genotype of the plant. To understand the phenotypic effect of a certain mutation or treatment, 

the researcher needs to select the right method to quantify growth-related parameters. The 

choice often depends on the throughput and the resolution needed to measure a phenotype of 

interest. To understand growth, it is important to understand the mode-of-action of positive 

regulators of growth. The study of mutants producing larger leaves helped to identify six major 

cellular events responsible for the amount and size of cells that compose a leaf. The available 

genetic information also indicates a major role for the cell proliferation phase in leaf size 

control. Mutant studies are therefore valuable for understanding plant growth and screens to 

identify new leaf growth regulators are essential to build and expand the growth regulatory 

network. 
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ABSTRACT 
 

Chloroplasts and mitochondria are indispensable for plant development. They not only 

provide energy and carbon sources to cells, but have evolved to become major players in a 

variety of processes such as amino acid metabolism, hormone biosynthesis and cellular 

signalling. As semi-autonomous organelles, they contain a small genome that relies largely on 

nuclear factors for its maintenance and expression. An intensive cross-talk between the 

nucleus and the organelles is therefore essential to ensure proper functioning and the nuclear 

genes encoding organelle proteins involved in photosynthesis and energy production are 

obviously crucial for plant growth. Organ growth is determined by two main cellular 

processes, i.e. cell proliferation and subsequent cell expansion. To date, the role of the 

nuclear-encoded organelle proteins in plant growth has not been investigated in much detail. 

Here, we review how plant growth is affected in mutants involved in organelle biogenesis and 

physiology. Our findings indicate a clear role for organellar proteins in plant organ growth, 

primarily during cell proliferation. We therefore encourage researchers to extend their 

phenotypic characterisation beyond macroscopic features in order to get a better view on how 

chloroplasts and mitochondria regulate the basic processes of cell proliferation and expansion, 

essential to drive growth. 

 

Introduction 
 

Plant growth and development are complex and multifactorial traits, intensively studied from 

the molecular to the whole plant level. Plant organ growth relies on two main processes, cell 

proliferation and cell expansion, which are influenced by specific and interconnected 

regulatory networks. Many positive regulators of root, leaf, flower or seed growth have been 

functionally characterized, especially in model organisms such as Arabidopsis (for reviews, 

see (Gonzalez and Inze, 2015; O'Maoileidigh et al., 2014; Satbhai et al., 2015)). 

During plant growth, cellular energy is provided as sugars and ATP by two key organelles in 

plant cells, chloroplasts and mitochondria. Both organelles reside in the cytoplasm and are 

surrounded by an external and internal envelope membrane and also contain characteristic 

internal membranes, called thylakoids in chloroplasts and cristae in mitochondria. The latter 

membranes harbour the protein complexes necessary for photosynthesis and oxidative 

phosphorylation to produce sugars and energy in chloroplasts and mitochondria, respectively. 
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Next to these indispensable cellular functions, both organelles are involved in many other 

essential metabolic functions, such as amino acid and hormone biosynthesis (Berkowitz et al., 

2016; de la Torre et al., 2014). Chloroplasts and mitochondria contain an organelle genome 

that is largely dependent on nuclear factors for their organisation and expression (Sato et al., 

1999; Unseld et al., 1997). It is clear that a correct communication between the nucleus and 

organelles is necessary to ensure proper organelle functioning. The proteins encoded by the 

nucleus but having a function in the organelles have strict transport mechanisms, and nucleus 

and organelles interact with each other by nucleus-to-organelle (anterograde) and organelle-

to-nucleus (retrograde) signalling. 

Due to the important roles of organelles in cellular homeostasis, a lot of interest and effort has 

been set on the characterization of loss-of-function mutants encoding organellar proteins. For 

example, the Arabidopsis Chloroplast 2010 Project (Lu et al., 2011; Savage et al., 2013) 

phenotypically characterized more than 5000 mutants at the seed and early seedling 

developmental level. Also for maize, the Photosynthetic Mutant Library (PLM) collection 

was recently published (http://pml.uoregon.edu/photosyntheticml.html). The PLM collection 

screened more than 2000 independent mutants based on seedling chlorophyll deficiency in 

order to identify genes involved in different aspects of chloroplast biogenesis and 

photosynthesis (Belcher et al., 2015). Furthermore, a mutant screen was performed to identify 

nuclear-encoded proteins involved in mitochondrial respiration in the unicellular green alga 

Chlamydomonas (Salinas et al., 2014). Although these large screens are useful to identify new 

regulators of certain processes such as photosynthetic capacity, no mutant screen to date 

focusses on plant organ development and growth. Organ growth is a tightly controlled process 

and a correct functioning of chloroplasts and mitochondria is necessary at any developmental 

stage to support growth. However, the effect of disturbed organelle biosynthesis, division, 

function or physiology on cell proliferation and expansion during organ growth has not been 

studied intensively. Further knowledge on how organelle dysfunction affects plant 

development is instrumental to understand the role of mitochondria and chloroplasts during 

organ growth. 

In this review, we highlight how dysfunctional organelles affect growth at the organ and 

cellular level. First, we evaluate the differential expression of nuclear genes encoding 

organellar proteins during Arabidopsis leaf and root development to illustrate their potential 

role during cell proliferation or expansion. We then compile available mutant phenotypic data 

on those genes showing a differential expression profile during root and/or leaf development. 
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Since the functions of mitochondria and chloroplasts are broad, we mainly discuss studies 

addressing growth phenotypes at the cellular level, with a focus on Arabidopsis. Finally, we 

plead for a more thorough evaluation and characterisation of growth phenotypes in order to 

get a better grasp on the involvement of organelle function on growth. 

 

Differential Expression during Organ Development 
 

Plant growth can be improved or compromised when cell proliferation and/or cell expansion 

is affected during development due to mutation in genes expressed specifically during these 

developmental phases (Gonzalez et al., 2012). The expression pattern of nuclear genes 

encoding organelle proteins has been analysed to some extent over different plant 

developmental phases or upon treatments (Andriankaja et al., 2012; Berkowitz et al., 2016; 

Ng et al., 2014; Van Aken and Whelan, 2012), During development, the expression pattern 

varies and subsets of these genes appear to be specifically more expressed in leaf, root or 

flower tissue or at specific time points. For example, it is well established that during 

germination most nuclear genes encoding mitochondrial proteins are upregulated (Howell et 

al., 2007). On the other hand, transcript levels of nuclear genes encoding photosynthesis-

related proteins are generally upregulated during early leaf development, concomitant with 

the establishment of the photosynthetic machinery and chloroplast differentiation 

(Andriankaja et al., 2012). 

In order to get a better view on how genes encoding organellar proteins are expressed during 

organ development, we investigated how their transcript levels change in publicly available 

developmental datasets. We used two datasets, one during leaf and one during root 

development in Arabidopsis, allowing to follow the expression profile of these genes in 

proliferative, transitioning and differentiating or expanding tissue (Andriankaja et al., 2012; 

Birnbaum et al., 2003). The expression profiles were obtained from samples harvested over 

six consecutive days during early leaf development and three stages of root development, and 

differentially expressed genes (DEGs) were identified (Fig. 1, Supplemental Table S1). The 

nuclear genes encoding organellar proteins chosen for this analysis were selected with 

SUBA3 software and were either experimentally confirmed by GFP fusions or correspond to 

an organellar protein identified by MS/MS analysis (Tanz et al., 2013). Although these 

selection criteria are stringent, we are aware that some false positives might be included. For 

example, purified samples of chloroplasts or mitochondria are not entirely free from 
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contamination of peroxisomal proteins (Heazlewood et al., 2004). Currently, in Arabidopsis, a 

total of 1095 proteins are annotated to localize in mitochondria and 2511 proteins in 

chloroplasts, of which 364 proteins are assigned to both organelles. 

54% (596 out of 1095) of the genes encoding mitochondrial proteins are differentially 

expressed in the leaf dataset compared to 28% (307 out of 1095) in the root dataset (Fig. 1; 

Supplemental Table 1). For genes encoding plastid proteins, 59% (1475 out of 2511) are 

differentially expressed in the leaf dataset and 25% (615 out of 2511) in the root dataset (Fig. 

1; Supplemental Table 1). The genes encoding proteins targeted to both organelles are 

included in these percentages, but taken separately 56% (203 out of 364) are differentially 

expressed in the leaf dataset and 27% (99 out of 364) in the root dataset (Fig. 1; Supplemental 

Table 1). In both the leaf and root developmental dataset a general decrease in expression of 

nuclear genes encoding mitochondrial proteins was found when cells transition from cell 

proliferation to cell expansion (83% and 68% of DEGs, respectively; Fig. 1). Conversely, the 

major trend for genes encoding plastid proteins was an increase in expression when cells enter 

the expansion phase in leaves (63% of DEGs; Fig. 1), but most DEGs in roots had a decrease 

in expression during development (57% of DEGs; Fig. 1). Furthermore, several genes 

encoding proteins targeted to both organelles show a decrease in expression over development 

both in the leaf and root dataset (63% and 69% of DEGs; Fig. 1). 
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Figure 1. Expression profiles of nuclear genes encoding organellar proteins during Arabidopsis leaf and 
root development. A, Relative expression of genes encoding proteins localized to mitochondria (M), 
chloroplasts (C) or both (C+M). For leaf development, we selected a microarray analysis performed over six 
consecutive days during early development of the third true leaf, i.e. 8 to 13 days after stratification (DAS) 
(Andriankaja et al., 2012). This dataset encompasses the developmental phases during which the third leaf 
exclusively grows through cell proliferation (8-9 DAS) and a transitioning phase (10-11 DAS) to a cell-
expansion based growth (12-13 DAS). For the expression patterns during root development, a microarray 
analysis of a total of 15 different zones of the root corresponding to different tissues and developmental stages 
was used (Birnbaum et al., 2003). The expression profile in the different root tissue types were averaged for each 
gene and correspond to three zones (Z) of root development: Z1 corresponding to the root tip where cells are 
proliferating, Z2 in which cells are transitioning to expansion and Z3 consists of fully expanded and 
differentiated cells. The expression profile of DEGs was normalised using MeV software (www.tm4.org) and 
subsequently CAST clustered (Cluster Affinity Search Technique, using Pearson correlation at a threshold of 
0,8) according to their specific profile over the developmental zones. Each line represents the expression pattern 
of group of DEGs and thickness of line correlates with the number of DEGs. B, Venn diagrams illustrating the 
amount of DEGs presented in (A) and their overlap during leaf (L) and root (R) development of genes encoding 
proteins localized to mitochondria (m), chloroplasts (c) or both (cm). 

In total, 482 genes show a similar expression profile during root and leaf development, being 

up- or downregulated in the same direction when proliferating cells gradually start to expand. 

For the gene sets encoding chloroplast proteins that are upregulated during development a 

clear enrichment is seen for GO categories related to photosynthesis and transport. Most of 

the genes encoding chloroplast proteins downregulated during development are categorized as 
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‘ribosomal proteins’, indicating a decrease in protein synthesis when roots and leaves exit the 

cell proliferation phase and start expanding. In accordance, also transcripts involved in amino 

acid (AA) synthesis, such as arginine, threonine, lysine, histidine and aromatic AAs, are 

generally downregulated over development (Supplemental Table 2). There was a general 

decrease in expression of nuclear genes encoding mitochondrial proteins and only 14 genes 

were significantly upregulated over development, not allowing a comprehensive GO analysis 

(Supplemental Table 2). For the DEGs encoding mitochondrial proteins that are down 

regulated during leaf and root development, an enrichment is seen for proteins involved in the 

regulation of transcription. Additionally, similarly to the downregulated genes encoding 

chloroplast proteins, several genes encoding mitochondrial ribosomal proteins, involved in 

protein synthesis, are downregulated during development as well as several subunits of the 

mitochondrial translocase system for importing proteins in mitochondria. 

In this review, we discuss a selection of DEGs for which a mutant growth phenotype has been 

reported, with a focus on mutants with characterized underlying cellular effects. Mutants will 

be discussed according to their involvement in organelle biogenesis and gene expression, as 

well as in organellar carbon or amino acid biosynthesis and organelle-nucleus signalling. For 

the genes discussed, we present the differential expression pattern during Arabidopsis organ 

development, the link to the GO-analysis presented above and, where possible, published 

developmental phenotypes in other plant species. 

 

Organelle Biogenesis, Division and Gene Expression 
 

When organ primordia develop, chloroplasts differentiate from proplastids in the shoot 

meristems in the light (Fig. 2). Light triggers in the proplastid the formation of a preliminary 

thylakoid structure, the prolamellar body, which further develops in the typical thylakoid 

membranes of a differentiated chloroplast. The protein complexes necessary to perform the 

light reactions of photosynthesis, photosystem I and II (PSI and PSII) with their respective 

light-harvesting complexes I and II (LHCI and LHCII), are localized in specific regions on 

these thylakoid structures (Eberhard et al., 2008). To efficiently absorb light energy, a 

coordinated formation of the photosynthetic pigments, chlorophyll and carotenoids, with the 

photosynthetic complexes is needed. In contrast, mitochondria are formed independent from 

light through binary fission of pre-existing ones (Millar et al., 2008) (Fig. 2) and do not 
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exhibit drastic morphological and functional changes, except in shoot apical meristem and 

leaf primordial meristematic cells. In these cells, a large and complex mitochondrial mass 

exists around the nucleus that undergoes structural changes during the cell cycle (Segui-

Simarro et al., 2008). The inner mitochondrial membrane forms structures, termed cristae, 

holding the electron transport chain (ETC) complexes and necessary for generating a proton 

gradient to drive ATP synthesis. To exert their cellular functions chloroplasts and 

mitochondria depend on the correct expression of their organelle genome encoding the core 

components of photosynthesis and respiration. Mutations in genes involved in organelle 

biogenesis, expression or physiology results in diverse growth defects. 

 

 

Figure 2. Overview of the mitochondria and chloroplast characteristics. Schematic representation of 
chloroplast differentiation from proplastid or etioplast stage and the mitochondrial fission process. Different 
aspects of the organelle biogenesis and physiology that will be discussed in this review are highlighted.  

 

Biogenesis 

 

The expression of the majority of the nuclear genes encoding chloroplast proteins is increased 

during organ development, which reflects the onset of photosynthesis in leaves and which 

chloroplast

proplastid
Prolamellar body

Grana 

Cristae

Matrix

Stroma

Hormone 
biosynthesis

PHYSIOLOGYBIOGENESIS

mitochondria

Thylakoid

cpDNA

mtDNA

Hormone 
influences

Hormone signaling

Amino acid 
biosynthesis

Carbon sources

Sugars

Thylakoid formation
Division

Differentiation

Genome organization 
and expression

DNA copy number

Fission

Genome organization 
and expression

Posttranscriptional regulation

TCA cycle

Retrograde signaling

Differentiation

Photorespiration

Dark

Light

Fusion



Organelle Proteins and Plant Growth 
 

 41 

might also underline the importance of retrograde signalling from functional plastids during 

both root and leaf development. Accordingly, disturbing differentiation into photosynthetic 

active chloroplasts through incorrect biosynthesis of the thylakoid structures, chlorophyll or 

carotenoids has major effects on the photosynthetic capacity of the leaves, and thus affects 

leaf development. The majority of mutants with improper chloroplast development are 

typically pale green, variegated or albino (Aluru et al., 2006; Yu et al., 2007). Variegated 

mutants produce green leaves with white sectors that contain abnormally formed or less 

chloroplasts. In all these mutants disrupted chloroplast development results in an impaired 

chloroplast-to-nucleus signalling which affects cell differentiation, leading to pleiotropic 

mutant growth phenotypes (Aluru et al., 2006; Sakamoto, 2003; Yu et al., 2007). Examples of 

variegated mutants with characterized cellular effects are the var2 and var3 mutants in 

Arabidopsis (Chen et al., 2000; Kato et al., 2009; Naested et al., 2004; Sakamoto et al., 2002; 

Takechi et al., 2000). VAR2 encodes the ATP-dependent chloroplast metalloprotease known 

as FILAMENTATION TEMPERATURE SENSITIVE2 (FtsH2) and VAR3 encodes a zinc-

finger protein that interacts with NINE-CIS-EPOXYCAROTENOID DIOXYGENASE4 

(NCED4), a protein similar to carotenoid deoxygenase (Chen et al., 2000; Naested et al., 

2004; Sakamoto et al., 2002; Yu et al., 2005). VAR2 is significantly upregulated during leaf 

development and both var2 and var3 mutant leaves contain white and yellow sectors, 

respectively, which contain less cells (Naested et al., 2004; Sakamoto et al., 2009). In tomato, 

loss-of-function of a chloroplast zinc metalloprotease also leads to a chlorophyll deficient 

phenotype (Barry et al., 2012), but antisense mutants of the tobacco FtsH appear to 

accumulate normal chlorophyll levels (Seo et al., 2000). Also carotenoid accumulation has 

been studied extensively as they are responsible for the yellow, orange and red colours of 

many horticultural crops (Yuan et al., 2015). For example, peach cultivars with white fruit 

flesh exhibit much higher expression of a carotenoid cleavage dioxygenase CCD4 compared 

to cultivars with red fruit flesh (Brandi et al., 2011). ccd4 mutants cannot prevent carotenoid 

degradation and produce fruits with yellow flesh colour (Adami et al., 2013). Also 

ANGULATA10 (ANU10) is downregulated during leaf development. ANU10 encodes a 

protein of unknown function localized to chloroplasts that is required for chloroplast and 

mesophyll cell development. anu10 mutants are impaired in thylakoid biogenesis and grana 

formation and produce small, pale green leaves due to less but larger cells (Casanova-Saez et 

al., 2014). 
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Defects in chlorophyll biosynthesis are relatively easy to screen based on the differences in 

leaf pigmentation (Belcher et al., 2015). Interestingly, for several maize mutants deficient in 

chloroplast biogenesis the causative gene could be linked to orthologous Arabidopsis genes 

(Belcher et al., 2015), and a significant increase in expression during leaf and/or root 

development was observed for 36 out of the 45 Arabidopsis genes. For example, three genes 

that are upregulated during leaf development encode subunits of photosystem I (PSI): PsaE1, 

PsaG and PsaK. Mutations in these genes, and in double psae1-psae2 and psag-psak mutants 

result in relative mild growth phenotypes as these plants still grow autrophically but produce 

smaller rosettes (Varotto et al., 2002). Also in other species, such as barley, Chlamydomonas 

and cyanobacteria, mutants deficient in PSI assembly are viable (Farah et al., 1995; Landau et 

al., 2009; Xu et al., 1994). PSI uses light energy to transfer electrons from plastocyanin to 

ferredoxin (Nelson and Yocum, 2006). The gene encoding the major leaf ferredoxin, Fd2, is 

upregulated during leaf development and, similarly to PSI mutants, loss-of-function 

Arabidopsis and potato plants are able to grow photo-autotrophically but produce small and 

yellowish leaves (Holtgrefe et al., 2003; Voss et al., 2008). Furthermore, also the gene 

encoding Rubisco activase (RCA) is upregulated during organ development and rca mutant 

plants produce small and yellow leaves in Arabidopsis while Chlamydomonas rca mutants 

develop slower in a low CO2 atmosphere (Pollock et al., 2003; Shan et al., 2011). 

Interestingly, Arabidopsis rca mutants transformed with a thermostable RCA protein produce 

larger roots and shoots compared with wild-type plants grown at a high temperature (Kumar 

et al., 2009).  

In contrast to the chloroplast differentiation mutants, the phenotypes of mutants in 

mitochondrial differentiation related genes have not been described in much detail. In general, 

the mitochondria of these mutants are characterised by a reduction in cristae development and 

are swollen and less electron-dense (Teardo et al., 2015). Two mitochondrial proteins 

belonging to the Type I PROHIBITIN (PHB) class, PHB3 and PHB4, are also involved in the 

biogenesis of plant mitochondria (Van Aken et al., 2007). PHB3 is upregulated during leaf 

development, whereas PHB4 demonstrates a decrease in expression in both roots and leaves. 

PHB proteins have an important role in cell cycling and senescence in animals and yeasts 

(Peng et al., 2015; Roskams et al., 1993). In Arabidopsis, growth of phb3 mutant plants is 

markedly reduced and a developmental delay was observed both in roots and shoots. phb3 

root meristem contains fewer cells, which are smaller initially but attain wild-type size later in 

development, suggesting a role during the cellular transition phase of proliferation to 
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expansion (Van Aken et al., 2007). phb3 mutant is impaired in mitochondrial biogenesis and 

exhibits swollen, rounder mitochondria compared to the wild-type. The double phb3 phb4 

mutant is lethal, suggesting that both genes are essential for meristematic cell production and 

highlighting a strict regulation and opposite expression of both genes during development. 

PHB proteins are also involved in development of tobacco and petunia. Virus-Induced Gene 

Silencing (VIGS) of two tobacco PHB subunits causes severe growth inhibition, leaf 

yellowing and cell death (Ahn et al., 2006). At the cellular level, mitochondria of these lines 

fail to develop cristae normally. Similarly, VIGS of PHB1 in petunia leads to dwarfed growth 

due to impaired cell division, small curling leaves and an accelerated floral senescence (Chen 

et al., 2005). 

 

Although a correct differentiation of organelles seems crucial for cell growth, the cellular 

phenotypes of the important players of organelle differentiation is not reported. Usually, the 

effect on organelle morphology is generally described and linked to macroscopic phenotypes 

(Teardo et al., 2015; Yua et al., 2014). However, from the examples presented here, 

disruption of chloroplast biogenesis-related proteins generally results in less mesophyll cells, 

indicating a primary effect on cell proliferation, which likely is compensated by an increase in 

cell size and/or an early onset of differentiation. Similarly, the few examples of mutants 

involved in mitochondrial biogenesis show clear defects in cell proliferation. 

 

Division and Fission 

 

When cells divide, not only the nuclear but also the organellar genetic information needs to be 

distributed equally among the daughter cells. Therefore, organelles also undergo a division 

cycle, comparable to the binary fission in Bacteria. In the centre of the bacterial cell, a 

contractile ring, made by a polymer of the tubulin homolog FILAMENTING 

TEMPERATURE-SENSITIVE MUTANT Z (FtsZ) anchored to the membrane, is formed and 

the correct positioning of this division midpoint is monitored by the intracellular localisation 

of three MIN proteins (MinC, MinD and MinE; (Margolin, 2005)). Chloroplasts are 

surrounded by two membranes and need the formation of both a stromal FtsZ ring and an 

external/cytosolic ring composed of a dynamin-like protein (DRP) for their division. 

Mitochondria of several eukaryotes including higher plants lack FtsZ, and fission is governed 
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solely by an external DRP ring (Margolin, 2005). Several nuclear-encoded homologs of the 

prokaryotic division-genes work together with eukaryote-specific proteins to form the 

organellar dividing machinery. 

 

In Arabidopsis, several mutants with defects in chloroplast division have been described 

(Osteryoung et al., 1998; Yoder et al., 2007). Both loss- and/or gain-of function of MinD1, 

MULTIPLE CHLOROPLAST DIVISION SITE1 (MCD1) or ACCUMULATION AND 

REPLICATION OF CHLOROPLASTS3 (ARC3) result in asymmetric chloroplast divisions 

forming fewer but enlarged chloroplasts with different sizes and shapes (Colletti et al., 2000; 

Maple et al., 2007; Nakanishi et al., 2009; Shimada et al., 2004). Interestingly, transgenic 

lines with perturbed plastid division do not show clear plant growth defects, since the total 

ratio chloroplast area/mesophyll area is always maintained since the reduction in chloroplast 

number is compensated by an increased chloroplast area (Pyke and Leech, 1994). In the 

SAM, proplastid division positively correlates with the cell cycle, similarly to other organelles 

(Segui-Simarro et al., 2008; Segui-Simarro and Staehelin, 2009), whereas plastids generally 

divide nonsynchronously (Miyagishima, 2011). In addition, expression of FtsZ is cell-cycle 

dependent (El-Shami et al., 2002) and some proteins seem to be involved in both plastid and 

cell division processes. Mutation in CRUMPLED LEAF (CRL), which displays an increase in 

expression during leaf development, results in severe growth inhibition in shoot and root. 

CRL encodes an outer membrane protein of plastids and all organs of the crl mutant contain 

cells with discontinuous and unorganized cell division planes (Asano et al., 2004; Hudik et 

al., 2014). Leaves of crl mutant plants have less and smaller cells and also root growth is 

negatively affected. Additionally, several important cell cycle genes such as the cyclin 

CYCD3;1 are downregulated in the crl mutant, whereas the cell-cycle inhibitor SIAMESE-

RELATED5 is upregulated. As a consequence, crl cells differentiate earlier and 

endoreduplication is enhanced in both shoot and root (Asano et al., 2004; Hudik et al., 2014). 

 

In contrast to plastids, mitochondria undergo massive fusion-fission events during the cell 

cycle (Mitra, 2013). The occurrence of large sheet or cage-like structures of fused 

mitochondria around the nucleus during the cell cycle has been observed in certain cell types 

of plants (Segui-Simarro et al., 2008; Segui-Simarro and Staehelin, 2009). During G1/S, this 

fusion of mitochondria is hypothesized to occur in response to the high demand for energy 
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needed for nuclear DNA replication and cell division as well as to ensure proper mixing and 

recombining of the mitochondrial DNA (mtDNA). During mitosis, two important proteins 

involved in mitochondrial fission, DRP3A and DRP3B, are activated through phosphorylation 

and, when cells are treated with an inhibitor of CDKB/CYCB and related kinases, fission is 

compromised (Wang et al., 2012). From these evidences, it is clear that the regulation of 

mitochondrial and cell division must involve common players. When mitochondrial fission is 

perturbed due to the mutation of one or more of the most important members of the division 

apparatus (DRP3A, DRP3B, DRP5B and ELONGATED MITOCHONDRIA1 (ELM1)), a 

reduction in plant growth is observed (Arimura et al., 2008; Aung and Hu, 2012; Fujimoto et 

al., 2009; Mano et al., 2004). To our knowledge, only the friendly mutant, which displays 

clusters of mitochondria, has been characterised at the cellular level. FRIENDLY is 

downregulated during leaf and root development and the friendly mutant has smaller shoots, 

hypocotyls and roots. In friendly roots, an increase in cell number was observed accompanied 

by an important reduction in cell size, indicating a role in controlling the transition from cell 

proliferation to expansion (El Zawily et al., 2014). 

 

In conclusion, the division of mitochondria and chloroplasts needs to be coordinated with cell 

division during organ development. For both chloroplast and mitochondria, clear molecular 

and morphological links between factors involved in organelle division machinery and the 

cell cycle have been revealed. However, only few mutant growth phenotypes have been 

reported and analysed at the cellular level in plant species. 

 

Genome Organization and Expression 

 

Although the genomes of chloroplasts and mitochondria contain relatively few genes, they 

encode key proteins involved in organelle gene expression, photosynthesis or electron 

transport and the correct expression of these organelle genes is crucial for plant development. 

In Arabidopsis, the mitochondrial genome (mtDNA, 366 kb) encodes three rRNAs and 57 

proteins, mainly subunits of the ETC and ribosomal proteins (Unseld et al., 1997). The 154 kb 

chloroplast genome (cpDNA) contains 45 RNA- and 87 protein-coding genes (Sakamoto et 

al., 2008; Sato et al., 1999). The proteins encoded by the cpDNA are mainly involved in 

transcription, translation and photosynthesis. Organelle DNA copies are organised in protein 
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complexes called nucleoids. Arabidopsis rosette leaves harbour hundreds to thousands 

cpDNA copies per cell and less than hundred mtDNA copies (Draper and Hays, 2000; 

Preuten et al., 2010). Curiously, some mitochondria only contain a fraction of the mtDNA or 

no genome at all (Preuten et al., 2010). Generally, the number of organelle DNA copies per 

cell increases with cell size but there is some controversy regarding the decline of the amount 

of cpDNA copies during proplastid-to-chloroplast conversion and during leaf development 

(Oldenburg and Bendich, 2015; Rowan and Bendich, 2009; Zoschke et al., 2007). 

Mitochondrial DNA copy number remains low and constant during development and the 

highest copy number is found in root tips, which contain several hundred copies per cell. 

 

GO analysis of transcripts encoding mitochondrial proteins that are downregulated during 

organ development suggest an important role of mitochondrial genome maintenance and gene 

expression in growth (Supplemental Table 2). WHIRLY2 (WHY2) encodes a nucleoid-binding 

protein localized in mitochondria and belonging to the plant-specific Whirly protein family, 

that plays an important role in maintaining mtDNA copy number (Cai et al., 2015). 

Expression of WHY2 is decreased during development and hence, overexpression of WHY2 in 

pollen vegetative cells, normally harboring extremely low mtDNA copy numbers, results in 

decreased mitochondrial division, increased mtDNA levels and reduced pollen tip growth 

(Cai et al., 2015). Arabidopsis plants constitutively overexpressing WHY2 result in less 

differentiated mitochondria and undergo accelerated senescence, are smaller, produce 

distorted leaves and have small siliques with fewer seeds compared to wild-type plants 

(Marechal et al., 2008). The plastids members of the Arabidopsis Whirly family have a role in 

chloroplast biogenesis and a mutation in ZmWHY1 results in albino leaves in maize (Marechal 

et al., 2008; Prikryl et al., 2008). A second gene that is downregulated over development 

encodes for the dual-targeted DNA gyrase protein A (GyrA), which is homologous to the 

bacterial topoisomerase that induces topological changes to DNA during replication and 

transcription. Arabidopsis gyrA plants are embryo lethal illustrating the importance of this 

protein in plant development (Wall et al., 2004). Also in tobacco, VIGS lines of GyrA and 

GyrB display yellow leaves and other morphological abnormalities (Cho et al., 2004). 

Organelle gene expression also is under nuclear control. In Arabidopsis chloroplasts, two 

types of RNA polymerases are responsible for the transcription of specific plastid-encoded 

genes, the phage-type nuclear-encoded RNA polymerase (NEP) and a multi-subunit plastid-
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encoded polymerase (PEP). NEP is responsible for the transcription of the different core 

subunits of RNA polymerase (rpoA, rpoB, rpoC1 and rpoC2) of the PEP, which is responsible 

for the transcription of mainly photosynthesis-related genes (Sakamoto et al., 2008). 

Arabidopsis encodes three NEPs, RPOTp, RPOTm and RPOTmp targeted to plastids, 

mitochondria and both organelles, respectively (Borner et al., 2015). Only the mitochondria-

localized RPOTm is differentially expressed during Arabidopsis organ development and is 

downregulated in shoots and roots. This expression profile appears to be consistent in rice and 

barley, where both RPOTm and RPOTp are highly expressed in young leaves, but not in older 

leaf tissue (Emanuel et al., 2004; Kusumi et al., 2004). Knock-out of RPOTm is lethal and 

heterozygous plants have a reduction in male and female gamete fitness, illustrating the 

importance of this protein in plant development (Kuhn et al., 2009; Tan et al., 2010). 

Mutations in SCABRA3 (SCA3), encoding RPOTp, lead to the production of reticulate leaves 

that are round, reduced in size and have deep serrations in Arabidopsis (Hricova et al., 2006). 

Reticulate mutants show reticulation pattern of dark green veins on a green or pale green 

lamina. The sca3 leaf surface is wrinkled to crumpled but does not exhibit changes in 

epidermal cell size or morphology. However, mesophyll cells are less dense and more 

irregularly shaped making it impossible to distinguish between palisade and spongy layers. 

The growth defects in sca3 mutant, as in most reticulate mutants, are thus not solely attributed 

to defects in cell proliferation or expansion, but also result from an incorrect development of 

the distinctive tissue layers. Since the mesophyll layer in leaves is the most important site of 

photosynthesis, a link between plastid gene expression and mesophyll differentiation can be 

proposed. However, most known reticulated mutants have roles in primary plastid 

metabolism, and some hypotheses have been put forward to explain the defects in mesophyll 

development in light of impaired metabolism (see below and reviewed in (Lundquist et al., 

2014)). Finally, also roots and rosettes of the single rpoTmp mutants grow slower compared 

to the wild-type (Baba et al., 2004; Courtois et al., 2007; Kuhn et al., 2009). 

 

When organelle genes are expressed, their mRNAs are subjected to an extensive 

posttranscriptional regulation such as splicing and editing, i.e. the conversion of a specific 

RNA nucleotide, usually from C to U (de Longevialle et al., 2010; Shikanai, 2006). The gene 

encoding the PENTATRICOPEPTIDE REPEAT (PPR) protein known as RNA-EDITING 

INTERACTING PROTEIN1 (RIP1), involved in mitochondrial and chloroplast RNA editing, 

is down-regulated during the transitioning from cell proliferation to cell expansion. 
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Arabidopsis rip1 plants are dwarfed and sterile, suggesting an important role in vegetative and 

reproductive development (Bentolila et al., 2012). 

One of the overrepresented GO category encompassing most of the nuclear genes encoding 

chloroplast and mitochondrial proteins that are downregulated during organ development are 

categorized in ‘protein synthesis’ and, more specifically, encode for ribosomal proteins 

(Supplemental Table 2). In general, mutations in genes encoding ribosomal proteins result in 

severe growth defects and/or abnormalities (Ferreyra et al., 2010) but a detailed underlying 

cellular characterization has only been performed for several of them. An example is the 

regulator of fatty acid composition 3 (rfc3) mutant, defective in a nuclear-encoded plastid-

localized S6-like ribosomal protein, resulting in impaired lateral root development in an early 

stage due to defects in cell division (Horiguchi et al., 2003; Horiguchi et al., 2011). Mutation 

in a plastid ribosomal protein of Tobacco leads to the formation of misshapen leaves that lack 

parts of the leaf blade (Rogalski et al., 2006). Next to the majority of genes encoding 

mitochondrial ribosomal proteins also a mitochondrial lysine-tRNA synthetase, OVULE 

ABORTION 5 (OVA5), was significantly downregulated. Mutant insertion lines show a high 

frequency of unfertilized or aborted ovules (Berg et al., 2005). 

 

In conclusion, strict regulation of organelle genome copy number, maintenance, expression 

and translation is important for sustaining normal organ growth. The plethora of phenotypic 

consequences can be explained because the organellar genome encodes solely proteins 

implicated in its core functions, photosynthesis in chloroplasts and energy production in 

mitochondria. Misexpression of these proteins, if not lethal, has pleiotropic consequences on 

plant growth. 

 

Physiology 
 

The key function of the organelles is to generate enough carbon and energy sources during the 

growth of plant organs. Additionally, organelles are important hubs for various interconnected 

metabolic pathways such as amino acid metabolism, fatty acid and secondary metabolite 

production, vitamin, hormone biosynthesis and signalling. As described above based on the 

GO analysis it is clear that during organ development the expression of nuclear-encoded 
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chloroplast proteins involved in photosynthesis is generally increased and genes encoding 

proteins involved in amino acid biosynthesis are mainly decreased. The importance of these 

processes in plant growth is proven by many published growth-related phenotypes when these 

genes are misexpressed. 

 

Carbon metabolism 

 

During the day, chloroplasts of leaves actively performing photosynthesis (source leaves) 

convert light energy into chemical energy stored in carbohydrates. The primary end products 

of photosynthesis are triose phosphates which are subsequently used to form starch, as storage 

compound, in the chloroplast, or sucrose in the cytosol (Stitt and Zeeman, 2012). Sucrose is 

then used as a long-distance transport molecule to other parts of the plants that act as sink 

tissues, such as roots and young growing leaves that need net import of sugars to sustain their 

growth. The inner membrane of the chloroplast contains different phosphate translocators 

(PT), necessary for the exchange of important metabolites between the cytosol and plastid 

stroma during photosynthesis (Flugge, 1999; Flugge et al., 2011). One of the major 

translocators is the antiporter Triose Phosphate/PT (TPT), involved in exporting triose 

phosphates into the cytosol in exchange for Pi. TPT is significantly upregulated both during 

root and leaf development, but tpt plants do not display a leaf growth phenotype, probably 

because of the presence of redundant phosphate translocators (Hausler et al., 2009; Schneider 

et al., 2002). The starch biosynthesis mutant adg1-1, impaired in ADP-glucose 

pyrophosphorylase (AGPase), only displays severe growth retardation when grown under 

short-day or high light and has smaller chloroplasts (Kunz et al., 2010). In potato, 

downregulation of the AGPase leads to the production of more tubers which accumulate 

lower levels of starch (Muller-Rober et al., 1992). The Arabidopsis adg1-1 growth phenotype 

is aggravated in the double adg1-1/tpt mutant, which exhibits a severe growth arrest under 

high light and produces thick pale green leaves due to less but larger mesophyll cells (Hausler 

et al., 2009; Heinrichs et al., 2012; Schmitz et al., 2012). 

 

Following transport to the sink tissues, sugars are used for glycolysis in the cytosol and in the 

citric acid cycle (TCA) in mitochondria to generate ATP. Glycolysis and the TCA have to 

work together efficiently and perturbing this interaction has phenotypic consequences. An 



Organelle Proteins and Plant Growth 
 

 50 

example is related to the functionality of the multi-enzyme pyruvate dehydrogenase complex, 

responsible in the mitochondria for converting pyruvate imported from the cytosol into acetyl-

CoA and NADH. The gene encoding the E2 dihydrolipoyl acetyltransferase subunit is highly 

expressed in cells that are proliferating. Reduced expression of this gene causes reduced 

influx in the TCA cycle and leads to an increase in TCA intermediate metabolic products and 

amino acids. The reduced metabolic flux reduces ATP production, leading to severe growth 

penalties in the roots and the shoot. The extreme reduction in primary root length and mature 

leaves size is due to a reduction in cell proliferation but also cell differentiation is impaired in 

this mutant (Yu et al., 2012). Another illustration of the importance of carbon metabolism in 

organ development is the antisense repression of a sugar beet mitochondrial pyruvate 

dehydrogenase subunit, specifically in tapetum tissue within the anther, which induces a 

cytoplasmic male sterility phenotype (Yui et al., 2003). 

 

Mitochondria and chloroplasts play an important role during the photorespiration pathway, 

which scavenges toxic waste products that are made when Rubisco interacts with oxygen 

instead of carbon dioxide. The pathway involves a network of enzymes exchanging 

metabolites between three subcellular compartments: chloroplasts, peroxisomes and 

mitochondria. The main mitochondrial step involves the conversion of glycine into serine, 

catalyzed by the glycine decarboxylase complex (GDC) and a serine hydroxymethyltansferase 

(SHMT) (Eisenhut et al., 2013; Kuhn et al., 2013; Lawand et al., 2002). The mitochondrial 

carrier A BOUT DE SOUFFLE (BOU) plays a role in this pathway although its substrate has 

not been identified yet. bou mutant plants have a reduced GDC activity and accumulate 

glycine. The mutant of SHMT displays a similar metabolic phenotype. As a consequence, both 

bou and shm exhibit a photorespiratory phenotype as they grow normally at high CO2 but fail 

to develop photoautotrophically under ambient CO2 levels due to a sucrose and CO2-

dependent reduction in cell-cycle activity in the root and shoot apical meristem. SHMT and 

BOU expression is decreased and increased during development, respectively. Mutants 

deficient in glycine decarboxylase have also been identified in other plant species such as 

barley (Igamberdiev et al., 2001; Wingler et al., 1997) and Amaranthus (Wingler et al., 1999) 

and cyanobacteria (Hagemann et al., 2008), but without reported growth-related phenotypes. 
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In summary, photosynthesis and mitochondrial respiration are tightly coupled and need 

different transporters for shuttling metabolites from one organelle to another to maintain 

cellular homeostasis; a specific development expression profile is thus expected. When this 

transport is impaired, mutant evidence suggests that mainly cell proliferation is affected. 

 

Amino acid biosynthesis 

 

Chloroplasts and mitochondria have a central position in the biosynthesis of amino acids and 

many nuclear genes encoding proteins involved in these pathways demonstrate a high 

expression during the cell proliferation phase both in roots and leaves. One of the DEGs, 

ABERRANT GROWTH AND DEATH2 (ADG2), codes for an aminotransferase with high 

activity against Lys, Ala and Arg (Song et al., 2004). adg2-1 mutants are dwarfed and have 

enlarged cells (Rate and Greenberg, 2001). Also ORNITHINE CARBAMOYLTRANSFERASE 

(OTC) involved in arginine synthesis is downregulated during development and some 

reticulate mutants with also a defect in the biosynthesis of arginine have been described. 

venosa3 (ven3) and ven6 mutants have a loss-of-function of the large and small subunit of the 

chloroplast-localized carbamoyl phosphate synthase, required for the conversion of ornithine 

into citrulline in the arginine pathway, and both produce small leaves that contain less and 

smaller palisade mesophyll cells as well as large intercellular spaces (Molla-Morales et al., 

2011). 

 

The aromatic amino acids (AAAs) tryptophan, tyrosine and phenylalanine are synthesized via 

the shikimate pathway that starts with the import of phosphoenolpyruvate in the chloroplasts 

via a phosphate transporter, the phosphoenolpyruvate translocator (PPT) (Maeda and 

Dudareva, 2012). The correct biosynthesis of AAAs and functional PPT proteins are crucial 

for plant growth since also mutants involved in these processes produce reticulated leaves 

(Knappe et al., 2003; Li et al., 1995; Lundquist et al., 2014; Streatfield et al., 1999). cue or 

chlorophyll a/b binding protein (CAB) underexpressed mutants, impaired in PPT expression, 

produce small reticulate leaves when grown on medium with an external carbon source (Li et 

al., 1995). The palisade mesophyll cell layer in the pale green sections of the leaf is 

underdeveloped with less cells and larger intercellular spaces, whereas the number and size of 

epidermal and spongy mesophyll cells are unaffected (Streatfield et al., 1999). Furthermore, 
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chloroplasts are smaller in cue1, while their number is not changed. Treatment of the cue1 

mutants with a cocktail of AAA, rescues the reticulated leaf phenotype but not the reduced 

shoot growth (Staehr et al., 2014; Streatfield et al., 1999). This treatment restores the reduced 

mesophyll cell density, but further reduces cue1 root growth. A distinct role for PPT1 was 

suggested in shoot and root, working as an importer in chloroplasts in leaves and as an 

exporter in the root (Staehr et al., 2014). This dual effect is also reflected in the DEG list, 

since CUE1 is specifically downregulated during leaf development and not differentially 

expressed in root development (Supplemental Table 1). Tobacco plants overexpressing a 

MYB308 gene from Anthirrhinum also produce reticulated leaves, identical to the cue1 mutant 

(Streatfield et al., 1999). MYB308 overexpressing plants lack phenolic intermediates which 

cause the leaf developmental phenotype. AROGENATE DEHYDRATASE2 (ADT2) involved 

in phenylalanine biosynthesis in Arabidopsis but also in rice (Cho et al., 2007), ALBINO AND 

PALE GREEN 10 (APG10) involved in histidine biosynthesis (Noutoshi et al., 2005) and 

THREONINE ALDOLASE2 (THA2) involved in threonine degradation to glycine (Joshi et al., 

2006), are all examples of amino acid-related DEGs that are downregulated during 

development and which results in growth defects when mutated, such as abnormal leaf 

development with reduced growth, pale green cotyledons and true leaves, and lethal albino 

phenotype, respectively. Most reticulate mutants described have clear effects on the number 

of cells, but in the small organ1 (smo1/trp2) reticulate mutant, mutated in the gene encoding 

the β-subunit of tryptophan synthase (TBS1) smaller leaves are produced due to a decrease in 

the average size of the palisade mesophyll cells. In addition, chloroplasts are under-developed 

and contain less starch granules and thylakoid structures (Jing et al., 2009). 

 

In summary, Arabidopsis mutants in plastid biosynthetic steps of amino acids often produce 

clear growth phenotypes, typically reticulated leaves. In almost all investigated mutants, 

reticulation of leaves is due to a reduction in cell numbers in mesophyll cells. Although 

mitochondria have roles in amino acid biosynthesis as well, no growth phenotypes with 

known effects on the number or size of cells have been reported to our knowledge. 
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Signaling –adaptations to changing conditions 

 

Many metabolic signals and proteins have been proposed to be involved in retrograde 

signaling, generating a complex and intertwined network of signals that are sensed by the 

nucleus to control gene expression and organelle development. This crosstalk between the 

nucleus and organelles is crucial for cell functioning under normal but also stress conditions. 

Indeed, when chloroplasts or mitochondria function is affected through application of 

chemicals or due to mutations in genes encoding organellar proteins, changes in the nuclear 

gene expression are observed, indicating a general response to organelle dysfunction. 

Furthermore, mitochondria and chloroplasts are also responsible for specific responses to 

stress conditions (Schwarzlander et al., 2012; Van Aken and Whelan, 2012). 

 

Chloroplasts signal their developmental status to the nucleus to adapt to environmental 

conditions and maintain the necessary carbon and energy for the plant to grow. Efforts has 

been made to identify these signals and the responses they elicit, but for most of these 

signaling pathways the effect on cell proliferation and cell expansion during organ growth is 

not characterized (Reviewed by (Chi et al., 2015; Chi et al., 2013; Kleine and Leister, 2013; 

Pogson et al., 2008)). The best known retrograde signals are derivatives of the tetrapyrrole, 

carotenoid and isoprenoid biosynthetic pathways. These factors have essential roles in the 

regulation of photosynthesis in coordination with the nucleus and demonstrate a significant 

upregulation during development when cells start to expand and, concordantly, start to 

photosynthesize. For example, the GENOMES UNCOUPLED5 (GUN5) gene encodes a 

subunit of the Mg-chelatase involved in the first steps of chlorophyll biosynthesis. gun5 

mutants are small, pale green and impaired in chloroplast-to-nucleus signalling (Mochizuki et 

al., 2001). Another recent example of a gene involved in retrograde signaling is demonstrated 

by the chloroplast biogenesis5 (clb5) mutant, impaired in ζ-CAROTENE DESATURASE 

(ZDS), involved in the biosynthesis of an apocarotenoid of yet unknown nature. clb5 mutant 

exhibits severe defects in leaf development, with no clear leaf differentiation, translucent and 

irregular leaf surfaces. Most of the mesophyll tissue is absent in clb5 and the expression of 

nucleus- and chloroplast-encoded genes is impaired, resulting in a lack of chloroplast 

development (Avendano-Vazquez et al., 2014). 
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The genes encoding mitochondrial glycine-rich RNA-binding proteins 2, 3 and 4 (GR-

RBP2,3,4) are downregulated during development and they are known to play a role in plant 

responses to changing environmental conditions, such as cold and salt stresses (Kim et al., 

2007; Kwak et al., 2005). GR-RBPs are conserved in Arabidopsis, Chinese cabbage, rice and 

maize genomes (Krishnamurthy et al., 2015). GR-RBP3 has recently been described as a 

mitochondrial editing factor, named ORRM3 (organelle RNA Recognition Motif containing 

protein 3). orrm3 mutants do not exhibit morphological defects, but the protein was found to 

interact with RIP1 (Shi et al., 2015), for which the mutant phenotype is discussed above. 

Furthermore, the closely related ORRM2 gene, encoding another mitochondrial editing factor, 

was downregulated during development. A closely related PPR protein and a member of the 

RIP and RNA RECOGNITION MOTIF (RRM) family, ORRM1, is involved in editing of 

chloroplasts transcripts in Arabidopsis and maize; maize but not Arabidopsis mutants of this 

gene produce pale green leaves (Sun et al., 2013).  

Plastids and mitochondria function are linked since photosynthesis provides substrates for 

mitochondrial respiration on the one hand, but on the other hand also depends on a range of 

compounds synthesized by mitochondria (Pesaresi et al., 2006). Communication between 

organelles and the nucleus, but also the communication between organelles is therefore 

important for plant development. The study of the factors governing interorganellar 

communication remain largely elusive due to the complex links between different pathways. 

For example, photosynthetic reactions create ROS and redox signals, but are dependent on the 

efficiency of plastid gene expression and chlorophyll biosynthesis (Pesaresi et al., 2007). 

There is evidence that when organelle translation is perturbed, signals from both organelles 

cooperate to regulate nuclear photosynthetic gene expression (Pesaresi et al., 2007). When 

PROLYL-tRNA SYNTHETASE1 (PRORS1) expression is downregulated, protein synthesis is 

reduced both in plastids and mitochondria, concomitant with a downregulation of 

photosynthesis-related transcript and an upregulation of other chloroplast proteins in the 

nucleus (Pesaresi et al., 2006). PRORS1 is expressed highly in proliferating compared to 

expanding tissue, and T-DNA lines with a reduced expression of this gene produce small, pale 

green rosettes (Pesaresi et al., 2006). 

In summary, the interaction between nucleus and organelles ensures that plants are able to 

grow and develop even under adverse conditions. Organelles generate both general and 

specific retrograde signals which feed information to the nucleus, upon which the nucleus can 
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anticipate through the induction of, for example, stress response genes. When this signaling is 

impaired, plants are unable to respond to environmental cues and display growth penalties. 

 

Conclusion and Future Perspectives 
 

In this review, we present a compilation of mutant phenotypes for nuclear genes, which are 

differentially expressed during leaf and/or root development, encoding proteins localised in 

chloroplasts, mitochondria, or both organelles. Except for genes encoding photosynthesis-

related and chloroplast proteins in leaves, the majority of genes are downregulated when cells 

transition from cell proliferation to cell expansion. This trend points towards an important role 

of organellar proteins in the support of cell proliferation during early organ development. 

Indeed, based on genetic evidence, we find that most of mutants in DEGs are affected in cell 

proliferation (Fig. 3). Since chloroplasts mainly deliver carbon sources and mitochondria 

cellular energy, it is not surprising that compromising their function leads to a reduction in 

cellular energy needed for cell division. Furthermore, most mutants analysed at cellular level 

either exhibit a specific defect on cell proliferation or reduction in cell number compensated 

by an increase in cell expansion. This compensation effect is often insufficient to completely 

rescue the decrease in cell numbers and therefore these mutants still display growth 

phenotypes (Horiguchi et al., 2006), a phenomenon that is commonly observed in mutants of 

cell-cycle proteins (Blomme et al., 2014). On the other hand, the onset of photosynthesis 

when cells start expanding and differentiating in leaves highlights the active role of 

chloroplasts in cell expansion (Andriankaja et al., 2012), the number of chloroplasts per 

mesophyll cell normally correlates positively with the cell area during cell growth (Pyke and 

Leech, 1994) and chloroplast proliferation is enhanced in compensation mutants (Andriankaja 

et al., 2012; Kawade et al., 2013). So, although the genetic evidence presented in this review 

proposes a strong involvement of organellar proteins mainly in cell proliferation, their role in 

the regulation of cell expansion and differentiation cannot be ignored but largely remains to 

be elucidated. 

  

The involvement of chloroplasts and mitochondria in the cellular processes driving organ 

growth is undisputable. Many nuclear genes encoding organellar proteins are differentially 

expressed during organ development (Fig. 1), and growth phenotypes have been described for 
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several gain- or loss-of function mutants of these genes (Fig. 3). Although still many genes 

have not been characterised at the phenotypical level, they seem interesting candidates to 

further elucidate the role of chloroplast and mitochondrial proteins in cell proliferation, the 

transition to cell expansion and/or differentiation. Moreover, based on the expression profiles, 

some of these genes could encode proteins with organ-specific roles. 

  

Figure 3. Summary of the DEGs reported to have a plant growth phenotype when disturbed or overexpressed. Genes 
are subdivided according to the effect on the cellular level when mutated or overexpressed, or their differential expression 
pattern if no cellular effect is studied. Three developmental zones can be distinguished. Bottom of the leaf or the root tip 
mainly contains proliferating cells. In the middle of the root or leaf, cells are transitioning from dividing to elongation or 
from cell proliferation to cell expansion, respectively. At the tip of the leaf cell expansion starts and in the upper part of the 
root most cells are elongated and differentiated. Genes are ordered next to the organ in which a phenotype has been described 
upon loss- or gain-of-function; if both a root and shoot phenotype was reported genes are central. Genes included based on 
their differential expression profile are included at the site of the highest relative expression. Genes are color-coded according 
to the subcellular localization of the encoded protein: green for chloroplasts, blue for mitochondria and orange for both. 

 

Looking beyond the number or size of cells composing a leaf or root, several mutants display 

a more complex reticulated or variegated phenotype where the development of palisade 

mesophyll tissue is hampered. It is still not understood how these complex phenotypes arise, 

although some hypotheses have been put forward (Lundquist et al., 2014). These mutants 

represent excellent genetic tools to better understand how chloroplasts regulate the 

PR
O

LI
FE

R
A

TI
O

N

SMO1/TRP2
PsaE1
PsaG
PsaK
Fd2
RCA

FRIENDLY

ANU10
VAR2/3
VEN3/6
ADG/TPT

ZDS

CRL	

CUE1	
SCA3

E2
BOU
SHMT
WHY2
GyrA
RPOTm
RIP1

PHB3/4
RFC3

EX
PA

N
SI

O
N

D
IF

FE
R

EN
TA

TI
O

N

LEAF DEVELOPMENT ROOT STAGES

TR
A

N
SI

TI
O

N

TPT
GUN5
CLB5

ADG2
OTC
ADT2
APG10
THA2
ORRM2



Organelle Proteins and Plant Growth 
 

 57 

development of specific cell layers such as mesophyll and how this can be connected to other 

tissues such as the epidermal layer. 

 

Unfortunately, the majority of studies reporting growth phenotypes of organelle proteins only 

discuss the macroscopic defects in shoot and root growth. Organellar proteins exert crucial 

functions during plant development, but for a lot of proteins the direct or indirect regulation of 

plant growth remains uncharacterised or has not been characterised at the cellular level. The 

additional investigation of the cellular effects of a mutant of interest would allow to better 

understand the growth phenotype (Gonzalez et al., 2012). Therefore, we plead for a more 

thorough cellular characterisation of mutants affected in growth.  

 

Supplemental Data 
 

Supplemental tables are listed below and can be found at the end of this chapter. 

Supplemental Table S1. List of differentially expressed genes in leaf and/or root dataset. 

Supplemental Table S2. Gene Ontology (GO) categories of nuclear genes encoding 
organellar proteins differentially expressed over development. 
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Supplemental Information  

Supplemental Table 1. List of differentially expressed genes encoding organellar proteins. AGI codes of 
DEGs corresponding to the leaf or root dataset, or genes which are differentially expressed in both datasets. 
DEGs are listed according to their subcellular localisation and their expression pattern over development. 
Abbreviations: C: Chloroplasts; M: Mitochondria. Up indicates a high expression in expanding versus 
proliferating tissue, down the inverse expression pattern. 
 
This table can be downloaded through following link:  
https://floppy.psb.ugent.be/public.php?service=files&t=f03e6cd580105777d72b2dbd2fbbf 
 
 
Supplemental Table 2. Gene Ontology (GO) categories of nuclear genes encoding organellar proteins 
differentially expressed over development. GO enrichment analysis using PLAZA (Proost et al., 2015) of 
differentially expressed genes during development in roots and leaves combined. Mito_Down and Mito_Up 
represents GOs of genes encoding mitochondrial proteins downregulated and upregulated during development, 
Chloro_Down and Chloro_Up represents GOs of genes encoding chloroplast proteins downregulated and 
upregulated during development. 

 
 

Category Number of Genes Category Number of Genes
PS 21 protein 44
not assigned 14 not assigned 34
transport 11 amino acid metabolism 17
secondary metabolism 9 RNA 14
stress 5 nucleotide metabolism 13
protein 5 DNA 13
cell 5 cell 8
RNA 4 lipid metabolism 5
signalling 4 misc 4
hormone metabolism 3 signalling 4
tetrapyrrole synthesis 3 development 4
amino acid metabolism 2 major CHO metabolism 3
redox 2 stress 3
C1-metabolism 2 PS 2
misc 2 secondary metabolism 2
development 2 hormone metabolism 2
major CHO metabolism 1 redox 2
glycolysis 1 glycolysis 1
TCA / org. transformation 1 TCA / org. transformation 1
cell wall 1 Co-factor and vitamine metabolism 1
N-metabolism 1 C1-metabolism 1
S-assimilation 1 transport 1
metal handling 1
Co-factor and vitamine metabolism 1

Genes Category Number of Genes
AT1G06570 protein 53
AT1G58180 not assigned 38
AT1G78120 RNA 18
AT2G24180 DNA 11
AT2G26800 amino acid metabolism 7
AT3G05900 nucleotide metabolism 5
AT3G27890 nucleotide metabolism 5
AT3G61430 cell 3
AT4G05020 development 3
AT4G35090 lipid metabolism 3
AT4G37930 stress 3
AT5G13630 misc 2
AT5G14780 transport 2
AT5G52060 mitochondrial electron transport / ATP synthesis 1

cell wall 1
N-metabolism 1
secondary metabolism 1
hormone metabolism 1
signalling 1

Chloro_Up Chloro_Down

Mito_Up Mito_Down
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Introduction 
 

Organisms of the green lineage originated from the endosymbiotic event between a heterotroph 

eukaryotic cell and a cyanobacterium that stably integrated and evolved into plastids (Leliaert 

et al., 2012). This event gave rise to the first eukaryotic organisms capable of performing 

oxygenic photosynthesis, which evolved into the green and red algae, the land plants and the 

glaucophytes, a group of freshwater algae. With few exceptions, all these organisms bear three 

genomes localized in different compartments: the nucleus, the mitochondria and the 

chloroplasts. The organelle genomes of plants are unique compared to other eukaryotes. In this 

chapter, we introduce how plant organelle genomes are shaped, with a focus on plant 

mitochondrial DNA. Then, we elaborate on DNA repair pathways present in plant 

mitochondria and discuss their importance in recombination, replication, repair and evolution 

of organelle genomes. 

 

Plant Organelle Genomes display Unique Features  
 

The remnant genomes of eukaryotic organelles display several peculiarities, especially in the 

green lineage. Plant organelle genomes undergo frequent recombination and are much larger 

and more complex in size and organization compared to genomes of animal mitochondria that 

are small, accumulate very few noncoding DNA and do not exhibit recombination. The 

divergent evolution of mtDNA size and organization in plants and animal is likely attributed 

to differences in development, especially of the germ cells. In animals, germ cell differentiation 

happens early during embryonic development. During the series of cell divisions leading from 

fertilized oocytes to primordial germ cells, mitochondrial replication is slowed down and the 

number of mitochondria per cell decreases from hundreds of thousands to approximately ten 

(Galtier, 2011; Shoubridge, 2000). In animals, mitochondria thus undergo a so-called 

‘bottleneck’; and both a reduction in the mitochondrial copy number and a relaxed control of 

mtDNA replication in germ cells (1) can explain the rapid segregation of mitochondrial 

variants across generations, (2) is a mechanism to reduce heteroplasmy and consequently (3) 

restricts the potential increase of so-called selfish mtDNA mutations when the effective 

population size is small. Selfish DNA corresponds to a DNA sequence that spreads by forming 

additional copies of itself in the genome (Aanen et al., 2014), which is not possible when 

replication control is relaxed. In contrast, plants form organs throughout their life cycle and 

only differentiate reproductive cells later in their development. No organelle bottlenecks have 
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been documented during plant development, which implies that harmful mutations can 

accumulate in plant organelle genomes throughout their life cycle. Organelle genomes must 

therefore be protected and repaired from DNA damaging agents at all times to prevent that 

mutations are passed on to their progeny and efficient DNA repair by gene conversion and 

mismatch repair mechanisms prevents the harmful accumulation of mutations and 

homogenises the genomes of all mitochondria or plastids within an individual (Galtier, 2011). 

Additional evidence for a link between development and organelle genome characteristics was 

found in sponges (Porifera) and corals (Anthozoa), two animal groups that develop germline 

cells late in development similarly to plants and contain mitochondria with similar 

characteristics as their plant counterparts (Huang et al., 2008). 

 

Efficient DNA repair mechanisms in plant organelles implies that mutation rates of plant 

mitochondrial protein-coding genes are low compared to other eukaryotes (Lynch et al., 2006). 

At the same time, plant organelle genomes are characterized by accumulation of noncoding 

sequences, that are prone to mutations and rearrangements (Christensen, 2013; Lynch and 

Conery, 2003; Lynch et al., 2006). Differences in mutation rates between coding and 

noncoding regions in the mitochondrial genome are proposed to arise from the existence of 

different DNA repair pathways: accurate mechanisms of repair take place in coding regions 

and less accurate mechanisms in noncoding DNA (Christensen, 2013). Both the low mutational 

rates and the striking expansion of non-coding sequences is explained by efficient 

recombination-assisted repair of DNA damage between repeated elements in organelle 

genomes (Davila et al., 2011; Galtier, 2011). The main drivers of plant organelle genome 

evolution are therefore DNA repair proteins that also have roles in genome maintenance and 

replication. In this chapter, we will first discuss the peculiarities of organelle genomes 

structure, organization and maintenance, and subsequently elaborate on DNA repair pathways, 

with a focus on the pathways present in plant mitochondria. 

 

Structure and Organisation of Plant Organelle Genomes 
 

The evolution of mitochondrial and plastid genomes (mtDNA and ptDNA) has led to the 

existence of a large variety of genome architectures in the green lineage. In closely related 

species, in general, mtDNA and ptDNA underwent convergent evolution in terms of 

architecture, mutational patterns, modes of replication, gene expression and inheritance 

(reviewed in (Burger et al., 2003; Knoop, 2004; Smith and Keeling, 2015)). According to our 
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current knowledge mitochondrial genomes exhibit a far greater extent of complexity and 

eccentricities compared to plastid genomes (reviewed in (Smith and Keeling, 2015)). We will 

here illustrate the diversity in gene content, size and organization of organelle genomes mainly 

with examples found from mitochondrial genomes. 

 

Gene Content 

 
Although the number of genes in mtDNA and ptDNA is highly reduced due to gene transfer to 

the nucleus, mitochondrial and plastid genomes still encode crucial proteins involved in the 

electron transport chain and photosynthesis, respectively (Sato et al., 1999; Unseld et al., 

1997). The coding regions of organelles are more or less important depending on the number 

of genes transferred to the nucleus and the number of coding genes varies among phylogenetic 

groups. In general, an eukaryotic mitochondrial genome encodes 40 to 50 genes (Burger et al., 

2003; De las Rivas et al., 2002). However, in some parasitic species and anaerobic protists, 

mitochondria have lost their genome completely and in some cases lack ATP-generating cristae 

(Hjort et al., 2010). For example, mitochondrial genomes of the hemiparasitic mistletoe 

(Viscum album) lack functional genes encoding respiratory complex subunits and it is not 

determined if these genes are transferred to the nuclear genome or not (Petersen et al., 2015). 

 

Organelle Genome Size 

 

Mitochondrial genome size ranges from 6kb, in some apicomplexan parasitic protists, to an 

astonishing 11 Mb in the flowering plant Silene conica (Hikosaka et al., 2010; Sloan et al., 

2012; Smith and Keeling, 2015). The size of plant organelle genomes compared to other 

eukaryotes is quite different since, for example, the smallest known mtDNA of land plants 

(186,6 kbp; Marchantia polymorpha) is more than ten times larger than the one from humans 

(16,6 kbp; (Burger et al., 2003; Knoop, 2004)). Intuitively, the gene content could be a good 

indicator of the size of organelle genomes. However, pronounced differences in the size of 

organelle genomes cannot be explained solely by the number of genes. These differences in 

size are mainly the consequence of an accumulation of noncoding DNA which represents 1 to 

99% of a mitochondrial genome (Burger et al., 2003; Hikosaka et al., 2010; Lynch et al., 2006; 

Sloan et al., 2012). The increase in size of the organelle genomes occurs both in mitochondria 
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as plastids, but mtDNAs exhibit a wider range of sizes, both among and within lineages 

(reviewed in (Smith and Keeling, 2015)). 

 

Organelle Genome Architecture 

 

Organelle genomes are able to assemble in a variety of forms such as circles, linear-branched 

structures and linear conformations with telomeres, as well as structures containing multiple 

copies of the genome (Fig. 1). Most mtDNAs are organised in a multipartite chromosome 

structure, where the genome is fragmented in many different linear molecules (Howe et al., 

2008; Sloan, 2013; Smith and Keeling, 2015). In fact, the occurrence of a single circular 

“master circle” (Fig. 1) has only rarely been observed. Two extreme examples of mtDNA 

fragmentation are the mitochondrial genome of Trypanosomes on the one hand corresponding 

to giant, intertwined networks comprising thousands of small (0,5-10kb) and few large (20-

40kb) circular molecules; and on the other hand the mtDNA of the unicellular fungus 

Amoebidium parasiticum which is made of hundreds of 0,3-8,3 kb linear fragments (Burger et 

al., 2003; Lukes et al., 2002; Smith and Keeling, 2015). 

 

 
Figure 1. Models of plant mitochondrial DNA (mtDNA) structure. (a) The conventional multipartite model, in 
which recombination between large repeats interconverts between a master circle conformation and a set of 
subgenomic circles. Green boxes represent large repeats. (b) Examples of alternative physical structures that can 
all produce circular genome maps. Figure adapted from (Sloan, 2013). 
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Other Peculiarities 

 

Besides variation in gene content, size and organization, organelle genomes display some other 

peculiarities. For example, mtDNA that preserve the “universal genetic code” are quite rare 

exceptions, and several codon alterations as well as the loss of start and stop codons have been 

reported in eukaryotes (Jukes and Osawa, 1990; Smith and Keeling, 2015; Waller and Jackson, 

2009). Also, some genes in the organelle genomes, especially in mtDNA, occur as fragmented 

and scrambled entities which assemble after transcription through secondary-pairing 

interactions, where the different RNA transcripts are joined end to end and ligated. For 

example, five introns in the Arabidopsis nad1, nad2 and nad5 genes are trans-spliced and the 

respective adjacent exons are far apart on the genome (Unseld et al., 1997). Indeed, transcripts 

can undergo extensive posttranscriptional regulation, such as cis- or trans-splicing of introns 

but also RNA editing that converts a specific nucleotide of RNA from C to U or, less frequently, 

from U to C (Shikanai, 2006). Finally, many mitochondrial genomes are prone to acquire 

foreign DNA through horizontal gene transfer (Smith, 2011). In an extreme example, the 

mtDNA of Amborella trichopoda, a shrub at the base of the flowering plant clade, has acquired 

an equivalent of six horizontally transferred mitochondrial genomes (Rice et al., 2013).  

 

Difference Between Genomes of Mitochondria and Plastids 

 

Across and within phylogenetic groups, organelle genomes are variable in many aspects of 

their size, organization and expression. A common trend is that mtDNA is even more diverse 

than ptDNA in these aspects. This difference in size and organisation between mtDNA and 

ptDNA is suggested to be a consequence of a lower gene content in mtDNA since genomes 

with less coding information have more fluctuations in mutational rates and are expected to 

accumulate more changes to the genetic code compared to genomes carrying more genes 

(Lynch et al., 2006). Additionally, structural and physiological differences between organelles 

can explain why mitochondrial genomes are on average more diverse compared to ptDNA. 

Mitochondria undergo frequent fusion-fission events, for example during the cell cycle 

(Arimura et al., 2004; Kianian and Kianian, 2014; Segui-Simarro and Staehelin, 2009), and 

have, unlike plastids, an active DNA import system which can expose them more readily to 

foreign mitochondria from, for example, mosses, green algae or other angiosperms (Arimura 

et al., 2004; McCutcheon et al., 2009; Rice et al., 2013; Smith and Keeling, 2015). Although 
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several hypotheses try to explain differences in organelle genome size and structure across 

eukaryotes, a strong link has been found between extreme organelle architectures and extreme 

rates of mutation and recombination (Davila et al., 2011; Smith and Keeling, 2015). The 

pathways governing organelle DNA maintenance and repair, which are almost always under 

nuclear control, can thus explain how organelle genomes evolved to extremes (Davila et al., 

2011; Galtier, 2011). An accurate control of DNA recombination, repair and replication, three 

mechanisms which are closely interconnected in organelle genomes, is thus of primary 

importance for plant organelle genomes. 

 

DNA Repair pathways – conservation of nuclear pathways in plant organelles?  
 

Organelle genomes consist of DNA molecules that, just as their nuclear counterpart, contain 

genes transcribed into RNA that are subsequently translated into proteins having a large array 

of biological functions. Also, organelle DNA needs to be replicated to allow the transmission 

of the genomic information to daughter cells during division. Maintaining the stability of a 

genome is essential and requires accurate replication mechanisms but also repair mechanisms 

if errors occur or if the DNA molecule is damaged. The most basic way a cell can accumulate 

mismatched nucleotides is through errors of the DNA polymerases during DNA replication 

(Table 1). Besides replication errors, many endogenous and exogenous factors, such as reactive 

species of oxygen or nitrogen, alkylating products, genotoxic chemicals but also environmental 

conditions such as ultraviolet radiation can cause DNA damage (Table 1; (Boesch et al., 2011; 

De Bont and van Larebeke, 2004)). These different causes of DNA damage lead to distinct 

types of outcomes, such as modification of nucleotides, accumulation of photodimers, single 

or double stranded breaks, which require specific DNA repair mechanisms (Table 1) that 

recognize these different kinds of abnormalities and fix them.  
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Table 1. Causes of organelle DNA damage. For each cause of DNA damage, the resulting alteration of the DNA 
is given (Boesch et al., 2011). 

Cause DNA damage 

UV 

1. Photoproducts can form from the dimerisation of adjacent pyrimidines causing cyclobutane 

pyrimidine dimers or 6,4 pyrimidine-pyrimidones 

2. Indirect damage through oxidative damage 

Reactive species 

1. Reactive Oxygen Species: base modifications, sugar break-down products, base free sites and 

strand break 

2. Reactive Nitrogen Species: deamination, generation of base free sites that cause strand break, 

DNA intrastrand, DNA interstrand and DNA-protein crosslinks 

Alkylation 
Damage from alkylation products (e.g. methylation and chloroethylations) includes abasic sites, strand 

breaks and interstrand crosslinks 

Bulky adducts 
Binding of organic derivatives to bases forms hypermodified nucleotides called addition products or 

adducts 

Replication 

Base substitutions: 

1. Transitions (A<->G or T<->C) cause tautomeric shift 

2. Transversions (C/T<->G, C/T<->A) cause frameshift mutations (indels) 

 

The processes governing organelle DNA repair are similar to those of the nuclear genome, but 

some specificities exist in organelles (reviewed in (Boesch et al., 2011; Gualberto et al., 2014; 

Marechal and Brisson, 2010)). In the nucleus, errors made during replication can be repaired 

through the proofreading function of DNA polymerases, but also through a repair pathway 

called mismatch repair. Also, direct chemical reversal of damaged bases can occur to repair 

DNA. When single-stranded DNA breaks occur, the non-damaged strand can be used as a 

template for repair by the base excision repair, the nucleotide excision repair and the translesion 

repair pathways. However, this template is unavailable when double-stranded breaks occur. In 

this case, several homologous recombination (HR) and end-joining pathways are able to repair 

the DNA damage. Below, we briefly present these different pathways of nuclear DNA repair, 

mostly based on the models known in bacteria or humans. Subsequently, we discuss the 

available evidence for these pathways in plant organelles, with a focus on plant mitochondria. 

 

Direct Repair 

 

Cells are able, in some cases, to repair directly damaged DNA by chemically reversing the 

mismatched base to the normal one. The activation of such direct repair process can occur after 

the formation of a mutagenic photodimer caused by UV light. The photodimer is then bound 

by a photolyase that splits it to regenerate the original bases. In organelles, efficient removal 

of UV-induced photoproducts from DNA has been shown in Arabidopsis and Chlamydomonas 
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reinhardtii, but is still a matter of debate in other plant species such as soybean and spinach 

(Boesch et al., 2011; Draper and Hays, 2000).  

 

Mismatch repair 

 

During DNA replication, the 3’-to-5’ proofreading function of DNA polymerases reduces the 

error rate substantially to 10-7. Besides this mechanism, a post-replicative mechanism called 

mismatch repair (MMR) reduces the error rate to 10-9 by recognizing and repairing mismatched 

bases and small loops generated by insertions or deletions (indels) during replication. In E. 

coli, the first step of this repair mechanism corresponds to the recognition of the mismatched 

base just after replication, by the Mutator S (MutS) protein (Fig. 2; (Kunkel and Erie, 2005)). 

MutS then recruits three proteins, MutL, MutH and UvrD, to the mismatch site. MutL is 

important for the formation of the protein complex, strand discrimination and strand removal 

(Guarne, 2012). MutH cuts the newly synthesized strand containing the incorrect base which 

can be distinguished from the correct template since DNA is not methylated immediately after 

synthesis. UvrD is a helicase which binds at the nicked site and unwinds the DNA. The new 

strand is then excised and replaced between the nick and the mismatched base. During this 

process, the parental strand is coated with protective ssDNA binding proteins. 
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Figure 2. Overview of the Mismatch Repair pathway. A mismatched base can be inserted during replication, in 
this case leading to a G-T mismatch. MutS is able to recognize the mismatched base, and attracts MutL, MutH 
and UvrD proteins to the site. The newly synthesized strand, which is unmethylated immediately after replication, 
is subsequently nicked by MutH, removed and replaced. Figure modified from Griffiths et al. (2007). 

 
Although a functional MMR pathway was established in humans and yeast mitochondria, the 

situation in plant mitochondria is not clear yet. In yeast, the homolog of MutS, Msh1, is also 

involved in MMR whereas in Arabidopsis, the homolog of MutS (MutS HOMOLOG1 

(MSH1)) is implicated in recombination control in organelles but no function in mismatch 

repair has been shown (Hofmann, 2011; Xu et al., 2012).  

 

Base Excision Repair  

 

Base Excision Repair (BER) is an error-free DNA damage repair pathway that uses the non-

damaged complementary DNA strand to repair non bulk changes to bases. These changes 

include spontaneous methylation, deamination, oxidation or loss of a DNA base. BER is 

initiated by a DNA glycosylase which cleaves the base-sugar bond, thereby removing the 

mismatched base (Fig. 3; (Dianov and Hubscher, 2013)). This cleavage generates an apurinic 

or apyrimidic (AP) site, depending on the base that is removed, A or G, and T or C, 

respectively. For example, an uracil-DNA glycolyase removes uracil that originates from the 
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spontaneous deamination of cytosin, which can cause a C-to-T transition. After the base 

removal, an AP endonuclease nicks the damaged strand upstream of the AP site. A third 

enzyme, deoxyribophosphodiesterase (dRpase) removes a stretch of 2 to 6 nucleotides around 

the AP site which makes it possible for the DNA polymerase to fill this gap using the non-

damaged strand as a template. This repair corresponds to long-patch BER (Fig. 3) while in 

short-patch BER, only the damaged nucleotide is excised and replaced by the DNA polymerase 

(Dianov and Hubscher, 2013). Finally, a DNA ligase seals the new nucleotides into the 

backbone DNA. 

 

  
Figure 3. Overview of long-patch Base Excision Repair pathway. When a damaged base (indicated in black) is 
recognised, a DNA glycosylase cleaves the base-sugar bond, generating an apurinic or apyrimidic site. At this 
site, an AP endonuclease nicks the damaged strand and a third enzyme, deoxyribophosphodiesterase, removes 2-
6 nucleotides around the site. Finally, DNA polymerase adds new bases which are ligated in the backbone. Figure 
modified from Griffiths et al. (2007). 

 

In organelles, accumulation of reactive oxygen species (ROS) is the predominant cause of 

DNA damage. ROS can cause oxidative lesions, such as the formation of 8-oxoguanine (8-

oxoG), which are predominantly removed through the BER pathway. Plant mitochondria 

possess only the short-patch BER pathway in contrast to mammalian mitochondria that repair 

DNA damage with long-patch BER as well. Based on sequence homology, plants possess two 

protein candidates for the repair of the 8-oxoG oxidative lesion, the functional analogs 8-oxoG-
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DNA glycosylase (OGG1) and the formamidopyrimidine-DNA glycosylase (FPG), but their 

role in organelle DNA repair remains to be established (Gualberto et al., 2014). In Arabidopsis, 

three genes encode AP endonucleases, ARP1, APE1L and APE2, and all have a confirmed 

(ARP1 and APE1L) or predicted (APE2) organellar localisation. Next, the two organellar γ-

type DNA polymerases, POL1A and POL1B, are expected to synthesize the correct base. For 

the final ligation step, an isoform of the DNA ligase1, involved in nuclear BER, was shown to 

be imported into mitochondria in Arabidopsis. Still, several players in the plant organellar BER 

pathway remain to be characterised or identified (Gualberto et al., 2014). 

 

Nucleotide-Excision Repair  

 

When more than one base is damaged on one strand, which is the case with UV-light damage 

for example, different repair mechanisms than BER are necessary. The Nucleotide-Excision 

Repair (NER) pathway is usually activated at stalled replication forks or stalled transcription 

complexes, leading to so-called global genomic repair or transcription-coupled NER depending 

on the type of polymerase (DNA or RNA, respectively) that is stopped at the lesion (Shuck et 

al., 2008). Although the lesions during replication or transcription are recognized differently, 

the repair mechanisms are similar. NER is a more complex process compared to BER since it 

involves more proteins. Briefly, NER process includes (1) the recognition of damaged bases, 

(2) the assembly of a multiprotein complex that contains ten subunits of the general 

transcription factor TFIIH, (3) the cutting of the damaged strand around 30 nucleotides up- and 

downstream of the damaged bases and (4) the synthesis of DNA by a DNA polymerase 

followed by ligation (Fig. 3). The human TFIIH complex includes two subunits, Xeroderma 

Pigmentosum B (XPB) and XPD, that are DNA helicases responsible for the unwinding of the 

damaged DNA and the entire structure is stabilised by the single-stranded DNA (ssDNA) 

binding protein Replication Protein A (RPA; Fig. 4; (Shuck et al., 2008)). 
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Figure 4. Overview of the Nucleotide Excision Repair pathway. At the damaged site where RNA or DNA 
polymerase stalls, a multiprotein complex including subunits of TFIIH is recruited. This complex unwinds the 
DNA and makes a cut of around 30 nucleotides up- and downstream of the site. When this stretch of nucleotides 
is removed, DNA polymerase generates new bases which are ligated in the backbone. Figure modified from 
Griffiths et al. (2007). 

 

Currently, no evidence exists for the occurrence of the NER pathway in mitochondria. For 

chloroplasts, NER has not been documented but the Arabidopsis genome encodes several E. 

coli homologs of the NER pathway that putatively can be imported in plastids (Boesch et al., 

2011). Also, Chlamydomonas rheinhardtii is able to repair UV-induced pyrimidine dimers in 

chloroplast DNA through an excision pathway (Odom et al., 2008). 

 

Error-prone repair: Translesion DNA synthesis 

 

When a replicative DNA polymerase stalls at a site of DNA damage, the DNA continues to be 

unwound exposing ssDNA that can be damaged or degraded by enzymes. The occurrence of 

ssDNA triggers binding of protective ssDNA-binding proteins (Fig. 5). Subsequently, the 

RecA protein in E. coli or Rad51 protein in eukaryotes binds these protective proteins creating 

a protein-DNA filament that acts as a signal to induce the expression of so-called translesion 

or bypass DNA polymerases (Michel, 2005; Waters et al., 2009). These DNA polymerases do 
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not stall when a damaged base enters their active site and have a much higher error rate since 

they lack a 3’-to-5’ proofreading function. Another feature of these bypass polymerases is that 

they are only able to add few nucleotides before falling off and being replaced by the normal 

replicative DNA polymerase. The higher error rate of bypass polymerases implies that, in some 

cases, DNA repair pathways do not produce error-free outcomes but they are still advantageous 

to prevent even worse outcomes such as cell death. In E. coli this process is called the SOS 

system and in eukaryotes the translesion DNA synthesis (Griffiths et al., 2007; Michel, 2005; 

Waters et al., 2009). 

 

 
Figure 5. Overview of the Translesion DNA Synthesis pathway. DNA polymerase, depicted as white oval with 
blue shadow, stalls at a site of DNA damage, leaving ssDNA exposed as the DNA continues to be unwound. 
Protective ssDNA binding proteins attach to this ssDNA together with RecA (grey ovals), creating a protein-DNA 
filament. The replicative DNA polymerase is then replaced by a bypass DNA polymerase (white oval with orange 
shadow), which replicates the DNA from the damaged site. After insertion of few nucleotides, the bypass 
polymerase is replaced again with the replicative DNA polymerase. Figure modified from Griffiths et al. (2007). 

 

The presence of a translesion repair pathway in chloroplasts and mitochondria remains to be 

demonstrated. One indication for the presence of this pathway in organelles is that the γ-type 

DNA polymerases are capable of mutagenic bypass through DNA lesions (Boesch et al., 2011; 

Pinz et al., 1995). 
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Repair of double-stranded breaks 

 

Double-stranded breaks (dsbreaks) can be induced by radiation, chemical application or arise 

spontaneously, for example after accumulation of endogenous reactive oxygen species. When 

both strands of the DNA are broken, the systems described previously cannot adequately act 

since no undamaged strand can serve as template for repair. Two main processes are activated 

when dsbreaks occur: error-free pathways involving Homologous Recombination (HR) such 

as Synthesis-Dependent Strand Annealing (SDSA), Double-stranded Break Repair (DSBR) 

and Break-Induced Repair (BIR) and error-prone pathways such as Non-Homologous End 

Joining (NHEJ), Microhomology-Mediated End Joining (MMEJ) and Single-Strand Annealing 

(SSA). 

 

Synthesis-Dependent Strand Annealing  

 

When double-ended dsbreaks occur in replicating cells, DNA can be repaired by using the 

sister chromatids as templates in an error-free mechanism called synthesis-dependent strand 

annealing (SDSA). SDSA starts when the broken ends are recognized by specialized proteins 

and enzymes. These broken ends are trimmed at their 5’ ends by an endonuclease, and a 

protein-DNA filament is established as during translesion DNA synthesis (Marechal and 

Brisson, 2010). This filament uses the undamaged sister chromatid to search for a 

complementary sequence which will be used as template for DNA repair. At this 

complementary sequence, a strand invasion of the filament takes place, when the 3’ end of the 

invading strand displaces one of the undamaged sister chromatids, forming a D-loop (Fig. 6). 

Subsequently, DNA synthesis is primed from the free 3’invading end and continues until both 

strands unwind from the templates and reanneal with the parental strands. This generates a new 

stretch of dsDNA, and ligation seals the nicks, without cross-over. 
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Figure 6. Overview of Synthesis-Dependent Strand Annealing pathway. When a double-ended dsbreak occurs, 
the ends are trimmed at their 5’ by an endonuclease. The 3’ end is able to displace on strand of the undamaged 
sister chromatid, forming a D-loop. DNA synthesis (green arrow) is started from this end and continues until both 
strands unwind and reanneal with their parent strands. Then, DNA synthesis takes places from the second end and 
the newly synthesized DNA is ligated in the backbone. Figure modified from (Marechal and Brisson, 2010). 

 

The SDSA pathway exists in organelles, as demonstrated by the repair of dsbreaks in 

Chlamydomonas reinhardtii chloroplasts (Odom et al., 2008). The accurate and error-free 

pathway of SDSA, is one of the pathways postulated to be responsible for the low mutation 

rates in coding regions of mitochondrial genomes (Christensen, 2013). 

 

Double-stranded break repair  

 

Repair of double-ended dsbreaks can also be done through the double-stranded break repair 

(DSBR) pathway, also called Holliday Junction model (Anand et al., 2013; Marechal and 

Brisson, 2010). During DSBR, DNA is repaired through gene conversion, where one DNA 

sequence from a sister chromatid replaces a homologous sequence. This pathway can therefore 

be accompanied by crossing-over. First, both 5’-ends of the dsbreak on the so-called damaged 

recipient duplex are resected to yield 3’ single-stranded overhangs (Fig. 7). A free 3’-end can 

then invade a donor duplex at a homologous sequence, forming a D-loop. DNA synthesis is 
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able to proceed from the 3’-end past the position of the original DSB. The displaced donor 

strand can then anneal to the other side of the break on the recipient DNA molecule. DNA 

polymerization and ligation of the free ends yield two Holliday junctions that can be resolved 

in a variety of ways by cutting either the crossed (Fig. 7; open arrowheads) or non-crossed 

strands (Fig. 7; black arrowheads; (Marechal and Brisson, 2010)). If both junctions are resolved 

in the same orientation, e.g. both cut in the crossed strands, gene conversion without crossing-

over is achieved. Alternatively, if the junctions are resolved in opposite orientation, i.e. one 

strand cut in the crossed strand and another junction cut in the non-crossed strand, gene 

conversion is accompanied by reciprocal crossing-over. This mechanism is used during 

meiosis, when the crossing-over generates genetic diversity. However, when crossing-over 

occurs at non-allelic sequences, DNA localized between both repeats can be duplicated or 

deleted, leading to genomic instability (Marechal and Brisson, 2010). 

 

  
Figure 7. Overview of the double-stranded break repair pathway. When a double-ended dsbreak occurs, the ends 
are trimmed at their 5’ by an endonuclease. The 3’ end is able to displace on strand of the undamaged sister 
chromatid, forming a D-loop. Compared to SDSA, the displaced donor strand can also anneal to the other side of 
the break. DNA polymerization and ligation of the free ends yield two Holliday junctions that can be resolved in 
a variety of ways by cutting either the crossed (open arrowheads) or non-crossed strands (black arrowheads). If 
both junctions are resolved in the same orientation, gene conversion without crossing-over is achieved. 
Alternatively, if the junctions are resolved in opposite orientation, gene conversion is accompanied by reciprocal 
crossing-over. Figure modified from (Marechal and Brisson, 2010). 
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In Chlamydomonas chloroplast genomes, DSBR together with the SDSA pathway can repair 

induced dsbreaks (Odom et al., 2008). 

 

Break-Induced Repair (BIR) 

 

The late stages of DSBR and SDSA rely on the correct capture of the second-end of the double-

ended dsbreak. These pathways are therefore unable to repair single-ended dsbreaks that occur 

frequently when the template strand is nicked during DNA replication or due to a replication 

fork collapse (Fig. 8). One pathway, Break-Induced Repair (BIR), also called recombination-

dependent replication (RDR), is able to repair these types of lesions (Anand et al., 2013; 

Marechal and Brisson, 2010). In the illustrated case in Fig. 8, a single-stranded break on the 

lagging strand template leads to replication fork collapse. As in DSBR and SDSA, resection of 

the 5’-end on the broken DNA frees a 3’-OH single-stranded overhang which can invade a 

homologous donor duplex. DNA synthesis starts and the extended 3’-end is unable to find a 

complementary second end. To synthesize the missing strand, a replication fork is established 

and polymerization proceeds to the end of the donor molecule. So, in contrast to the SDSA and 

DSBR pathways, BIR requires the formation of a full replication fork capable of both leading 

and lagging strand DNA synthesis (Marechal and Brisson, 2010). The BIR pathway results in 

the repair of broken replication forks and repairs DNA through gene conversion with 

nonreciprocal crossing-over. 
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Figure 8. Overview of the Break-Induced Repair pathway. When single-ended dsbreaks occur, the 5’ ends are 
resected which frees a single 3’ overhang capable of invading a homologous donor duplex. DNA synthesis 
proceeds from the 3’ end, but is unable to detect the second end, which happens in the SDSA and DSBR pathways. 
To synthesize the missing strand, a replication fork is established and DNA synthesis proceeds to the end of the 
donor molecule. In this pathway, the end result is gene conversion accompanied by nonreciprocal crossing-over. 
Figure modified from (Marechal and Brisson, 2010). 

 

In plant mitochondria, the induction of single-ended dsbreaks can be repaired by the RecA-

dependent BIR pathway (Miller-Messmer et al., 2012). Arabidopsis wild-type plants treated 

with dsbreak-inducing compounds, especially with the gyrase-inhibitor ciprofloxcacin (CIP), 

accumulate specific crossover products of intermediate-size repeated regions in the 

mitochondrial genome. The accumulation of these crossover products is almost always 

asymmetric, i.e. only one of both possible crossover products expected from the DSBR 

pathway accumulates (Miller-Messmer et al., 2012). Since only one of the predicted crossover 

products is the result of these stress conditions, it was suggested that the BIR pathway can 

explain the accumulation of nonreciprocal crossover products because a full replication fork is 

established during the repair of single-ended double-stranded DNA breaks. Although the 

control of recombination in Arabidopsis mitochondria is still not well understood, several 

proteins are implicated in the repair of dsbreaks caused by genotoxic stress through HR: RECA 

HOMOLOG3 (RECA3), an ortholog of the bacterial translocase RECG1, a ssDNA-binding 
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protein WHIRLY2 (WHY2), a Rad52-like mediator of annealing at complementary strands 

ORGANELLAR DNA BINDING PROTEIN1 (ODB1) and the γ-type DNA POLYMERASE 

1B (POL1B) (Cappadocia et al., 2010; Janicka et al., 2012; Miller-Messmer et al., 2012; Parent 

et al., 2011; Wallet et al., 2015). 

 

Homologous recombination and organelle genome organization 

 

Plant organelle DNA occurs in a variety of forms: a mixture of monomers and head-to-tail 

concatemers of circular and linear molecules, as well as complex branched and rosette-like 

structures (Fig. 1; (Bendich, 2007)). These observations are based on electron microscope 

techniques and confirmed by pulse-field gel electrophoresis (Gualberto et al., 2014; Kreuzer, 

2000). It is assumed that these forms arise through a BIR-like recombination-dependent 

replication mechanism between different linear DNA molecules (Marechal and Brisson, 2010). 

For example, the invasion step generates branched structures, and primes DNA synthesis on 

the leading strand and the establishment of a full replication fork (Fig. 9) (Gualberto et al., 

2014; Marechal and Brisson, 2010). So, recombination-dependent pathways do not only ensure 

the repair of DNA damage, but contribute significantly to organelle replication and, 

consequently, genome evolution. As such, the repair activity of dsbreaks through both end-

joining pathways (see below) and HR was found to be an important contributor to the rapid 

evolution rate of mitochondrial genomes in Arabidopsis ecotypes (Davila et al., 2011). The 

interconnection between the different pathways implies that organelle factors involved in 

recombination control usually affect, directly or indirectly, multiple processes. The expansion 

of noncoding regions of mtDNA through duplication events, followed by mutation, 

rearrangement and drift, can be explained by the non-homologous end joining (see below) and 

the BIR pathway. For example, a 1.8kb mtDNA segment is present in the Col-0 but not C24 

ecotype of Arabidopsis and corresponds to a cluster of at least five fragments from other 

locations in the genome. This insertion arose recently, and due to a high substitution rate in the 

original repeated region this region becomes unalignable in short evolutionary times, leading 

to large regions of the mitochondrial genome that have no recognizable origin (Christensen, 

2013; Davila et al., 2011).  
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Figure 9. Circular and linear models of the mtDNA structure in plants. The dynamics of the mtDNA of plants 
allow several models. a) A circular genome model representing the different organisations of the mtDNA of 
A. thaliana ecotype C24. The two pairs of large, frequently recombining repeats (A and B) and their orientations 
are represented by blue and red arrows. The different parts of the genome are colored in a range of gray scale. 
Intramolecular recombination events are represented with dashed lines, and in orange, recombination leading to 
subgenomic molecules. Dotted line shows possible intermolecular recombination. b) The mtDNA has been 
observed as predominantly constituted by a complex array of linear molecules. Branched forms of the mtDNA 
could be intermediates of recombination-dependent processes: 3ʹ single-stranded sequences resulting from the 
recession of double-strand breaks can invade homologous double-stranded DNA, forming a D-loop and leading 
to the establishment of replication forks. Figure adapted from (Gualberto et al., 2014). 

 

Large inverted repeats are present in plastid and angiosperm mitochondrial genomes and 

frequently undergo HR under normal conditions that generates equal isoforms (Fig. 9). The 

different HR pathways are also responsible for the multipartite and highly redundant 

organisation of the mitochondrial genome, as several subgenomic circles co-exist in similar 

copy numbers (Marechal and Brisson, 2010). HR also infrequently occurs between shorter 

repeated sequences in plant mitochondria and generates so-called sublimons, which correspond 

to rearranged mtDNA molecules present at very low levels. Under normal conditions, the 

recombination surveillance pathway restricts HR between intermediate-size repeats. When 

some genes, such as MUTS HOMOLOG1 (MSH1), the ssDNA binding protein ORGANELLAR 

SINGLE STRANDED PROTEIN1 (OSB1), RECA2, RECA3 and RECG1 are mutated, 

recombination surveillance is disrupted and these mutants exhibit an increased rate of ectopic 

recombination under non-stressed conditions. In some mutants, the loss of HR control leads to 

substoichiometric shifting (SSS) of mitochondrial genomes in later mutant generations 
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(Arrieta-Montiel et al., 2009; Davila et al., 2011; Miller-Messmer et al., 2012; Wallet et al., 

2015; Zaegel et al., 2006). SSS permits rapid and dramatic changes in the copy number of 

portions of a genome over the time of one generation, which has pleiotropic consequences for 

plant development (Abdelnoor et al., 2003; Arrieta-Montiel et al., 2009; Miller-Messmer et 

al., 2012; Shedge et al., 2007; Wallet et al., 2015; Zaegel et al., 2006). 

 

Non-Homologous End Joining, Microhomology-Mediated End Joining 

and Single-Strand Annealing  

 

DNA repair is not only needed when DNA is replicated during the S phase of the cell cycle. In 

higher eukaryotes, DNA is most often not replicating when cells are in a stationary phase of 

the cell cycle (G0) or have differentiated. Nevertheless, dsbreaks can occur in these cells and 

one way to repair them is through Non-Homologous End Joining (NHEJ). In this repair 

pathway, the dsbreak site is recognized by two proteins, Ku70 and Ku80 in humans, which 

form a heterodimer at the broken ends (Fig. 10) (Knoll et al., 2014). These proteins prevent 

further damage to the broken ends and recruit proteins that trim the strands to generate 5’-P 

and 3’-OH ends that are required for ligation by the DNA ligase IV. In most dsbreaks repaired 

by NHEJ, small insertions or deletions of 1-4 nucleotides appear in the repaired products. Two 

alternative pathways for NHEJ exist to repair dsbreaks in non-replicating cells, termed 

Microhomology-Mediated End Joining (MMEJ) and Single Strand Annealing (SSA). The 

major difference to NHEJ is that these pathways do not use the Ku70/Ku80 heterodimer. In 

contrast, MMEJ and SSA process the broken ends until a small (5-25bp, MMEJ) or larger 

(>30bp; SSA) region of homology is found, making it possible for both strands to anneal (Fig. 

10). Then, the overhanging sequences are cut before ligation starts (Knoll et al., 2014). As a 

consequence, MMEJ causes deletions flanking the original break and has been associated with 

translocations, inversions and other complex rearrangements and SSA creates larger deletions 

(McVey and Lee, 2008). As for the error-prone translesion DNA synthesis pathway, the 

deletions caused by end-joining pathways can have deleterious effects but this type of repair 

prevents cells from even worse consequences. 
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Figure 10. Overview of the Non-Homologous End Joining (NHEJ), Microhomology-Mediated End Joining 
(MMEJ) and Single-Strand Annealing (SSA) pathways. When a dsbreaks occurs, either the broken ends are 
trimmed in NHEJ or align at small or larger homologous regions (orange box) in MMEJ and SSA, respectively. 
In NHEJ, the Ku70/Ku80 heterodimer is responsible for recruiting the end-trimming enzymes. During MMEJ and 
SSA, the overhangs are removed before ligation occurs. Figure modified from (Griffiths et al., 2007; Knoll et al., 
2014). 

 

The end joining pathway was first identified in eukaryotes, and recent findings have suggested 

its presence in bacteria as well, besides HR-dependent dsbreak repair (Shuman and Glickman, 

2007). Evidence for NHEJ in organelles is restricted to mitochondria. In plant mitochondria, 

double-stranded breaks are predominantly repaired through HR, but when this pathway is 

deficient, end-joining pathways appear to become important factors in mtDNA repair. An 

increase in these error-prone pathways is able to cause an increase in chimeric sequences in the 

mitochondrial genome (Davila et al., 2011; Janicka et al., 2012; Miller-Messmer et al., 2012; 

Wallet et al., 2015). SSA represents a pathway independent from RecA-dependent homologous 

recombination to repair dsbreaks in mitochondrial genomes and has been observed in several 

mutants where recombination surveillance is impaired, but an increase in MMEJ has been 

observed as well (Miller-Messmer et al., 2012; Wallet et al., 2015; Zaegel et al., 2006).  
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Conclusion 
 

Plant mitochondrial genomes are fundamentally different from their animal counterparts in size 

and organization, although the amount of protein-coding genes is similar. Since plants only 

differentiate germ cells late in development, the organelle genomes must be protected and 

repaired from DNA damaging agents at all times to prevent that mutations are passed on to 

their progeny. Several DNA repair pathways have been identified in plant organelle genomes, 

but still more research is needed to confirm the presence of certain repair pathways. 

Furthermore, the identification of plant-specific proteins involved in DNA repair is necessary 

to understand how the different processes are controlled. The presence and action of 

homologous-recombination based pathways in DNA repair appear to be crucial in plant 

organelles. In particular, the BIR pathway is important for organelle DNA repair, 

recombination and replication. As a consequence of their central roles in organelle genome 

maintenance, the DNA repair proteins have vital roles in the evolution of mtDNA and ptDNA 

and are the primary cause of several eccentricities of these genomes in the green lineage.  
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Abstract  

When plants develop, cell proliferation and cell expansion are tightly controlled in order to 

generate organs with a determinate final size such as leaves. Several studies have 

demonstrated the importance of the cell proliferation phase for leaf growth, illustrating that 

cell cycle regulation is crucial for correct leaf development. A large and complex set of 

interacting proteins which constitute the cell cycle interactome controls the transition from 

one cell cycle phase to another. Here, we review the current knowledge on cell cycle 

regulators from this interactome affecting final leaf size when their expression is altered, 

mainly in Arabidopsis. In addition to the description of mutants of CYCLIN-DEPENDENT 

KINASES (CDKs), CYCLINS (CYCs) and their transcriptional and posttranslational 

regulators, a phenotypic analysis of gain- and loss-of-function mutants for 27 genes encoding 

proteins that interact with cell cycle proteins is presented. This compilation of information 

shows that when cell cycle related genes are mis-expressed, leaf growth is often altered and 

that, seemingly, three main trends appear to be crucial in the regulation of final organ size by 

cell cycle related genes: (i) cellular compensation; (ii) gene dosage; and (iii) correct transition 

through G2/M phase by APC/C activation. In conclusion, this meta-analysis shows that the 

cell cycle interactome is enriched in leaf growth regulators and illustrates the potential to 

identify new leaf growth regulators among putative new cell cycle regulators.  
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Introduction 

Leaves are essential for the efficient capture of light for photosynthesis. Their final shape and 

size influence the amount of energy they can absorb. In order to attain a certain final leaf 

shape and size, all leaf developmental phases must be tightly regulated. In Arabidopsis 

thaliana (Arabidopsis), leaf primordia emerge at the flanks of the shoot apical meristem 

(SAM) as a small group of cells which are actively dividing (Donnelly et al., 1999). Initially, 

leaf growth is therefore exclusively the result of cell proliferation. Next, cells cease to divide 

and start expanding from the tip of the leaf to the base in a so-called cell cycle arrest front 

(Andriankaja et al., 2012; Donnelly et al., 1999; Johnson and Lenhard, 2011). During the cell 

expansion phase, cells differentiate and can undergo endoreduplication, a cell cycle variant 

during which genome content is doubled without subsequent entrance in mitosis (Breuer et 

al., 2010; De Veylder et al., 2011). Meristemoids, small triangular cells dispersed in the 

developing epidermis, give rise to stomata and additional epidermal cells through a series of 

asymmetrical and symmetrical divisions during both the proliferation and expansion phase 

(Andriankaja et al., 2012; Bergmann and Sack, 2007; Facette and Smith, 2012). After a 

successful sequence of cell proliferation, cell expansion and differentiation, leaves reach their 

final size (Andriankaja et al., 2012; Donnelly et al., 1999; Johnson and Lenhard, 2011; 

Powell and Lenhard, 2012). At least six major cellular events have been proposed to 

influence final leaf size (Gonzalez et al., 2012) and four of these events are immediately 

linked to cell cycle regulation: (i) the number of cells that become part of the leaf initial; (ii) 

the rate of cell division; (iii) the duration of the cell proliferation phase and (iv) meristemoid 

division (Gonzalez et al., 2012). When one of these events is altered in mutants, a change in 

the number of cells is often responsible for differences in final leaf size. Cell cycle regulation 

is therefore essential for correct leaf growth and to achieve final organ size. 

The four phases of the cell cycle are conserved in all eukaryotes and consist of a DNA 

replication phase (S phase) and a cell division phase during which mitosis (M) takes place, 

separated by two gap phases (G1 and G2). Progression through these different phases needs 

to be tightly controlled at the molecular level in order to allow correct transmission of the 

genetic information (De Veylder et al., 2003; Harashima et al., 2013). The main drivers of 

the eukaryotic cell cycle are the CYCLIN-DEPENDENT KINASES (CDKs) which interact 

with CYCLINS (CYCs), regulatory proteins that determine the activity and substrate 

specificity of the CDK/CYC complexes. Interestingly, plants possess not only a larger 

amount of cell cycle regulators compared to other eukaryotes, but also have unique types 
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such as B-type CDKs (Harashima et al., 2013; Komaki and Sugimoto, 2012; Vandepoele et 

al., 2002). In Arabidopsis, the number of CDKs (13) and CYCs (49) is remarkably high, 

although not all are involved in cell cycle regulation (Dewitte and Murray, 2003; Inzé and De 

Veylder, 2006; Vandepoele et al., 2002). The activity of CDK/CYC complexes is regulated 

by (i) phosphorylation/dephosphorylation; (ii) interaction with CDK ACTIVATING 

KINASES (CAKs); (iii) interaction with one of the 21 known inhibitory proteins including 

members of the KIP-RELATED PROTEIN/INTERACTOR OF CDKs (KRP/ICK) family 

and SIAMESE/SIAMESE-RELATED (SIM/SMR) family (Van Leene et al., 2010); and (iv) 

targeted proteolysis mediated by both the SCF and ANAPHASE PROMOTING 

COMPLEX/CYCLOSOME (APC/C) (De Veylder et al., 2007; Inzé and De Veylder, 2006). 

Several players of the cell cycle machinery are also involved in the regulation of 

endoreduplication (Breuer et al., 2010; De Veylder et al., 2011; Komaki and Sugimoto, 

2012). In plants, the complex interplay between this large amount of cell cycle regulators is 

essential to govern post-embryonic growth through the meristems and to fine-tune cell cycle 

regulation in response to environmental changes (De Veylder et al., 2007; Komaki and 

Sugimoto, 2012). 

Cell cycle proteins interact and form transient or stable complexes which are crucial 

for cell cycle progression. The systematic identification and characterisation of these protein 

complexes is therefore important to understand the dynamics and regulation of the cell cycle. 

Yeast Two-Hybrid (Y2H), Bimolecular Fluorescence Complementation (BiFC) and Affinity-

Purification Mass Spectrometry (AP-MS) are three complementary methods that have been 

used to identify interactions between (putative) cell cycle proteins (Boruc et al., 2010; Van 

Leene et al., 2011; Van Leene et al., 2010). One of the advantages of AP-MS is that the 

whole protein complex associated with a given bait protein is purified and no a priori 

knowledge on putative interaction partners is needed as opposed to the binary screens (Puig 

et al., 2001; Van Leene et al., 2011; Van Leene et al., 2010). As such, the cell cycle 

interactome was both built and expanded when 102 cell cycle proteins were used as baits for 

AP-MS (Van Leene et al., 2010). In total, an astonishing number of 857 interactions among 

393 proteins was found (Van Leene et al., 2010) (Fig. 1). Additionally to expanding some 

known protein families involved in cell cycle regulation, a total of 123 new candidate cell 

cycle proteins were identified that have at least one cell cycle feature such as E2F or MSA 

promoter motif or CDK phosphorylation site (Van Leene et al., 2010). These newly identified 

interactors of cell cycle proteins are good candidates to connect cell cycle regulation to up- 
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and downstream pathways, offering plants the possibility to adjust cell proliferation in all 

phases of plant development. 

Here we review the current knowledge on the involvement of cell cycle proteins in 

leaf development and leaf size control. To this end, we have compiled information on 

proteins involved in cell cycle regulation, showing an altered final leaf size when their 

expression is altered. Using the cell cycle interactome identified by AP-MS as a blueprint for 

new proteins potentially involved in cell cycle regulation, we discuss the effect on final leaf 

size when new interactors of cell cycle proteins are mis-expressed. Additionally, we have 

analysed the involvement of 27 functionally uncharacterised genes encoding proteins that 

interact with cell cycle proteins in respect to leaf size control through gain- and loss-of-

function mutant analysis. This meta-analysis allows for providing a structural overview of 

how cell cycle regulation affects leaf growth and for identifying trends that are emerging 

from this systematic overview of mutant phenotypes. 

Cell cycle mutants and leaf growth 

Cyclin-dependent kinases  

The CDKA;1 protein is the only plant CDK with the evolutionary conserved PSTAIRE motif 

essential for CYC binding and controls DNA duplication and entry in mitosis (Ferreira et al., 

1991; Hemerly et al., 1995). When CDKA;1 is overexpressed, Arabidopsis and tobacco plants 

develop normally (Hemerly et al., 1995). In contrast, tobacco plants with lower CDKA;1 

activity through introduction of a dominant-negative mutation produce smaller organs that 

contain fewer but larger cells than control plants, although developmental timing is not 

altered (Hemerly et al., 1995). Additionally, a dominant-negative allele of CDKA;1 has been 

expressed in the SAM under the control of the SHOOT MERISTEMLESS (STM) promoter in 

Arabidopsis. The leaf epidermis in this mutant has defects in cell-cell adhesion, because gaps 

occur between different cell walls. Also, some giant epidermal cells are observed in the 

mature leaf epidermis, indicating the onset of cell differentiation within the SAM (Borowska-

Wykręt et al., 2013). In Arabidopsis, extremely dwarfed homozygous cdka;1 mutants have 

been identified which have an increase in cell size in cotyledons and the first two true leaves 

(Nowack et al., 2012). 

The genome of Arabidopsis contains four CDKBs (Vandepoele et al., 2002), which 

are plant-specific CDKs expressed during S/G2 (B1-type) or G2/M (B2-type) transitions 

(Menges et al., 2005). Overexpression of a dominant-negative allele of CDKB1;1, leading to 

lower kinase activity, has no effect on final leaf size (Boudolf et al., 2004a; Boudolf et al., 
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2004b). However, cellular analysis revealed that the first leaves contain 50% less cells 

compared to the wild type, which is however compensated by a large increase in cell size. 

The cell division rate is lower and cells start endoreduplicating earlier (Boudolf et al., 

2004b). Also, a large decrease in number of stomata and a change in stomata morphology is 

observed in plants overexpressing the dominant-negative CDKB1;1 allele (Boudolf et al., 

2004a). When the two CDKB2 genes are downregulated simultaneously through the 

introduction of an amiRNA targeting both genes, plants are dwarfed due to a disorganisation 

of the SAM (Andersen et al., 2008). As a consequence, leaf development is impaired and 

radialized organs are formed. When only CDKB2;1 or CDKB2;2 is overexpressed, a similar 

albeit milder phenotype is observed (Andersen et al., 2008).  

Besides CDKA;1 and CDKBs, other CDKs have a role in the cell cycle progression 

and their mis-expression also affects leaf growth. CDKD and CDKF family proteins are 

known as CDK-activating kinases (CAKs) and modulate CDK activity through 

phosphorylation of their T-loop domain (Inzé and De Veylder, 2006; Takatsuka et al., 2009; 

Tank and Thaker, 2011). Single cdkd knockout mutants have no growth phenotype 

(Hajheidari et al., 2012). However, when two or all three CDKD genes are mutated, the 

plants are dwarfed and produce curly, serrated leaves (Hajheidari et al., 2012). T-DNA 

insertion lines of CDKF;1 display severe dwarfism, retarded development and have more 

severely curled, serrated leaves compared to triple CDKD knockout plants (Hajheidari et al., 

2012; Takatsuka et al., 2009). The severe phenotype of cdkf;1 mutants is due to a decrease in 

cell number, cell size and DNA content; trichome branch number is affected as well 

(Takatsuka et al., 2009).  

Although not directly involved in cell cycle control, CDKC and CDKE genes have a 

role in plant development (Cui et al., 2007; Wang and Chen, 2004). Double cdkc;1/2 mutants 

are small and show delayed flowering. Their leaves are smaller and curled and twisted 

compared to wild-type plants (Cui et al., 2007). When CDKE;1 is mutated, the leaf size is up 

to 50% smaller due to a reduction in cell size (Wang and Chen, 2004). 

In total, we found that 79% of all CDKs have a described leaf growth phenotype (Fig. 

1). As these proteins are at the heart of cell cycle regulation, mutants often display pleiotropic 

developmental phenotypes, including impaired leaf development. 
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Figure 1. Protein-protein interaction network for all proteins identified by AP-MS using cell cycle proteins as 
baits (Van Leene et al., 2010). Subnetworks were made according to the functional category of the proteins 
(CDK (CYCLIN-DEPENDENT KINASE), CYC (CYCLIN), E2F/DP/RBR module, DNA replication, 
posttranslational modification, APC/C (ANAPHASE-PROMOTING COMPLEX/CYCLOSOSME), SCF 
(SKP1/CUL1/F-BOX PROTEIN) and proteasome); proteins with unknown functions in cell cycle regulation are 
grouped in both central circles. For each subnetwork, the percentage of proteins with a described effect on leaf 
development is given. Colours indicate the kind of perturbation leading to a described leaf phenotype: green for 
loss-of-function mutants, red for gain-of-function mutants and yellow for both. The shape of the nodes further 
subdivides the interactors: diamonds represent the cell cycle baits used for AP-MS (Van Leene et al., 2010), 
octagons represent proteins selected for the phenotypic screen and ellipses are used for all other proteins in the 
interactome. Edges linked to new putative cell cycle proteins are indicated in blue, edges between known cell 
cycle proteins are represented in black. The interaction network was realised using Cytoscape (Shannon et al., 
2003). 

Cyclins 

D-type cyclins bind exclusively to CDKA;1 and control the G1-S transition (Boruc et al., 

2010; Menges et al., 2005; Van Leene et al., 2010). Some members of this family have been 

characterised for their effects on plant growth. When CYCD2;1 is overexpressed in 

Arabidopsis, plants grow to a size comparable to wild-type plants (Qi and John, 2007; Zhou 

et al., 2003). However, the leaves contain more cells which are smaller and have a decrease 

in DNA content (Qi and John, 2007). When the Arabidopsis CYCD2;1 gene is overexpressed 

in tobacco, the plant growth rate seemingly is accelerated, leading to a faster biomass 

accumulation (Cockcroft et al., 2000). However, final leaf size, internode length and leaf 

number are unaffected. On the other hand, overexpression of the Arabidopsis CYCD2;1 gene 
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in cotton does alter leaf architecture (Liu et al., 2012a). The leaves of the transgenic plants 

are similar in size compared to control plants, but they are curled, develop later and contain 

more epidermal cells which are smaller. Additionally, overexpression of Arabidopsis 

CYCD2;1 in rice enhances shoot and root growth in vitro (Oh et al., 2008). In general, 

overexpression of the Arabidopsis CYCD2;1 gene increases the rate of cell proliferation 

through a faster progression through the G1 phase (Cockcroft et al., 2000; Qi and John, 

2007).  

When CYCD3;1 is overexpressed in Arabidopsis, a decrease of cells in G1 phase is 

observed as well (Dewitte et al., 2003). However, in contrast to plants overexpressing 

CYCD2;1, the phenotype caused by higher expression levels of CYCD3;1, is more severe, 

because plant growth is retarded. Although cotyledons are larger, the true leaves appear later 

compared to the wild type and are smaller and curled. The mature leaf epidermis of these 

transgenic lines consists of a large number of very small cells due to hyperproliferation in the 

absence of cellular differentiation (Dewitte et al., 2003). Only some mesophyll cell layers are 

able to differentiate and leaf venation is abnormal as well. This absence of differentiation is 

due to a constant mitotic cell cycling and drastic inhibition of endoreduplication (Dewitte et 

al., 2003). Above described drastic effects of CYCD3;1 overexpression on leaf development 

are due to its high and constitutive level. Indeed, when an extra genomic copy of the 

CYCD3;1 gene is introduced in Arabidopsis rather than overexpressed under the control of 

the constitutive 35S promoter, leaf size is increased due to an increase in cell number 

(Horiguchi et al., 2009). A triple cycd3;1/2/3 mutant has no effect on leaf size, but produces 

more vegetative leaves and flowers later (Dewitte et al., 2007). The leaves have a reduction 

in cell number compensated by an increase in cell size and DNA content (Dewitte et al., 

2007). CYCD3;1 acts downstream of AINTEGUMENTA (ANT), a transcription factor 

which confers an increase in leaf size when overexpressed, due to a prolonged cell 

proliferation phase (Krizek, 1999; Mizukami and Fischer, 2000). When plants overexpressing 

CYCD3;1 are crossed to ANT overexpressing plants, a cumulative effect on leaf size through 

an increase in cell number is observed (Horiguchi et al., 2009). 

All D4-type cyclins bind to CDKA;1, except CYCD4;1, which interacts with B-type 

CDKs as well (Boruc et al., 2010; Kono et al., 2004; Kono et al., 2003; Van Leene et al., 

2010). Overexpression of either CYCD4;1 or CYCD4;2 has no leaf size phenotype, but leaves 

contain more cells, which are smaller (Kono et al., 2007).  
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When CYCD5;1 is overexpressed, leaf cell number is doubled, which is balanced by a 

decrease in cell size (Sterken et al., 2012). Surprisingly, the DNA content is higher in these 

leaves. Downregulation of CYCD5;1 through introduction of an amiRNA leads to a decrease 

in cell number and DNA content, while cell size is similar to the wild type (Sterken et al., 

2012). 

Mutants of the mitotic cyclin CYCA2;3 are similar to wild-type plants, but have larger 

nuclei in their trichomes and an increase in DNA content (Imai et al., 2006). A triple 

cyca2;2/3/4 mutant displays a dramatic increase in cell size and DNA content of the first true 

leaves (Vanneste et al., 2011). At maturity, the leaves contain about 50% less cells compared 

to the wild type due to a lower cell division rate. Both the triple cyca2;2/3/4 and cyca2;1/3/4 

mutants have defects in stomatal development, since a large proportion of aberrant, single 

guard cells are observed, with CYCA2;3 as the main contributing factor to this phenotype 

(Vanneste et al., 2011). When CYCA2;1 is mutated, leaf size is comparable to the wild type 

but endoreduplication is promoted (Yoshizumi et al., 2006).  

Constitutive overexpression of a non-degradable CYCB1 in tobacco results in stunted 

seedlings with irregularly shaped cotyledon cells (Weingartner et al., 2004). Although the 

SAM of this mutant has an abnormal shape, leaf primordia are able to emerge, but the leaves 

never reach the size of control plants. Overexpression of this non-degradable CYCB1 

promotes endomitosis (Weingartner et al., 2004). During endomitosis, cells enter the M-

phase but are not able to complete the segregation of chromosomes to daughter cells as they 

are blocked in metaphase or anaphase A. Hence, endomitosis leads to an increase in the 

number of chromosomes, in contrast to an increase in chromatid number when cells undergo 

endoreduplication (Lee et al., 2009). 

T-type cyclins (CYCT) are regulatory subunits of CDKCs and involved in transcript 

elongation (Cui et al., 2007). In transgenic lines with a loss of function of CYCT1;4 and 

CYCT1;5, the rosette leaves are smaller, twisted and curled compared to wild-type plants, 

similar to CDKC double mutants (Cui et al., 2007).  

In conclusion, 31% of the CYC partners of CDKs have a documented leaf phenotype 

(Fig. 1).  

Posttranslational regulators of CDKs or CYCs 

Besides the CDK and CYC proteins, several regulators interacting with these complexes, 

such as the CDK inhibitors KRP/ICK, are involved in leaf development. Seven KRP/ICKs 

are known in Arabidopsis which are, to some extent, similar to the mammalian CDK inhibitor 
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p21kip1 (De Veylder et al., 2001a). All Arabidopsis KRPs inhibit CDKA;1 in complex with D-

type cyclins (De Veylder et al., 2001a; Van Leene et al., 2010; Verkest et al., 2005b; Wang 

et al., 2000). When KRP1, 2, 3 or 6 are overexpressed, the small leaves of the transgenic 

plants have a characteristic serrated phenotype (De Veylder et al., 2001a; Jun et al., 2013; 

Liu et al., 2008; Wang et al., 2000). Leaves of plants overexpressing KRP5 are similar in size 

to wild-type plants but are serrated as well (Jégu et al., 2013). In general, mitosis is hampered 

in lines overexpressing KRPs, leading to a drastic decrease in cell number, which is partially 

compensated by an increase in cell size and DNA content (De Veylder et al., 2011). The 

phenotypic changes associated with KRP1 and KRP2 overexpression are correlated with the 

level of overexpression (Verkest et al., 2005a; Wang et al., 2000). For example, whereas 

strong overexpression of KRP2 leads to a reduction in DNA content, weaker overexpression 

promotes endoreduplication and has a less severe growth penalty compared to lines with a 

higher expression level of the transgene (Verkest et al., 2005a). Also, a trend of gradual 

changes is observed from single- to higher-order of KRP mutants, which indicates a dosage-

dependent sensitivity of CDKA;1 to KRPs (Cheng et al., 2013). Whereas no effect on single 

mutants is observed, quadruple (krp1/2/6/7) and quintuple (krp1/2/5/6/7) mutants have longer 

leaves, which are narrow and curled downwards. An increase in leaf size, fresh and dry 

weight is observed for these higher-order mutants (Cheng et al., 2013). The increase in leaf 

size is attributed to an increase in cell number accompanied by a decrease in cell size. Also, 

the trichome density is higher in the quintuple mutants (Cheng et al., 2013). 

Another class of CDK inhibitors are SIAMESE (SIM) and SIAMESE-RELATED 

(SMR) proteins. Expression of members of the SIM as well as the ICK/KRP gene family is 

promoted by DELLA proteins in order to restrain cell proliferation (Achard et al., 2009). 

When the SIM gene is overexpressed, plants have a dramatic reduction in size (Churchman et 

al., 2006). Despite this growth penalty, the adaxial epidermal cells of the first leaf are 

abnormally large and have higher DNA content. The sim mutants have no altered growth 

phenotype, but their leaves have multicellular and clustered trichomes (Churchman et al., 

2006; Walker et al., 2000). 

The Arabidopsis genome contains two CDK-SUBUNIT (CKS) proteins, which are 

docking factors for positive and negative regulators of CDK activity (De Veylder et al., 1997; 

Jacqmard et al., 1999). Transgenic lines overexpressing CKS1 produce smaller leaves and 

cell cycle duration is extended, leading to leaves containing fewer but larger cells (De 

Veylder et al., 2001b). 
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We found that 44% of the posttranslational regulators of CDKs and CYCs have a 

reported leaf phenotype (Fig. 1). In general, a reduction in leaf cell number is compensated 

by an increase in cell size in several of these mutants. 

The RBR/E2F/DP module 

The family of E2F/DP transcription factors plays a major role in the transition from G1 to S 

phase. At G1/S, the E2Fc-DP transcriptional inhibitor is phosphorylated and targeted for 

destruction and simultaneously E2Fa/b-DP complexes are activated through phosphorylation 

and hence deactivation of the RETINOBLASTEMA-RELATED PROTEIN (RBR) (Inzé and 

De Veylder, 2006). In Arabidopsis, plants overexpressing DPa are similar in size to the wild 

type, whereas plants overexpressing E2Fa have larger cotyledons (De Veylder et al., 2002). 

This increase in size is due to an almost threefold increase in cell number caused by a delay 

in cell differentiation. The observed increase in cell number is partially compensated by a 

decrease in cell size (De Veylder et al., 2002). When both E2Fa and DPa are overexpressed 

in Arabidopsis, the severely dwarfed plants produce leaves that curl along the proximal-distal 

axis due to cellular hyperproliferation (De Veylder et al., 2002). Also in tobacco 

overexpression of both E2Fa and DPa results in smaller plants with curled leaves and the 

severity of the phenotype is dependent on the level of overexpression of E2Fa (Kosugi and 

Ohashi, 2003). Cellular analysis shows that E2Fa/DPa overexpressing lines have smaller but 

more cells in their mature leaves. Both in Arabidopsis and tobacco, endoreduplication is 

enhanced in E2Fa/DPa overexpressing lines (De Veylder et al., 2002; Kosugi and Ohashi, 

2003). Cotyledon size is increased as well in E2Fb overexpressing lines and young leaves do 

not produce trichomes (Sozzani et al., 2006). Ectopic expression of the Arabidopsis E2Fb 

gene in tomato leads to an increase in cell size and DNA content in mature leaves, possibly 

resulting from a faster development compared to the wild type (Abraham and del Pozo, 

2012). When E2Fc is silenced with a RNAi construct, plants are smaller (del Pozo et al., 

2006). The cotyledons are cup-shaped, the older rosette leaves are small and curled, contain 

small but more cells and have a decrease in DNA content. When the RBR gene is silenced 

through an inducible RNAi construct, plants are smaller compared to the wild type (Borghi et 

al., 2010). The leaves of these lines are very small, have a bumped morphology and are 

curled downwards as a result of cellular hyperproliferation. 

Besides the E2Fa-c transcription factors, also three DP/E2F-like (DEL1-3) proteins 

are known in Arabidopsis. DEL proteins have two DNA binding domains, which are highly 

homologous to the single DNA binding domain of E2F and DP proteins, but lack other 
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conserved domains (Mariconti et al., 2002). Overexpression of DEL1 decreases mature leaf 

size in Arabidopsis (Vlieghe et al., 2005). Cellular analysis shows that this growth penalty is 

attributed to a decrease in cell size, which is accompanied by a reduced level of 

endoreduplication. The cotyledons of del2 mutants are smaller compared to the wild type, 

due to a reduction in cell number (Sozzani et al., 2010). When DEL2 is overexpressed, the 

cotyledons have an increase in cell number but a reduction in cell size (Sozzani et al., 2010).  

In total, we found that eight out of ten (80%) of proteins involved in the RBR/E2F/DP 

module have a documented role in leaf development (Fig. 1).  

Targeting cell cycle proteins for proteolysis – APC/C and SCF 

The Anaphase Promoting Complex/Cyclosome (APC/C), a multidomain E3-ligase which is 

responsible for G2/M transition through targeting mitotic cyclins for degradation, plays a key 

role in the regulation of cell division and endoreduplication (Heyman and De Veylder, 2012; 

Marrocco et al., 2010). The APC10 protein is an essential component of the APC/C and its 

overexpression results in an increase in leaf size due to the production of more cells (Eloy et 

al., 2011). Epidermal cells were found to divide faster due to a faster degradation of the 

mitotic cyclin CYCB1;1. Although the timing of the transition between cell proliferation and 

cell expansion is not affected, the DNA content is decreased in plants overexpressing APC10 

(Eloy et al., 2011). When either the APC10 or APC6 core APC/C subunits are knocked down 

through an amiRNA, rosette leaves are smaller and curled, and show a reduction in cell size 

and DNA content (Marrocco et al., 2009).  

Another APC/C subunit, APC3, leads to a change in leaf size when mis-expressed. 

APC3 is the only APC/C protein for which two isoforms exist: APC3a/CDC27a and 

APC3b/HOBBIT (Heyman and De Veylder, 2012). These proteins serve together with 

APC10 as receptors for the APC/C activators CCS52 and CDC20 (Eloy et al., 2011; Fülöp et 

al., 2005). Overexpression of APC3a/CDC27a, was shown to increase leaf size in tobacco 

and Arabidopsis. An increase in cell division is observed already in very early stages of leaf 

development in tobacco (Rojas et al., 2009). When the APC3b/HOBBIT gene is mutated, 

both cell division and differentiation are impaired and plants have a dwarf phenotype 

(Willemsen et al., 1998).  

The CDC20-1 and CDC20-2 activators of APC/C bind directly to APC10 and interact 

with mitotic cyclins (CYCA2;1, CYCB2;1 and CYCB2;2) (Kevei et al., 2011). A severe 

delay in plant growth is observed when CDC20-1 and CDC20-2 are silenced through RNAi 

because cell proliferation is slowed down in the leaves, while cell size remains similar to the 
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wild type (Kevei et al., 2011). Plants are increasingly smaller depending on the degree of 

silencing (Kevei et al., 2011).  

All three Arabidopsis CCS52 genes (CCS52A1, CCS52A2 and CCS52B) have been 

implicated in several aspects of plant development. These proteins activate the APC/C 

similarly to with CDC20 proteins (Heyman and De Veylder, 2012). In leaves, both A-type 

CCS52 proteins regulate the onset of endoreduplication (Baloban et al., 2013; Kasili et al., 

2010; Lammens et al., 2008). Loss-of-function mutants of CCS52A1 are similar in size to 

wild-type plants, but these mutants produce leaves that consist of more but smaller cells 

(Larson-Rabin et al., 2009). Also, a reduction in DNA content and trichome branching are 

observed. When CCS52A1 is overexpressed, the effects on cell number and size depend on 

the level of transgene expression. When overexpression levels are high, leaves display a 

severe growth reduction, as both cell number and cell size are decreased. When 

overexpression levels are lower, growth reduction is less severe, because the plants 

compensate the decrease in cell number with an increase in cell size (Baloban et al., 2013; 

Larson-Rabin et al., 2009). Expression of CCS52A1 under the control of the milder 

constitutive ubiquitin (UBI) promoter results in plants with a larger rosette, containing more 

leaves, larger vegetative and cauline leaves and thicker stems (Baloban et al., 2013). The 

leaves of these plants contain fewer but larger epidermal and mesophyll cells (Baloban et al., 

2013). Both loss-of-function and overexpression lines of CCS52A2 have been shown to 

produce smaller leaves in Arabidopsis with a reduction in cell number, cell size and DNA 

content. The ccs52a2 mutants exhibit shoot and root defects due to disrupted meristem 

activities (Baloban et al., 2013; Liu et al., 2012b). Both CCS52A genes are also involved in 

endoreduplication control in leaves in a gene-dosage dependent manner as the DNA content 

of a single mutant decreases even more when the functional allele of the other gene is lost 

(Baloban et al., 2013). No Arabidopsis CCS52B mutant phenotype is known to our 

knowledge, but a mutant line in rice has a semi-dwarf phenotype and the kernel cell size is 

affected (Su'udi et al., 2012). 

The SAMBA protein was found to interact with several APC/C subunits through AP-

MS (Van Leene et al., 2010). All APC/C subunits (except APC11) where co-purified when 

SAMBA was used as bait, as well as the activators of the complex, both in cell cultures and 

in young seedlings (Eloy et al., 2012; Van Leene et al., 2010). Furthermore, SAMBA was 

found to bind in a Y2H assay to the APC3b/HOBBIT protein and A2-type cyclins which are 

specifically targeted for degradation (Eloy et al., 2012). T-DNA insertion mutants of samba 
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show an increase in seed and embryo size, and in root and rosette growth (Eloy et al., 2012). 

Both root and shoot apical meristems are larger allowing the incorporation of more cells in 

the leaf primordia. As a consequence, leaf initials of the first samba leaf pair are on average 

94% larger compared to the wild type at four days after stratification (DAS). This increase in 

size gradually decreased during development, but the leaves are still 36% larger at 24 DAS. 

The onset of endoreduplication occurs earlier in samba mutants compared to the wild type 

and an increase in DNA content is observed (Eloy et al., 2012).  

Besides the APC/C activator SAMBA, two paralogous inhibitors of the APC/C were 

identified by AP-MS: UV-B-insensitive 4 (UVI4) and UVI4-Like/GIGAS CELL 1 (GIG1). 

Both proteins interact with core APC/C subunits and CDC20/CCS52 activators (Eloy et al., 

2012; Iwata et al., 2011). The uvi4 mutant was first identified in a screen for UV-B tolerant 

plants and has leaves similar in size compared to wild-type leaves, but they contain fewer 

cells which are larger (Hase et al., 2006). The uvi4 mutant also exhibits an increase in DNA 

content compared to the wild type and accordingly shows additional branching of trichomes 

(Hase et al., 2006). In the gig1 mutants, giant cells with guard-cell like properties are 

observed in the cotyledons. Additionally, some of the guard cells are enlarged and produced 

larger stomata compared to the wild type (Iwata et al., 2011). These two peculiar types of 

guard cells are the result of endomitosis occurring early during stomata development. Also, 

round, single-celled stomata are identified in the gig1 mutant which originate from an 

incomplete division of guard mother cells. These cells still differentiate to a stomata-like 

shape, similarly to plants overexpressing a dominant-negative allele of CDKB1;1 (Boudolf et 

al., 2004a; Iwata et al., 2011). Plants overexpressing GIG1 are dwarfed and similar in 

phenotype to plants with a knockdown of APC10 or APC6 (Iwata et al., 2011; Marrocco et 

al., 2009).  

Besides the APC/C, different protein complexes act as E3 ligases, such as the 

SKP1/CUL1/F-BOX PROTEIN (SCF) complex, and have a role in cell cycle regulation. 

These ubiquitin ligases are controlled by modification of their cullin subunits (Risseeuw et 

al., 2003). The CAND1 (Cullin-Associated and Neddylation-Dissociation  1) protein, which 

interacts with the CELL DIVISION CONTROL PROTEIN 6 (CDC6), binds to the CUL1 

subunit of this complex (Feng et al., 2004; Van Leene et al., 2011; Van Leene et al., 2010). 

When the CAND1 gene is mutated, multiple aspects of plant development are altered (Feng et 

al., 2004). The rosette leaves of cand1 mutants are smaller and have a wavy morphology. 

These mutants also produce more rosette leaves compared to the wild type, flower later while 
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still producing many more cauline leaves, and form aerial rosettes in normal axillary branch 

positions (Feng et al., 2004).  

The role of APC/C and SCF regulation in leaf development is clear, since eleven out 

of 21 (52%) of the proteins involved have a known effect on leaf development (Fig. 1). For 

APC/C, these proteins include the activators and inhibitors of the complex, but also several 

core subunits. Also, in contrast to other cell cycle proteins, some mutants, such as APC10 

gain-of-function and samba loss-of-function mutants, show an increase in leaf size (Eloy et 

al., 2011; Eloy et al., 2012). 

Proteosomal degradation 

E3 ligases such as APC/C and SCF complexes ubiquitinate different cell cycle proteins in 

order to target them for degradation to the 26S proteasome. Five subunits of the 26S 

proteasome have been identified to interact with the core subunit RPN1 through AP-MS: 

REGULATORY PARTICLE NON-ATPAse5a (RPN5a), RPN6, RPN8a, RPN9 and RPN12 

(Van Leene et al., 2010). RPN9 interacts with 15 other cell cycle proteins, including APC11, 

CCS52A1, CDC27b, CDKB2;2, A- and B-type cyclins, KRP3 and WEE1 (Van Leene et al., 

2010). When RPN8a/ASYMMETRIC LEAVES ENHANCER 3 (AE3) is mutated, plants are 

dwarfed and exhibit elongated, narrow rosette leaves (Huang and Huang, 2007; Huang et al., 

2006). In addition, the first leaves display more drastic phenotypes as they have lotus- or 

needle-like shapes. Furthermore, more rosette leaves develop compared to wild-type plants 

and trichomes are supported by small cells which protrude from the cell surface. The cauline 

leaves form needle-like structures as well and often produce an ectopic leaf on their abaxial 

distal parts (Huang and Huang, 2007; Huang et al., 2006). A double mutation between 

ASYMMETRIC LEAVES1 (AS1) or AS2 and AE3 results in a synergistic phenotype with more 

pronounced needle- and lotus-like leaf structures (Huang and Huang, 2007; Huang et al., 

2006). These leaf phenotypes have been correlated with a defect in abaxial/adaxial polarity 

specification (Huang et al., 2006). Silencing of RPN8 in tobacco results in early plant 

senescence and death (Jin et al., 2006). When RPN9 is silenced in tobacco, plants survive 

longer compared to plants with silenced RPN8. The leaves are curly, contain more veins and 

have an early onset of plant senescence as well (Jin et al., 2006).  

Mutation in RPN5a also leads to the production of severely dwarfed plants with very 

narrow, lanceolate leaves when grown under continuous light (Book et al., 2009). The size 

defect has been attributed primarily to a decrease in cell number. When grown under a long 

day regime, large clusters of abnormal leaves are formed in rpn5a mutant plants, which then 
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give rise to a disorganised inflorescence (Book et al., 2009). When RPN5a is overexpressed, 

the plants grow slower compared to the wild type, are chlorotic and display early senescence. 

The dwarfed size of these mutant plants and overexpressing lines has been attributed to an 

impaired 26S proteasome activity (Book et al., 2009). Leaves of rpn12a mutants emerge 

slower compared to the wild type and the plants flower later (Smalle et al., 2002). For RPN6, 

no mutant phenotype for Arabidopsis has been published to our knowledge. However, a study 

in Drosophila reports lethality of rpn6 mutants, which indicates a role for this protein in 

organismal development as well (Lier and Paululat, 2002). 

The base of the 19S regulatory particle of the 26S proteasome is composed of six 

REGULATORY PARTICLE TRIPLE A ATPASE (RPT) proteins (Smalle and Vierstra, 

2004). Three of those, RPT3 and the paralogous RPT5a/b proteins, were identified to interact 

with RPN1, whereas RPT3 was shown to interact with KRP4 and CDKA;1 as well (Van 

Leene et al., 2010). Mutants of RPT5a display a reduced rosette growth and have defects in 

gametophyte development (Cho et al., 2006; Gallois et al., 2009). The rpt5b mutant displays 

similar growth reductions (Cho et al., 2006). Double rpt5a/rpt5b mutants have both male and 

female gametophytic defects and development is arrested soon after the first or second 

mitotic division, due to the inability to degrade CYCA3 (Gallois et al., 2009). A mutation in 

RPT3 has no reported effect on Arabidopsis leaf size, but inhibits the light-specific hypocotyl 

elongation response elicited by a glutamate receptor agonist (Brenner et al., 2009). When the 

19S proteasome subunit RPT2a is mutated, the expression level of several cell cycle genes is 

increased, including CYCD3;1, CDC6b, CDT1a, CDT1b, HISH4, CYCA3;1, CDKB1;1, 

CYCB1;1 and KRP1. Knockout rpt2a mutants have an enlarged rosette and the leaves contain 

larger cells than wild-type leaves, the increased leaf size appears to be solely the consequence 

of an increased cell expansion (Kurepa et al., 2009; Sonoda et al., 2009). In rtp2a mutants, 

endoreduplication is extended and regulation of DNA replication licensing components at the 

proliferative stage is disrupted (Sonoda et al., 2009).  

The activity of the subunits of the E3-ligase APC/C complex and the 26S proteasomal 

complex underlines the crucial role for protein turnover during the cell cycle, and mutations 

in these proteins often lead to an altered development (Heyman and De Veylder, 2012). 

Although not identified in the cell cycle interactome by AP-MS (Van Leene et al., 2010), the 

REGULATOR OF PROTEOSOMAL GENE EXPRESSION (RPX) gene has been shown to 

regulate proteosomal activity and has a role in leaf development as well (Nguyen et al., 

2013). T-DNA insertion mutants of this gene produce larger leaves, which contain more 
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mesophyll cells. Additionally, transgenic lines overexpressing RPX have a smaller leaf size 

compared to the wild type due to a decrease in cell size and cell number (Nguyen et al., 

2013). 

In conclusion, besides regulators of the E3-ligases APC/C and SCF, 24% of proteins 

involved in protein degradation also have a reported effect on leaf development (Fig. 1). The 

observation of pleiotropic developmental effects in these mutants underlines the importance 

of protein degradation in cell cycle regulation (Marrocco et al., 2010).  

Chromatin remodelling 

The BRAHMA protein was identified using AP-MS when two B-type cyclins (CYCB1;3 and 

CYCB2;3) and a SIAMESE-related protein (SMR1) were used as bait (Van Leene et al., 

2010). SMR1 inhibits CDKB1;1 and is possibly involved in the transition to 

endoreduplication at the G2/M phase transition (De Veylder et al., 2011; Van Leene et al., 

2010). BRAHMA encodes an ATPase subunit of the SWI/SNF chromatin remodelling 

complex (Archacki et al., 2009; Farrona et al., 2004; Hurtado et al., 2006). When AtBRM 

expression is silenced through RNAi, plants exhibit multiple developmental defects in their 

shoots, including a decrease in stem and leaf size (Farrona et al., 2004). The rosette and 

cauline leaves of brm are spiral-shaped and curled downwards, although no obvious 

morphological changes in cell number or cell size are observed (Farrona et al., 2004). T-

DNA insertion mutants show more severe defects on leaf development compared to the 

RNAi lines, since the leaves are smaller, dark green and some cauline leaves develop as a 

filamentous spiral-shaped protrusion (Archacki et al., 2013; Archacki et al., 2009; Hurtado et 

al., 2006). Another T-DNA brm mutant, expressing a truncated BRM protein, has a leaf 

phenotype which is intermediate between the null mutants and wild-type plants (Farrona et 

al., 2007). Recently, BRM was identified to regulate both the biosynthesis and the signalling 

of gibberellic acid through binding on the GA3ox1 and SCARECROW-LIKE3 (SCL3) 

promoters (Archacki et al., 2013).  

A second protein involved in chromatin remodelling interacts with CYCD3;2 and 

CYCD5;1 (Van Leene et al., 2010). The CHROMATIN REMODDELING FACTOR17 

(CHR17) is one of two IMITATION SWITCH (ISWI) proteins in Arabidopsis, which are 

ATP-dependent chromatin remodelling factors (Li et al., 2012). Single chr17 mutants are 

similar to wild-type plants due to functional redundancy with the CHR11 gene, but double 

chr11/17 mutants are smaller compared to the wild type and flower earlier (Li et al., 2012). 

Also, the younger leaves in the rosette of chr11/17 are curled upwards. In the cauline leaves, 
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different cell types specific to petals and sepals are found, indicating the importance of 

CHR11 and CHR17 in the transition from the vegetative to the reproductive phase (Li et al., 

2012).  

A subunit of the histone acetyl transferase complex Elongator is purified in complex 

with CYCA3;1 (Van Leene et al., 2010). The ELONGATA3 (ELO3) gene has been identified 

in a screen for enhancers of the leaf polarity effects of ASYMMETRIC LEAVES1-2 (as1 and 

as2) mutants (Kojima et al., 2011). Single elo3 mutants grow slow, are smaller and produce 

downward curled leaves, which are pale-green. When crossed with either as1 or as2 mutants, 

the vast majority of the double mutants produce filamentous or trumpet-shaped leaves, which 

is due to abaxialisation of the leaves. Other leaves are greatly reduced in size and often curled 

downward (Kojima et al., 2011).  

Cell cycle proteins with miscellaneous functions 

The cell cycle interactome study also identified proteins with miscellaneous functions 

affecting leaf growth. One of these proteins, RNASE L INHIBITOR PROTEIN 2 (RLI2), 

interacts with seven cell cycle proteins (APC10, CDKB1;2, CYCB2;5, DEL2, DPb, E2Fa and 

MAS2-LIKE) (Van Leene et al., 2010). When RLI2 is overexpressed in Arabidopsis, shoot 

development is arrested (Kougioumoutzi et al., 2013). When the homologue of RLI2 is 

mutated in Cardimine hirsuta, the dissected leaves of this relative of Arabidopsis are 

converted in simple leaves similar to Arabidopsis (Kougioumoutzi et al., 2013). The 

Cardimine rli2 mutants produce smaller leaves that contained 50% less cells compared to the 

wild type. Furthermore, only a small compensatory increase in cell size is observed and 

endoreduplication initiates earlier in Cardimine rli2 mutants (Kougioumoutzi et al., 2013).  

The E2F TARGET GENE1 (ETG1) is essential for DNA replication (Takahashi et al., 

2010). It is a necessary factor for the alignment of sister chromatids during DNA replication 

and interacts with the MINICHROMOSOME MAINTENANCE 6 (MCM6) protein (Van 

Leene et al., 2010). When ETG1 is mutated, leaf size is similar to the wild type, but cellular 

analysis showed that the etg1 plants have a decrease in cell number compensated by an 

increase in cell size (Takahashi et al., 2010). Leaf size is reduced when CTF18, a replication 

fork factor needed for cohesion establishment, is mutated as well in the etg1 mutant 

background. The etg1 ctf18 double mutants have a more severe decrease in cell numbers, but 

their cell size is similar to that of etg1 single mutants. The leaf cells are arrested in late G2 

due to a partial loss of sister chromatid cohesion (Takahashi et al., 2010). 
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Table 1. Leaf area measurements for gain-of-function mutants of 27 new candidate cell cycle genes. For each gene, three (1-3) 
independent transgenic overexpression lines were analysed. The level of overexpression increases according to the transgenic line 
(1<2<3) (Fig. S2A). The least square means estimates of the cotyledons (cot) and true leaves (L1 – L9) were used to calculate the 
percentages compared to the wild type and are represented in a heat map. Colours corresponding to the percentages are indicated 
at the bottom of the figure. Significant differences compared to the wild type are indicated with asterisks: * p<0,05; ** p<0,01; 
*** p<0,001. 

Gene Line cot L1-L2 L3 L4 L5 L6 L7 L8 L9 

At3g01280 
1  *** *** *** *** *** *** ***  
2  *** *** *** *** *** *** ***  
3  *** *** *** *** *** *** ***  

At5g21160 
1 * *** *** *** *** *** ***   
2 ** *** *** *** *** *** ***   
3 ** *** *** *** *** *** ***   

At1g01880 
1 ** *** *** *** *** *** *** **  
2 * *** *** *** *** *** *** *** *** 
3  *** *** *** *** *** ***   

At1g05805 
1  *** *** *** *** *** *** ***  
2  *** *** *** *** *** *** *  
3  *** *** *** *** *** *** ***  

At1g43700 
1   *** * *** *** ***   
2  *** *** *** *** ***    
3  *** *** *** *** *** ***   

At3g11760 
1   *  ***     
2  ** *** *** *** *** ***   
3   ** *** *** *** *** *  

At5g03740 
1     *** *** ** *  
2          
3   ** *** *** *** *** ***  

At1g09760 
1     **  *   
2     *     
3  *** *** *** *** *** ***   

At1g31760 
1 *** *** *** *** *** *** *** ***  
2  *** *** *** *** *** *** *  
3          

At5g02530 
1   *** *** *** *** *** ***  
2  *** *** *** *** *** *   
3     ** *** ** **  

At2g03820 
1      ** *   
2          
3    **      

At5g54900 1      *    
2          

At1g20480 
1    *      
2     *     
3   *** *** ** ***    

At1g71380 
1          
2          
3  *   *     

At3g21140 
1          
2   *       
3          

At1g42440 
1          
2          
3          

At5g25060 
1          
2          
3          

At1g14620 
1          
2          
3          

At1g19520 
1          
2          
3          

At3g11830 
1   *       
2          
3          

At3g17020 
1          
2          
3     *  * *  

At5g25460 
1    *  *    
2    **      
3     **  *   

At5g60790 
1    *  ***    
2          
3          

At1g61870 
1          
2          
3   **  *     

At1g56110 
1 *** *** *** *** *** *** ***   
2 ** ** *** *** *** ***    
3      *** *   

At2g28450 
1    * * **    
2   ***       
3    ** *** *** *** *  

At3g13640 
1   ** *** *** *** *** **  
2     * * * **  
3  *** * *** *  **   

% 
WT <50 50-70 70-80 80-90 90-95 95-105 105-110 110-120 120-130 130-150 >150 
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Phenotypic screen of putative new cell cycle genes 

All reported plant developmental phenotypes discussed above show an unambiguous role of 

cell cycle proteins in the control of final leaf size. The cell cycle interactome (Van Leene et 

al., 2010) contains however numerous proteins with yet unknown function and, as these 

proteins interact with known cell cycle proteins, it is likely that some play an important role 

in the cell cycle control and leaf development. We have therefore generated transgenic lines 

overexpressing 27 of the new putative cell cycle genes and performed leaf area measurements 

on the homozygous lines with a confirmed overexpression of the transgene (Table 1, Fig. 

S2A, Table S2, Supplemental Materials and Methods). For 16 of those genes, T-DNA 

insertion lines with a confirmed downregulation of the gene of interest have been used for 

phenotypic analysis as well (Table S1, Fig. S2B Table S2, Table S3). For the leaf area 

measurements, all leaves in the vegetative rosette were dissected at 21 days after stratification 

and the area of the individual leaves was quantified (Table 1, Table S1). For nine selected 

overexpressing lines, cellular and DNA content analysis were performed to determine cell 

number, cell size and endoreduplication index (EI) (Table 2, Fig. S1, Supplemental Materials 

and Methods).  

Thirteen out of 27 genes led to an altered final leaf size when overexpressed and/or 

mutated (Table 1, Table S1). No mutant displayed pleiotropic developmental phenotypes 

such as dwarfism, indicating that cell division is not completely deregulated in these plants 

(Fig. S1). Most genes had a consistent effect on final leaf size in all three independent lines 

analysed. However, for two genes (At3g13640 and At5g02530), a different growth response 

in independent overexpressing lines was observed. For these genes, some lines produced 

small leaves and others large leaves depending on the level of overexpression. One of these 

genes, At5g02530, encodes an interactor of CCS52A1-2 and CCS52B (Table S2). 

Remarkably, five (At1g31760, At3g11760, At5g02530, At3g11830 and At2g28450) of 

the six genes encoding proteins that interact with one of the CCS52 proteins (CCSS52A1, 

CCS52A2 and/or CCS52B) confer a leaf phenotype when overexpressed and/or 

downregulated (Table 1, Table S1, Table S2). Furthermore, three genes (At3g01280, 

At1g01880 and At1g61870), which produce smaller leaves when mis-expressed, encode 

proteins that interact with G2/M specific A-type cyclins (CYCA3;3, CYCA2;1, CYCA2;3 

and/or CYCA3;4) (Table 1, Table S1, Table S2). Two other proteins (encoded by At1g05805 

and At1g56110) interact with a B-type cyclin (CYCB1;3), which is a regulator of the G2/M 

phase transition in the cell cycle as well (Menges et al., 2005) (Table 1, Table S2). Taken 



Cell cycle regulation and leaf growth 
 

	 	 119 

together, ten of the thirteen genes showing a leaf growth phenotype when overexpressed 

and/or downregulated, could be linked to the G2/M transition.  

 

Differences in final leaf size can result from alterations in the number and/or size of 

the cells. Cell and stomata number, cell area and DNA content were measured for nine 

transgenic lines showing a reduced final leaf size (Table 2). In the transgenic overexpressing 

lines of six genes (At1g31760, At1g05805, At3g01280, At5g02530, At1g01880, At5g21160), 

the epidermal cell number is decreased (Table 2). A mild increase in cell area is observed in 

overexpressors of At1g01880, but this is insufficient to completely counter-balance the 

decrease in cell number (Table 2). For other transgenics, both cell number and cell size is 

decreased. Also, transgenic lines overexpressing At1g43700 show an increase in cell number, 

which is (partly) balanced by a decrease in cell size (Table 2). Comparison of the EI from the 

overexpressing lines with that of the wild type did not reveal big differences in DNA content 

(Table 2). However, the EI is higher in plants overexpressing At1g01880, which produce 

leaves containing less cells that are slightly larger in size. 

  



Cell cycle regulation and leaf growth 
	

	120 

Cellular measurements for gain-of-function mutants of 9 new candidate cell cycle genes. For each gene, three 
(1-3) independent transgenic overexpressing lines were analysed. The level of overexpression increases 
according to the independent transgenic line (1<2<3) (Fig. S2A). The least square means estimates of leaf area, 
cell area, cell number and stomata number, and the means of the endoreduplication index (EI, 2Cx1 + 4Cx2 + 
8Cx4 + 16Cx8) were used to calculate the percentages compared to the wild type and are represented in a heat 
map. Colours corresponding to the percentages are indicated at the bottom of the figure. Significant differences 
compared to the wild type are indicated with asterisks: * p<0,05; ** p<0,01; *** p<0,001. 

Gene Line Leaf 
Area Cell Area Cell Nr.  Stomata Nr. EI 

At3g11760 
1  ** ** ***  
2      
3      

At1g43700 
1 ** *** ***  * 
2 *** ***  *  
3 *** *** *** ***  

At1g05805 
1   ** *  
2 *** ** *   
3 ***     

At3g13640 
1      
2      
3 *     

At5g02530 
1 ***  ** ***  
2 ***  * **  
3 ***     

At3g01280 
1 *** **  **  
2 ***  *** **  
3 *** *** *   

At1g01880 
1 ***  *** *** * 
2 ***  ** * * 
3 ***  *** ***  

At1g31760 
1 ***  *** ***  
2 ***  ** **  
3 *     

At5g21160 
1 ***  *** ***  
2 *** * *** *  
3 ***  *** **  

% WT <50 50-70 70-80 80-90 90-95 95-105 105-110 110-120 120-130 130-150 >150 

 

Exploring the cell cycle interactome – emerging trends 

An impressive and still increasing amount of Arabidopsis mutants with effects on 

plant development has been described. Meta-analyses of mutant phenotypes in a particular 

organ and/or process are therefore necessary to create a clear overview of their most 

prevalent characteristics. In order to better understand the involvement of cell division in leaf 
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growth control, we have combined information from literature with a phenotypical screen to 

identify proteins in the cell cycle interactome which have an effect on leaf size. The literature 

study showed that a large amount of cell cycle proteins is clearly involved in the regulation of 

leaf development, since 45 out of 102 (44%) proteins with a known cell cycle function were 

reported to have an effect on leaf size or shape (Fig. 1). These leaf growth regulators include 

the CDK and CYC proteins, but also their transcriptional regulators, inhibitors and proteins 

involved in proteolysis. When all 270 new putative cell cycle proteins are added to this 

analysis, 25% (97 out of 393) have a described leaf phenotype when mis-expressed (Fig. 1). 

Because many putative new cell cycle proteins have been uncharacterised so far, they can be 

an interesting source of new leaf growth regulators. To test this, 27 of these putative new cell 

cycle genes were selected for phenotypical analysis of gain- and loss–of-function mutants. 

Thirteen of these genes (48%) displayed significant differences in final leaf size when 

overexpressed and/or downregulated (Table 1, Table S1). These thirteen additional leaf 

growth regulators, combined with the phenotypes reported from literature, result in 28% (110 

out of 393) of the cell cycle interactome proteins that have a described role in leaf size 

control. Although many proteins remain uncharacterised, the large amount of leaf mutants 

described here indicates a clear enrichment for leaf growth regulators in the cell cycle 

interactome.  

The transitions between different cell cycle phases are important checkpoints to assure 

a correct progression and are therefore tightly regulated by a plethora of proteins (De Veylder 

et al., 2003; Harashima et al., 2013). The compilation of data from literature shows that 

several cyclins and CDKs that act during the G2/M transition, such as CYCA2;3 and CDKB 

proteins, affect leaf size when their expression is altered. As well, nine out of 19 (47%) 

proteins involved in APC/C activity have a known effect on final leaf size when mutated 

(Fig. 1). From our phenotypic screen, ten of the thirteen proteins showing a leaf growth 

phenotype when mis-expressed could also be linked to the G2/M phase transition, since they 

interact with proteins regulating this transition and more particularly with CCS52 proteins. It 

is remarkable that gain- or loss-of-function mutants of not only activators and repressors, but 

also several core subunits of the APC/C and 26S proteasome, display an altered leaf size. 

These observations highlight the importance of protein complexes involved in the G2/M 

phase transition and more particularly in APC/C activity in the regulation of final leaf size. 

A strict regulation of the amount and size of cells is essential to form a mature leaf 

with a fixed shape and size. When cell division is strongly affected, some mutants are 
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dwarfed due to either a large reduction of cells or hyperproliferation in the absence of 

differentiation, for example when CDKA;1 is knocked out or CYCD3;1 is highly 

overexpressed. In other mutants, however, leaves exhibit a size controlling mechanism, called 

compensation, that leads to an increase of cell volume in response to a decrease in cell 

number (Horiguchi and Tsukaya, 2011; Tsukaya, 2008). In this meta-analysis, we have 

encountered many examples of cellular compensation mechanisms, such as in the KRP gain-

of-function mutants, the cyca2;2/3/4 triple mutant or the uvi4 mutant. Also in the phenotypic 

screen of new putative cell cycle genes, a reduction of cell numbers was (slightly) 

compensated by an increase in cell size when At1g01880 was overexpressed (Table 2). In 

general, this compensation mechanism on the cellular level is often insufficient to 

compensate the total leaf size (Horiguchi and Tsukaya, 2011; Tsukaya, 2008). On the other 

hand, we also observed that when At1g43700 is overexpressed, cell number is increased and 

cell size decreased similarly to CYCD2;1, CYCD4;1/2 and E2Fa gain-of-function mutants 

and krp1/2(/5)/6/7 quadruple or quintuple loss-of-function mutants. Taken together, 

compensation is often observed when the expression of cell cycle genes is altered, although 

several reports describe mutant leaves with an increase in cell numbers accompanied by a 

reduction in cell size. Both observations point to an impaired onset of differentiation, which 

is enhanced in mutants exhibiting compensation, but slowed down when mutants display an 

increase in cell number and a decrease in cell size. 

As cell cycle progression is tightly regulated, cell cycle proteins need to be expressed 

at the right time in the right place, but also at a certain optimal level. Constitutive 

overexpression or knockout of a cell cycle gene can extremely deregulate cell division, 

leading to dwarfed phenotypes due to overproliferation and inhibition of differentiation such 

as when CYCD3;1 is overexpressed. However, a milder increase or reduction in expression 

level often results in a different developmental outcomes as illustrated for several genes such 

as gradual loss-of-function of KRP genes and CCS52A1 gain-of-function mutants (Baloban et 

al., 2013; Cheng et al., 2013). For loss-of-function mutants of KRP genes, cumulative effects 

on leaf size are observed when lower-order mutants are compared to higher-order mutants. 

This effect is due to a dosage-dependent inhibitory action of the functional redundant KRPs 

to CDKA;1 (Cheng et al., 2013). Strong overexpression of CCS52A1 consumes the meristem 

prematurely by pushing the cells into endoreduplication and differentiation, leading to a 

smaller final leaf size. In the case of moderate overexpression, this balance shifts slightly 

towards an increase of endoreduplication, while meristematic cells are continuously 
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produced, which results in an increase of final leaf size (Baloban et al., 2013). Also, the 

expression of a cell cycle gene is usually confined to a particular tissue and a certain time in 

development. For example, CYCD3;1 is expressed in shoot apical meristems and actively 

dividing cells (Dewitte et al., 2003). When this gene is coupled to a constitutive 35S 

promoter, the ubiquitous high expression level of CYCD3;1 results in the inhibition of cell 

cycle exit and subsequent cell differentiation. However, leaf size is enhanced when an extra 

genomic copy of CYCD3;1 is inserted under control of its own promoter, due to a mild 

promotion of cell proliferation (Horiguchi et al., 2009). So, although the underlying 

mechanisms appear to be gene-specific, the dosage of cell cycle genes is crucial for normal 

leaf development, because strong alterations in expression often have profound differences on 

final leaf size compared to milder changes. 

In summary, three main trends arise from investigating leaf phenotypes of mutants of 

the cell cycle interactome. First, the G2/M transition in general and APC/C regulation 

specifically is crucial for cell cycle progression during the cell proliferation phase of leaf 

growth. Second, when cell division is not completely deregulated in mutants, compensation 

mechanisms are prevalent and mitigate the effects of a decrease in cell numbers on final leaf 

size. Third, the expression level of cell cycle genes has to be balanced, because for several 

genes a dosage effect has been described with often different effects on final leaf size. Our 

meta-analysis indicates that both known and possible new genes, regulating cell cycle 

progression, are enriched in leaf growth regulators. Still, many proteins in the cell cycle 

interactome remain unknown for their role both in cell cycle progression and leaf growth 

control.  

Supplemental information 

Supplemental Materials and Methods gives additional information on plant growth, 

transgenic line generation, leaf and cellular analysis, DNA content analysis and statistical 

analysis. 

Figure S1 shows phenotypes of gain-of-function (GOF) mutants from nine genes and Figure 

S2 gives the relative expression values of (A) gain-of-function (GOF) lines and (B) loss-of-

function (LOF) lines compared to the wild type. 

Table S1 illustrates the results leaf area measurements of the loss-of-function mutants of 16 

new candidate cell cycle genes. Table S2 provides a list of genes selected for the 

phenotypical screen, with their description, and confirmed and nonconfirmed interactors. 

Table S3 is a list of T-DNA insertion lines included in the phenotypic screen and Table S4 
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gives a list of primers used for quantifying gene expression through quantitative reverse 

transcription-PCR. 
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Supplemental materials and methods 

Plant growth 

Environmental conditions during seed production, as well as during seed storage, can 

affect seed vigor. Therefore, all experiments were conducted with wild-type and 

transgenic seeds that had been harvested from plants grown side by side on the same 

tray. For growth experiments, plants were grown in vitro at a density of one plant per 

4 cm2 in 1`/2 Murashige and Skoog medium  (Murashige and Skoog, 1962) 

supplemented with 1% sucrose at 21°C under a 16-h day/8-h night regime. 

Selection of new putative new cell cycle proteins 

In total, 866 interactions among 394 proteins were identified in the cell cycle 

interactome (Van Leene et al., 2010) from which 82% are entirely novel. Besides the 

identification of interactions between known cell cycle proteins, many proteins with 

unknown function were found to interact with core cell cycle proteins. A 

computational analysis integrating different cell cycle related features, including 

periodicity of expression during cell division; CDK phosphorylation sites; cell cycle-

related promoter elements (such as MSA and E2F binding elements) and protein 

destruction motifs (such as Abox, Dbox and KEN box) was performed on the 

unknown proteins in order to identify novel candidates involved in cell proliferation. 

In the end, a list of 106 potential new cell cycle genes was generated.  

 

Here, we studied a subset of 27 genes, selected in function of the number of cell 

cycle related features and the number of interactors identified. In addition, several 

technical criteria such as the availability of T-DNA insertion lines and the size of the 

cDNA/gDNA sequence were taken into account for the final selection of the 27 

genes to be analyzed in this project.  

Transgenic line generation 

The overexpressing constructs were produced by using gateway cloning technology. 

The cDNA of the 27 genes of interest (See Table S1) were amplified by PCR from 

reverse transcribed RNA extracted from leaves of Arabidopsis thaliana ecotype 

Columbia. PCR reactions were performed using the Phusion High fidelity DNA 

polymerase (Finnzymes) according to the manufacturer’s instructions. The PCR 
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fragments, corresponding to complete cDNA of the genes of interest, were 

introduced into pDONR201 using the Gateway system (Invitrogen) and subsequently 

recombined into the pK7WG2 expression vector. The sequence was confirmed by 

sequencing. The constructs containing the genes of interest under the control of the 

CaMV 35S promoter were used to transform Arabidopsis thaliana by the floral dip 

method (Clough and Bent, 1998). Segregation analysis through selection on 

kanamycin was performed to selected transgenic lines with one insertion site. After 

segregation analysis, RNA was extracted with a RNeasy plant mini kit (Qiagen) from 

the aerial part of in vitro-grown seedlings and overexpression of the transgene was 

tested by qRT-PCR (LightCycler® 480 System; Fig. S2A, Table S4). For the 

phenotypic screen, three independent homozygous lines were selected for each gene, 

except for At5g54900, for which two independent lines were isolated. T-DNA 

insertion lines were requested for all 27 genes from the SALK institute 

(http://signal.salk.edu/cgi-bin/tdnaexpress) and from the Syngenta Arabidopsis 

Insertion Library (SAIL). Homozygosity was tested by PCR on genomic DNA which 

was extracted using CTAB buffer. Downregulation of the gene of interest could be 

confirmed by qRT-PCR for 16 genes; these lines were used for phenotypical analysis 

(Fig. S2B, Table S3). 

Leaf area and cellular analysis 

For the rosette leaf area measurements, plants were grown under in vitro conditions 

for 21 days. All leaves in the vegetative rosette were dissected for ten plants and their 

area was measured with the ImageJ software (http://rsb.info.nih.gov/ij/). For the 

analysis of cell number and size, leaves were harvested from eight plants at the same 

time point. The leaves were cleared with 100% ethanol, mounted in lactic acid on 

microscope slides, and photographed. The leaf area was determined with the ImageJ 

software (http://rsb.info.nih.gov/ij/). Abaxial epidermal cells (60–200 cells) were 

drawn for three leaves with a DMLB microscope (Leica) fitted with a drawing tube 

and a differential interference contrast objective. Photographs of leaves and drawings 

were used to measure the leaf area and to calculate the average cell area, respectively, 

with the ImageJ software (http://rsb.info.nih.gov/ij/). Leaf and cell areas were 

subsequently used to calculate cell numbers.  
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Ploidy analysis 

Leaf blades were frozen and then chopped with a razor blade in 400 mL of nuclei 

extraction buffer (Partec CyStain UV precise P), filtered over a 30-mm mesh, and 1 

mL of staining buffer (Partec CyStain UV precise P) was added. The distribution of 

the nuclear DNA content was analysed using a CytoFlow ML flow cytometer and 

FLOMAX software (Partec).  

Statistical analysis 

Statistical analysis of leaf area measurements was performed with the mixed 

procedure from SAS (SAS/STAT analytical product 12.1, SAS Institute Inc., 2012, 

Cary, North Carolina). The mean model consisted of the main effects genotype and 

leaf and their interaction term. Due to the imbalanced and complex nature of the data, 

the Kenward-Roger approximation for computing the denominator degrees of 

freedom for the tests of fixed effects was used (Kenward and Roger, 1997; Schaalje 

et al., 2002). A banded Toeplitz covariance structure was used to model the 

correlations between measurements done on the same plant. The band was chosen 

such that correlations remained positive. The independent lines for each gene of 

interest entered the model as a random factor as well as the replicated experiment 

whenever replications were made. In the case of a significant interaction term at the 5% 

significance level, simple tests of effects were performed for each leaf between the 

independent homozygous and wild-type lines for each gene. 

A mixed model was fit to the other the cellular analysis (cell and stomata 

number, leaf and cell area) with the mixed procedure from SAS with the default 

REML estimation method. Line entered the model as fixed factor, experiment as 

random factor. Two-sided Wald type tests were calculated to test the difference in 

phenotype between wild-type and transgenic lines. 

Flow cytometry data was analysed with a two-tailed Student’s t-test. 
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Supplementary figure legends 

Figure S1. Representative phenotypes of gain-of-function (GOF) mutants from nine 
genes (At1g31760, At3g01280, At1g05805, At5g21160, At1g43700, At3g11760, 
At3g13640, At5g02530 and At1g01880) at 21 days after stratification. Wild-type 
(WT) plants are included as a control.  
 
Figure S2. Relative expression values of (A) gain-of-function (GOF) lines and (B) 
loss-of-function (LOF) lines compared to the wild type as measured by quantitative 
reverse transcription-PCR. Error bars indicate standard errors; N = 3 in all panels. 
 
  



Cell cycle regulation and leaf growth 
 

	 137	

Figure S1. 

	
	

Figure S2. 
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Tables 
Table S1. 
Table S1. Leaf area measurements for loss-of-function mutants of 16 new candidate cell cycle genes. Depending 

on the gene, one to three (1-3) independent T-DNA lines were analysed (See Table S3). The level of 

downregulation decreases according to the number of the independent line (1<2<3) (See figure S2B). The least 

square means estimates for the cotyledons (cot) and true leaves (L1 – L9) were used to calculate the percentages 

compared to the wild type and are represented in a heat map. Colours corresponding to the percentages are 

indicated at the bottom of the figure. Significant differences compared to the wild type are indicated with 

asterisks: * p<0,05; ** p<0,01; *** p<0,001. 

Gene Line cot L1-L2 L3 L4 L5 L6 L7 L8 L9 
At3g11830 1 *** *** *** *** *** ***    

At1g31760 
1  *** *** *** *** *** ***   
2     *** *** *** ***  
3          

At1g61870 1    *** *** *** ***   

At1g56110 
1  *** ***  ***     
2     ***     

At5g02530 
1          
2      ***    

At5g03740 
1      ***    
2          

At1g43700 1  ***        
At3g17020 1      ***    

At1g71380 
1          
2   ***   ***    

At2g28450 1     ***     
At3g11760 1    ***      

At5g21160 
1          
2   ***       

At1g20480 
1          
2          

At5g54900 1          
At3g21140 1          
At5g25460 1          

% WT <50 50-70 70-80 80-90 90-95 95-105 105-110 110-120 120-130 130-150 >150 
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Table S2. 

Table S2. List of genes selected for phenotypical screen, with their description, confirmed and nonconfirmed interactors. 
Confirmed interactions have been confirmed in at least two independent experimental AP-MS repeats whereas non-confirmed 
interactions are only observed once (Van Leene et al., 2010). For all genes, transgenic lines overexpressing the transgene were 
analysed; the 16 genes for which the T-DNA insertion lines were analysed are indicated. 

Nr. AGI Description Confirmed 
Interactors 

Nonconfirmed 
Inteactors OE LOF 

1 At1g71380 glycosyl hydrolase family 9 
protein/AtCel3 

CYCA3;4 KRP4 
KRP7 MCM7 

SMR4 

CYCA3;4 KRP4 
KRP7 MCM7 

SMR4 
X X 

2 At3g01280 voltage dependent anion channel 
1 CYCA2;1 CYCA3;3 X  

3 At5g03740 histone deacetylase 2C MAT1 BUB3-like2 X X 

4 At1g42440 hypothetical protein MCM6 cdc25 CDKB1;2 
E2Fa X  

5 At1g19520 
pentatricopeptide repeat-
containing protein (NFD5) 

 
CYCA2;1 CYCB2;3 X  

6 At1g01880 5'-3' exonuclease family protein CYCA2;1 CYCA2;3 
CYCA3;4 X  

7 At1g20480 AMP-dependent synthetase and 
ligase family protein MAT1  X X 

8 At2g03820 nonsense-mediated mRNA decay 
NMD3 family protein MCM6 F7H1_23 KRP2 

MCM6 PIN1_cyto X  

9 At5g54900 RNA-binding protein 45 (RBP45) CYCA2;1 CDKA;1 CYCD3;1 
KRP6 X X 

10 At1g09760 U2 small nuclear 
ribonucleoprotein A, putative MAT1 CDKG;2 X  

11 At1g31760 SWIB complex BAF60b domain-
containing protein, SWIB5 MCM6 CCS52A2 CYCH;1 X X 

12 At3g13640 ABC transporter E family 
member 1, RLI1 CYCA2;1 DPb X  

13 At5g02530 RNA-binding (RRM/RBD/RNP 
motifs) family protein MAT1 CCS52A1 

CCS52A2 CCS52B X X 

14 At3g11760 hypothetical protein MCM6 CCS52A2 X X 

15 At5g60790 ABC transporter F family 
member 1, GCN1 MCM6 CYCD2;1 X  

16 At3g11830 TCP-1/cpn60 chaperonin family 
protein 

BUB3-like1 
BUB3-like2 

CCS52A1 CDC2-
3 

BUB3-like1 
BUB3-like2 

CCS52A1 cdc20-1 
cdc20-3 MAD2-

like 

X X 

17 At1g56110 nucleolar protein Nop56, putative MCM6 CYCB1;3 CYCH;1 X X 

18 At1g61870 pentatricopeptide (PPR) repeat-
containing protein, PPR336 MCM6 CDKG;2 CYCA2;3 

SIM X X 

19 At1g43700 VirE2-interacting protein (VIP1) MCM6 CYCB2;3 KRP2 X X 

20 At3g17020 
Adenine nucleotide alpha 

hydrolases-like superfamily 
protein 

CDKA;1  X X 

21 At5g25060 RNA recognition motif (RRM)-
containing protein Wee1 WEE1 X  

22 At5g21160 LA RNA-binding protein MCM6 CDKB1;2 X X 

23 At2g28450 zinc finger (CCCH-type) family 
protein MCM6 CCS52A1 X X 

24 At5g25460 UF642 l-GalL-responsive protein 
1 CYCD2;1 

CCS52A2 CCS52B 
CDKD;2 CYCB1;2 

E2Fc 
X X 

25 At3g21140 Pyridoxamine 5'-phosphate 
oxidase family protein CDKD;2  X X 

26 At1g05805 transcription factor bHLH128 MCM6 CKS2 CYCB1;3 X  

27 At1g14620 protein decoy MCM6 KRP2 X  
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Table S3. 

Table S3. List of T-DNA insertion lines included in the 
phenotypic screen. For each gene, all independent lines are 
given with their insertion site. 

Gene Line  T-DNA line Insertion 
Site 

At3g11760 1 SALK_099661 intron 

At1g56110 1 SAIL_561_A03 exon 
2 SALK_052538 exon 

At1g43700 1 SALK_001014 exon 

At5g02530 1 SAIL_144_A01 promoter 
2 SALK_094909 intron 

At1g01880 1 SAIL_556_C05 exon 
At5g54900 1 SALK_090457 intron 

At1g31760 
1 SALK_017178 exon 
2 SALK_033073 promoter 
3 SALK_135689 intron 

At5g21160 1 SALK_038565  exon 
2 SALK_081433 exon 

At2g28450 1 SALK_106689 exon 
At1g61870 1 SALK_139562 exon 
At3g21140 1 SALK_001793 exon 

At5g03740 1 SALK_039774 exon 
2 SAIL_240_C08 intron 

At5g25460 1 SALK_125079 promoter 

At1g71380 1 SALK_057688 exon 
2 SAIL_71_C12 exon 

At1g20480 1 SALK_027694 exon 
2 SALK_001720 exon 

At3g11830 1 SALK_099986 exon 
At3g17020 1 SALK_045205  exon 
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Table S4. 
Table S4. List of primers used for quantifying gene expression through quantitative reverse 
transcription-PCR 

At1g19520_Forward GCTGGAGAAAGATGGGATTG 
At1g19520_Reverse CTCATTCCTCACACCCGAAT 
At3g01280_Forward ACCTCTGTGAAGGCTCGTGT 
At3g01280_Reverse ATGACTTGGGTTTCCACTCG 
At1g31760_Forward CTAGGGTTTTGGGAGGGTTC 
At1g31760_Reverse CCACGAGTGAGTTCCCTTTC 
At1g05805_Forward AGATCTTGTCCCCAACATGG 
At1g05805_Reverse ATGCTGAAGGCCTTTGATGT 
At5g25060_Forward TTAAGAGTGAGCGGGAGCAT 
At5g25060_Reverse AGGCTGTGGGATTGGTATTG 
At1g09760_Forward GGCTTTGAAGTTTGGACAGG 
At1g09760_Reverse TGGGAGCAGAGTCATTTGTG 
At5g03740_Forward CATGTCCATGTTGCAACTCC 
At5g03740_Reverse GCAATCCCATTTCCGAAGTA 
At1g61870_Forward TCGAAGAAGCAAAGGAGCTT 
At1g61870_Reverse CGACTTCGTTCCACAACTCA 
At1g20480_Forward GGATTTGTCGCAAAACAGGT 
At1g20480_Reverse ATCTTGCCCGAAGGATTTTT 
At1g71380_Forward GTTAGGCTGCAATGGTGGAT 
At1g71380_Reverse CATCGTTTTGATTCGGACCT 
At1g01880_Forward TCAGTCTGCTTTCCCTGATG 
At1g01880_Reverse TTGTTGCTCTTGGTGTTGCT 
At3g11760_Forward AGGCTTTACGAGGGTTGTGA 
At3g11760_Reverse TTCTGATTCGGATCCTGCTT 
At1g42440_Forward TGAAGGAACCAGTAGGCACA 
At1g42440_Reverse GTTCAGGCCACTTGGGATAA 
At2g28450_Forward ATTTCGTGCAACCCTGAAAC 
At2g28450_Reverse CTATTTTCTTGCGCCCTCTG 
At5g21160_Forward GGGAAATCTGTATGGCTTGG 
At5g21160_Reverse TGTTTCCTTTGCTCGGAAAT 
At1g43700_Forward CGAGGTCGAAAGAGAGGAAG 
At1g43700_Reverse TAAAGCTTGAAGCCGCATTT 
At5g54900_Forward AGGAAAACGTTGTGGATTCG 
At5g54900_Reverse ACGAAAGACGGATGCTTTGT 
At1g14620_Forward GCGGAATCTGCTTTGAAGTC 
At1g14620_Reverse ACAAAATCCTCGCAGTTGCT 
At5g02530_Forward TTCAATGGCAACTTCAATGG 
At5g02530_Reverse ATCACGTCCTCTTCCACCAC 
At2g03820_Forward TGCTTGCTGACCTTGACCTA 
At2g03820_Reverse TATTCAGCAGCCATGTCGTC 
At3g11830_Forward GGTGAAGGAGCTTCGTATGG 
At3g11830_Reverse GTGCGCTCTCAGATTTAGGG 
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At3g13640_Forward AAACCGCGTTTATTGTGGAG 
At3g13640_Reverse CGACTGTGGAGAATGAGCAA 
At1g56110_Forward GCGAACAAGTTGAGGAAAGG 
At1g56110_Reverse TGCCACCACCTCTTCTTCTT 
At3g17020-Forward GAGACCGTTGGATCACCTTT 
At3g17020-Reverse GTTTCAGCATCTGGCTTCAA 
At5g25460_Forwatd ACCTGACTCCGGTGTGATTC 
At5g25460_Reverse CCACAAGCTGGATCTTCCTC 
At3g21140_Forward AGCAAACCTAGCCTGTTCCA 
At3g21140-Reverse ACATCCTCAAGGTGGTGGAG 
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Abstract 
 

Plant cells contain three genomes. In addition to the nuclear genome, also 

mitochondria and chloroplasts have genetic information encoding for proteins 

involved in respiration and photosynthesis, respectively. In comparison with other 

eukaryotes, plant mitochondrial genomes display peculiarities in size, structure and 

regulation of gene expression. These unique features originate from the action of 

recombination-dependent pathways that are involved in organelle DNA maintenance. 

However, many regulators of mitochondrial DNA maintenance remain to be 

identified to fully understand their role in processes of organelle DNA recombination, 

repair and replication. In this study, we report the binding of a nuclear-encoded 

mitochondrial protein containing a SWI/SNF complex B protein domain, SWIB5, to 

mitochondrial DNA. Gain- and loss-of-function mutants of SWIB5 produce smaller 

organs, predominantly due to a reduction in the number of cells. Furthermore, we 

describe, in swib5 mutant plants, a timing-dependent effect on mitochondrial 

morphology, changes in mitochondrial transcript levels and alterations in 

mitochondrial DNA repair through homologous recombination. Taken together, our 

data provide evidence of a SWI/SNF related complex protein active in organelle DNA 

repair.  
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Introduction 
 

Eukaryotic cells possess more than one genome. Besides the nucleus, mitochondria 

and chloroplasts contain genetic information. The organelle genomes only encode a 

fraction of the proteins their prokaryotic ancestor did since most genes were 

transferred to the nucleus. In Arabidopsis thaliana, the 57 genes present in the 

mitochondrial DNA encode important protein subunits involved in the electron 

transport chain (Unseld et al., 1997). In order to adapt the expression of organelle 

genomes to cellular needs, DNA maintenance and expression is regulated by factors 

encoded by the nucleus (Gualberto and Kuhn, 2014). 

 

Plant mitochondrial genomes exhibit many peculiarities in size, structure, complexity 

and control of gene expression when compared to their counterparts outside the green 

lineage (Burger et al., 2003; Smith and Keeling, 2015). They are generally larger, 

which is not entirely due to a larger amount of protein-coding genes. For example, 

Arabidopsis mitochondria encode 2.5 times more proteins compared to humans but 

their genome is 22 times larger (Burger et al., 2003). The expansion of plant genomes 

originates from the accumulation of non-coding regions, introns, non-coding ORFs 

and DNA acquired through horizontal gene transfer. In addition to their large size, 

higher plant mitochondrial DNA (mtDNA) appears in a variety of forms such as 

subgenomic circles, rosette-like-, linear- and branched-structures or long stretches of 

ssDNA (Backert et al., 1997). These variable structures are mainly the consequence 

of frequent recombination events between large repeated sequences and infrequent 

recombination between intermediate-sized repeats (Gualberto et al., 2014; Miller-

Messmer et al., 2012). 

 

Homologous recombination (HR) is an important process for DNA-repair and occurs 

when double-stranded breaks are induced in the genome by oxidizing reagents, 

replication errors or chemicals (see Chapter 3, (Boesch et al., 2011; Kanaar et al., 

1998)). HR-dependent DNA repair can result in crossovers if homologous but distinct 

sequences are used to guide the repair of the DNA (Miller-Messmer et al., 2012). 

These crossovers can be either reciprocal, if both recombination products accumulate 

at similar levels, or asymmetrical, if one of both crossovers is preferred. The 

accumulation of these infrequent recombination products results in the presence of 
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different variants of the mitochondrial genome within a cell or an individual, termed 

as the heteroplasmic state of the genome (Miller-Messmer et al., 2012). Homologous 

proteins of eubacterial factors involved in HR have been shown to have a role in 

mtDNA recombination (Miller-Messmer et al., 2012; Wallet et al., 2015). Since plant 

mitochondrial genomes undergo frequent HR events between repeated regions in 

contrast to other eukaryotes, plant-specific mediators of organellar homologous 

recombination such as ORGANELLAR SINGLE-STRANDED DNA BINDING 

PROTEIN1 (OSB1), ORGANELLAR DNA BINDING PROTEIN1 (ODB1) and 

members of the WHIRLY protein family have co-evolved in plants (Janicka et al., 

2012; Marechal et al., 2008; Zaegel et al., 2006).  

 

Other factors have been shown to be involved in DNA-repair. In eukaryotic cells, the 

ATP-dependent multi-subunit SWItch/Sucrose Non Fermentable (SWI/SNF) 

multiprotein complex is an important nucleosome remodeling complex, involved in 

many important cellular functions such as tumor suppression, activation of 

transcription and DNA repair (Bennett-Lovsey et al., 2002; Hohmann and Vakoc, 

2014). Members of the eukaryotic SWI/SNF protein complex B (SWIB) contain a 

conserved SWIB domain homologous to the MDM2 oncoprotein, an inhibitor of the 

mammalian tumor suppressor, Tumor protein p53 (Bennett-Lovsey et al., 2002). 

Proteins with a SWIB domain are conserved in Eukaryotes, Bacteria and Viruses and 

are implicated in DNA or nucleoid binding and remodeling (Bennett-Lovsey et al., 

2002; Melonek et al., 2012). In Arabidopsis, twenty proteins contain a SWIB domain 

and are divided into four major groups based on their amino acid sequences (Melonek 

et al., 2012). One member of group 4, Arabidopsis BAF60, regulates the expression 

of the FLOWERING LOCUS C gene and consequently flowering time (Jegu et al., 

2014). BAF60 was found to be recruited by ANGUSTIFOLIA3 as part of a chromatin 

remodeling complex involved in the transition between cell proliferation to cell 

expansion during leaf development (Jegu et al., 2014; Vercruyssen et al., 2014). The 

members of group 2 and 3 are, based on protein structure, predicted to be involved in 

nuclear regulation of transcription and histone modification (Melonek et al., 2012). 

Six Arabidopsis SWIB proteins belonging to group 1 are stand-alone SWIB proteins 

(SWIB1 to 6), small proteins only containing the SWIB domain and targeted to 

mitochondria and/or chloroplasts (Melonek et al., 2012). All four chloroplast-
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localized proteins (SWIB2, SWIB3, SWIB4 and SWIB6) of this group associate with 

plastid DNA (ptDNA) and one member, SWIB4, has a function similar to the 

Escherichia coli Histone-like nucleoid structuring (H-NS) protein (Melonek et al., 

2012). The role of the mitochondrial stand-alone SWIB proteins remains unknown. 

Some organisms have stand-alone SWIB proteins, such as the bacteria Chlamydia 

trachomatis that obtained this protein domain through horizontal gene transfer from 

its mammalian host. This SWIB protein domain has been proposed to have a role in 

the life-cycle dependent (de)condensation of nucleoids in Chlamydia (Bennett-Lovsey 

et al., 2002; Stephens et al., 1998). 

 

Here, we present the functional characterization of SWIB5, the only Arabidopsis 

SWIB protein that localizes exclusively to mitochondria. We characterized gain- and 

loss-of-function mutants of SWIB5 by analyzing plant growth, mitochondrial 

morphology, gene expression, protein content and activity. We show that SWIB5 is 

capable of binding mitochondrial DNA, and that mtDNA repair through homologous 

recombination among intermediate-sized repeats is impaired when SWIB5 is mutated. 

We finally present the interaction partners of SWIB5 and the conservation of 

organellar SWIB proteins in the green lineage. 

 

Results 
 

SWIB5 is Highly Expressed in Actively Growing Tissues 
 

To obtain information on the spatial and temporal expression of SWIB5, we examined 

its expression during development by using quantitative Real-Time-PCR (qRT-PCR) 

and publicly available expression datasets. 

 

We have quantified the relative transcript levels of SWIB5 in wild-type plants at 

different timepoints during vegetative development (4, 10 and 21 DAS) and in roots 

and flowers. SWIB5 was expressed in all tissues, with relatively lower levels just after 

germination (4 DAS) compared to later stages of development (Fig. 1A). Relative 

expression in roots was similar to shoots, and a higher expression was observed in 

flower tissue compared to the vegetative tissues and the roots (Fig. 1A). SWIB5 

expression pattern was also checked over different stages of development using gene 
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expression data available in the GENEVESTIGATOR tool, but no clear differential 

expression between these stages was observed (Supplemental Fig. 1A, (Zimmermann 

et al., 2004)). Next to the expression during development, we investigated the tissue-

specific expression using the Arabidopsis eFP browser and found that SWIB5 is 

highly expressed in the shoot and root apical meristems (Supplemental Fig. 1B, 

(Winter et al., 2007)). 

 

The development of plant organs such as leaves and roots is dependent on the cells 

that are derived from the meristems and relies on an initial cell proliferation phase 

followed by a transitioning period to cell expansion and differentiation (Gonzalez et 

al., 2012; Petricka et al., 2012). We further investigated the expression pattern of 

SWIB5 using two published microarray datasets covering leaf and root development 

(Chapter 2; (Andriankaja et al., 2012; Birnbaum et al., 2003)) and corresponding to 

proliferating, transitioning and expanding/differentiating tissues. In both datasets, the 

expression of SWIB5 was relatively higher in proliferating tissue compared to 

expanding tissue (Fig. 1B). To confirm this expression pattern during development, 

we microdissected the third vegetative leaf from 8 to 11 day old plants, when the area 

of wild-type leaves ranges from 0.29mm ± 0.0035 at 8 DAS to 0.5338mm ± 0.0359 at 

11 DAS. We extracted RNA from these samples and quantified the relative 

expression of SWIB5 using qRT-PCR. At 8-9 DAS, when the third leaf is growing 

exclusively through cell proliferation, transcript levels of SWIB5 were relatively high. 

At day10-11, when cells stop dividing and start expanding along a basipetal gradient 

(Andriankaja et al., 2012; Donnelly et al., 1999), the expression levels of SWIB5 

gradually decreased (Fig. 1C). Therefore, both previously published data and our 

experiments indicate a high expression of SWIB5 in meristematic tissue. 
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Figure 1. Expression of SWIB5. (A) Relative expression of SWIB5 measured in wild-type plants by 
qRT-PCR. The samples include 4 DAS (n=2), 10 DAS (n=4) and 21 DAS (n=4) shoot, 8 DAS root 
(n=4) and flower tissue (n=1). (B) Normalised expression of SWIB5 during leaf and root development. 
For leaf development, we selected a microarray analysis performed over six consecutive days during 
early development of the third true leaf, from 8 to 13 days (D8-13) after stratification (Andriankaja et 
al., 2012). For the expression patterns during root development, a microarray analysis of a total of 15 
different zones of the root corresponding to different tissues and developmental stages was used (Z1-
Z2-Z3 (Birnbaum et al., 2003)). The normalised gene expression profile was plotted from proliferative 
tissue to expanding tissue. (C) Relative expression of SWIB5 during early leaf development. The third 
vegetative leaves were harvested daily from 8 to11 DAS and SWIB5 transcript levels were measured 
with qRT-PCR (n=3). Values are averages +/- SE. 

	
In conclusion, we observed a high expression of SWIB5 in the shoot and root 

meristems specifically during during the proliferation phase while expression was 

lower during the expansion phase. These data suggest a role for SWIB5 in actively 

growing tissues. 

 
Misexpression of SWIB5 Leads to Growth Defects 

 

To investigate the effect of an alteration of SWIB5 expression on plant development, 

we generated lines overexpressing SWIB5 (SWIB5OE) and obtained three homozygous 

T-DNA insertion lines harboring an insert in the SWIB5 gene: SALK_003073 (swib5-

1), SALK_017178 (swib5-2) and SALK_135689 (swib5-3) ((Blomme et al., 2014); 

Fig. 2A). Since it was shown that not all T-DNA insertion lines contain only the 

annotated single T-DNA (Wilson-Sanchez et al., 2014), we sequenced the genomic 

DNA of swib5-1, swib5-2 and swib5-3 to search for possible additional insertions 
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sites. We searched for the sequence of the T-DNA and confirmed that swib5-1 and 

swib5-2 harbor a single T-DNA insertion at the annotated location, but swib5-3 

contains an insertion in the exon of At4g21705 in addition to the annotated insertion 

in SWIB5 (Supplemental Fig. 2). To investigate the expression of SWIB5 in these 

lines, we measured its transcript levels by qRT-PCR on RNA extracted from 

seedlings. Only for swib5-1 and swib5-2 a strong downregulation of SWIB5 was 

observed while in swib5-3 only a mild downregulation was found ((Blomme et al., 

2014); Fig. 2B). For SWIB5OE, we observed a clear overexpression of the transgene 

(Figure 2B). 

 

	 	
Figure 2. Gene structure of SWIB5 and T-DNA insertion lines characterisation. (A) Gene 
structure of SWIB5. Blue rectangles represent 5’ and 3’ UTRs, both exons are indicated in pink, the 
intron in dashed line. The location of the T-DNA in the T-DNA insertion lines (swib5-1, swib5-2 and 
swib5-3) is indicated with the black triangles and the location of the primer pair used for quantification 
of SWIB5 transcript levels is indicated with arrows. (B) Relative expression of SWIB5 in the wild type, 
the three T-DNA insertion lines and the transgenic line overexpressing SWIB5 (OE), measured by 
qRT-PCR. Values are averages +/- SE (n=3).	

To analyse the effect of SWIB5 misexpression on plant growth, we investigated the 

vegetative shoot phenotype of the gain- and loss-of-function lines. For SWIB5OE, we 

previously observed a reduction in rosette size of plants grown in vitro and, using a 

leaf series analysis, we showed that all leaves in the vegetative rosette of 21 DAS 

transgenic plants are significantly smaller compared to the wild-type (Blomme et al., 

2014). We confirmed the reduction in rosette size when plants were grown in soil 

(Fig. 3A). Quantification of the cell number and size of the first true leaves of 

SWIB5OE plants indicated that a reduction in cell numbers caused the reduction in leaf 
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size (Blomme et al., 2014). We performed a similar cellular analysis on the third 

vegetative leaf of SWIB5OE plants at maturity and found that a decrease in epidermal 

cell number of 22% (P<0,01) was compensated with an increase in cell size of 17% 

(P<0,01, Fig. 3B). This compensation effect was not sufficient to rescue the reduction 

in cell number leading to the small leaf phenotype observed (8%, P<0,05). To identify 

the developmental stage at which the decreased leaf size becomes visible, we 

measured leaf area over time on the third vegetative leaf. From 8DAS, the earliest 

time-point investigated, and onwards, we observed a significant decrease in leaf area 

compared to the wild type (on average 27%; Figure 3C). To investigate the cellular 

cause of this decrease in leaf size during early leaf development, the number and size 

of the epidermal leaf cells were measured from 8 to 11 DAS. At these early 

developmental time points, cell number but not area was significantly smaller 

compared to the wild-type (Figure 3D-E). Since leaves were already smaller at the 

earliest time points harvested, the reduction in epidermal cell number could result 

from a reduction in shoot apical meristem (SAM) size. At three consecutive days 

during vegetative development, 4, 5 and 6 DAS, we harvested seedlings and 

embedded them in paraffin. These samples were used for longitudinal histological 

sections and the area of the SAM was measured. At the investigated time points, no 

significant differences were observed in the SAM area between SWIB5OE and wild-

type (Figure 3F).  

 

Both T-DNA insertions lines showing a strong decrease in SWIB5 mRNA level, 

swib5-1 and swib5-2, have a decrease rosette size with swib5-2 having a more severe 

reduction in leaf area compared to swib5-1 (Blomme et al., 2014). Because the 

vegetative phenotype was more pronounced for swib5-2, we continued our 

characterization with this mutant. The cellular cause of the decreased leaf size was 

investigated in the third and sixth vegetative leaf at 21 DAS. At this time point, the 

mature third leaf of swib5-2 was significantly smaller due to a reduction in epidermal 

cell number (23%, P<0,01) compared to the wild-type (Figure 3B). A similar 

phenotype was observed in the sixth leaf, which is still actively growing at 21 DAS. 

This leaf contained significantly less cells (28%, P<0,01), which were not 

significantly different in size compared to the wild-type (Figure 3G). 
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Figure 3. Phenotypic characterisation of swib5-2 and SWIB5OE. (A) Rosette phenotype of three-
week-old plants grown in soil and two-week old plants grown in vitro. (B) Leaf area, cell number and 
cell area of the third vegetative leaf at 21 DAS (n=3). (C) Area of the third vegetative leaf of SWIB5OE 
transgenic line over time (8-21 DAS) (n=3). The insert corresponds to the leaf area at 8 and 9 DAS. (D-
E) Cell number (D) and area (E) of the third vegetative leaf at 8-13 DAS (n=3). Insert in (D) indicates 
cell number at 8 and 9 DAS. (F) Area of the shoot apical meristem of WT and SWIB5OE plants (n=3). 
(G) Leaf area, cell number and cell area of the sixth leaf of swib5-2 at 21 DAS (n=3). (H) Primary root 
length over time (3-14 DAS, n=3). (I) Representative scanning electron microscopy pictures of WT and 
swib5-2 anthers (scale = 300µm). All values are averages +/- SE, Statistical significance is indicated as 
* (P<0,05), ** (P<0,01) or *** (P<0,001). 

	
We also analysed root growth in SWIB5OE and swib5-2 plants by measuring the 
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swib5-2 plants were 18% and 36% smaller, respectively, compared to wild-type 

(Figure 3H). Over time, SWIB5OE roots had an average reduction of 12% in primary 

root length and swib5-2 was affected more severely with an average reduction of 34% 

compared to the wild-type (Figure 3H). This decrease in size was obvious from early 

time points measured but significant from 8DAS and 12DAS for swib5-2 and 

SWIB5OE, respectively, compared to the wild-type. We also measured the density of 

lateral roots in the gain- and loss-of-function mutant at 14DAS but did not observe a 

significant difference compared to the wild-type (Supplemental Figure 3).  

 

Finally, we inspected flower development in lines misexpressing SWIB5. For swib5-2, 

but not SWIB5OE, we observed that siliques were smaller and seed yield was lower 

compared to wild-type. Also, swib5-2 was difficult to use as a pollen donor in crosses, 

suggesting problems with male fertility. We investigated anther morphology using 

scanning electron microscopy and observed that swib5-2 plants produce fewer pollen 

grains compared to wild-type (Figure 3I). 

 

In conclusion, plants misexpressing SWIB5 have growth defects, both in roots and 

shoots. The primary cause of the reduction in leaf area in both mutants is a lower cell 

number from the early stages of development. 

 

Mitochondria Differentiate Early in swib5-2 Mutant 
 

Since SWIB5 is targeted to mitochondria, we studied the effect of SWIB5 

misexpression on mitochondrial morphology, protein content and activity. We 

quantified the area of mitochondria from the third vegetative leaf at an early (10 

DAS) and a late (21 DAS) developmental stage using Transmission Electron 

Microscopy (TEM). At 10 DAS, the earliest time point at which microdissected 

leaves can be used for TEM analysis, leaves are still actively growing and consist of 

proliferating cells at their base and expanding cells at the tip. For wild-type plants, no 

significant difference in cell or mitochondrial area was observed when the base and 

the tip of 10 DAS cells were compared, but mitochondria were significantly larger at 

21 DAS (Fig. 4A). At 10 DAS, swib5-2 had larger mitochondria at the tip of the leaf 

(47%, P<0,001) compared to the wild-type (Fig. 4A). At this time point, also the area 

of cells was significantly larger at the base (67%, P<0,01) and the tip (139%, 
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P<0,001) of swib5-2 leaves compared to the wild-type (Fig. 4B). No significant 

difference in cell or mitochondrial area was observed when the wild-type was 

compared to SWIB5OE at this developmental stage (Fig. 5A-B). At maturity, 21 DAS, 

no difference in mitochondria area was observed when the loss- and gain-of-function 

lines were compared to the wild-type (Fig. 4A). At maturity, mitochondrial 

morphology of swib5-2 and SWIB5OE did not exhibit striking morphological 

differences compared to the wild-type (Fig. 4C). 

 

The primary function of mitochondria is the production of molecular energy. In 

eukaryotes, the electron transport chain (ETC) consists out of four complexes, I to IV, 

and Arabidopsis mtDNA encodes major subunits for three of these complexes (I, III, 

IV). The ETC oxidizes respiratory substrates, then transfer the released electrons 

through a series of donors and acceptors until they reach the terminal oxidase 

enzymes that reduce oxygen to water (Jacoby et al., 2015). We measured the 

accumulation and activity of these complexes in plants misexpressing SWIB5, since 

several mutants in nuclear-encoded mitochondrial proteins show a differential 

accumulation of these complexes (de Longevialle et al., 2007; Solheim et al., 2012). 

Mitochondria were isolated from two-week old plants and proteins were extracted and 

separated by Blue-Native Polyacrylamide Gel-Electrophoresis (BN-PAGE). We could 

not detect any obvious alteration in protein complex accumulation in swib5-2 or 

SWIB5OE (Fig. 4D). BN-PAGE allows for investigating major dysfunctions in 

complexes assembly, but this method is not suitable to quantify effects at the single 

protein level (Eubel et al., 2005). To investigate the accumulation of individual 

proteins from complexes I, III and IV, western blot was performed by using 

antibodies targeting a nuclear and a mitochondria-encoded Complex I subunit 

(NDUFS4 and NAD9, respectively), a nuclear-encoded Complex III subunit (RISP), a 

mitochondria-encoded Complex IV subunit (COX2), the beta subunit of the ATP 

synthase and the ALTERNATIVE OXIDASE1A protein. For these proteins, no clear 

difference in accumulation were observed in SWIB5OE and swib5-2 compared to the 

wild-type (Fig. 4E). 
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Figure 4. Mitochondrial phenotypes in swib5-2 and SWIB5OE. (A) Area of mitochondria in WT, 
swib5-2 and SWIB5OE at 10 and 21DAS. At 10DAS, mitochondria areas were measured at the base and 
the tip of leaves for wild-type, swib5-2 and SWIB5OE and a minimum of 83 and a maximum of 205 
mitochondria were measured, depending on the line. At 21DAS, the area of mitochondria was 
measured from leaves for wild-type, swib5-2 and SWIB5OE and a minimum of 190 and a maximum of 
212 mitochondria were measured at this time point. (B) Cell area was measured at the base and the tip 
of leaves at 10DAS. Values are the measured areas +/-SE, statistical significance is indicated as * 
(P<0,05) ** (P<0,01) and *** (P<0,001) (C) Representative image of mitochondria from 21DAS 
leaves in wild-type and swib5-2; mitochondria are indicated with black arrows. (D) BN-PAGE 
separation of mitochondrial protein complexes. After electrophoresis, the gel was stained by 
Coomassie blue-colloidal. The complexes of the electron transport chain are indicated. (E) Western 
Blot analysis of mitochondria protein. Isolated mitochondrial proteins (5 or 10μg) were separated on 
polyacrylamide gel, which were blotted and incubated with the indicated antibodies. (F) Complex I 
activity stain on isolated mitochondria. BN-PAGE gel was run as in (D), and incubated with NADH 
and Nitro tetrazolium blue to visualize complex I and supercomplex I+III (indicated with arrow) 
activity. 

	
Complex I is the main entry point of electrons in the ETC. This complex is a NADH 

dehydrogenase that accepts electrons from NADH and transfers them to ubiquinone. 

The activity of this complex can be determined through the addition of NADH and 

the dye Nitro tetrazolium blue to a BN-PAGE gel. Both the SWIB5OE plants and 

swib5-2 displayed an increase in Complex I activity, most pronounced for the activity 
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of the supercomplex I+III (Fig. 4F). We also investigated the respiratory 

characteristics of swib5-2 and SWIB5OE leaves and mitochondria. The total leaf 

respiration rate, measured as the oxygen consumption of leaf discs in the dark was not 

significantly altered in swib5-2 and SWIB5OE (Supplemental Fig. 4). We isolated 

mitochondria and measured total ETC-linked respiration, measured as the respiratory 

control rate defined as the ratio between respiration in the absence and presence of 

ADP (Supplemental Fig. 4). We also measured the respiratory capacity of Complex I 

and Complex IV (Jacoby et al., 2015). No significant differences between the lines 

misexpressing SWIB5 and the wild-type were observed (Supplemental Fig. 4). 

 

In summary, we observed an early increase in mitochondrial area during leaf 

development when SWIB5 is mutated. Also leaf cell area was larger at 10 DAS, 

suggesting an earlier differentiation both of swib5-2 cells and mitochondria. We did 

not observe a differential accumulation of protein complexes of the electron transport 

chain nor a change in respiratory capacity in our mutants, but both gain- and loss-of-

function lines display an increased activity of Complex I, especially the supercomplex 

I+III. 

 

swib5-2 Displays a General Alteration of Mitochondrial Gene Expression 
 

Nuclear ATP-dependent SWI/SNF complexes are implicated in the mediation of 

transcription (Biggar and Crabtree, 1999; Ryan et al., 1998). Since SWIB5 is a stand-

alone SWIB protein domain, it could be involved in the regulation of mitochondrial 

gene expression. We therefore quantified the levels of 41 mitochondrial mRNAs and 

rRNAs on 14DAS rosettes using qRT-PCR (Fig. 5A; (Delannoy et al., 2015)). In 

total, 24 out of the 41 transcripts tested showed a significant increase in steady state 

levels ranging from 19% for atp9 to 112% for ccmB in swib5-2 compared to the wild-

type (Fig. 5A). Among the up-regulated genes, several encode subunits of Complex I 

(NADH dehydrogenase) and V (ATP synthase), as well as ribosomal proteins and 

maturases. Also elevated levels of two mitochondrial rRNAs, rrn16 and rrn18, were 

found (Fig. 5A). In contrast, almost all genes encoding Complex IV subunits 

(Cytochrome C oxidase) were unaffected. For SWIB5OE plants, two genes (nad1 and 

nad3) were significantly upregulated (Fig. 5A) while all other mitochondrial genes 

tested were not differentially expressed compared to the wild-type. 
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Figure 5. Transcriptional changes in swib5-2 and SWIB5OE. (A) Quantification of steady state 
mitochondrial transcript levels. RNA was extracted from 14DAS seedlings and transcripts (mRNA and 
rRNA) were quantified according to (Delannoy et al., 2015). (B) Genes from the mitochondrial 
dysfunction stimulon (MDS, (De Clercq et al., 2013)) showing a significant up- or downregulation in 
swib5-2 and/or SWIB5OE seedlings. The expression profiles of all genes of the MDS are shown in 
Supplemental Fig. 5B. Values (n=3) represent the ratio to the wild-type and are averages +/- SE. 
Significance is indicated as * (P<0,05), ** (P<0,01) or *** (P<0,001).  

 

After transcription, mitochondrial RNAs can undergo posttranscriptional 

modifications such as RNA maturation, splicing and editing (Millar et al., 2008). We 

quantified all spliced and unspliced forms of nad1, nad2, nad4, nad5, nad7, rpl2, rps, 

cox2 and ccmFc by qRT-PCR on 14DAS rosettes from swib5-2 and SWIB5OE 

(Delannoy et al., 2015). We did not observe a differential accumulation of spliced or 

unspliced forms of mitochondrial transcripts indicating that the splicing efficiency 

was not altered in gain- and loss-of-function mutants of SWIB5 (Supplemental Fig. 

5A). 

 

When mitochondria function is disturbed, nuclear gene expression can be altered as a 

consequence of the activation of a retrograde signaling aiming at adequately respond 

to a variety of stress conditions. In particular, a set of nuclear genes, termed 
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“Mitochondrial Dysfunction Stimulon (MDS)”, shows a robust induction of 

expression when mitochondria are perturbed (De Clercq et al., 2013; Skirycz et al., 

2010). To investigate potential changes in the mitochondrial stress response upon 

SWIB5 misexpression, we quantified the expression of the 26 MDS genes in swib5-2 

and SWIB5OE seedlings (Fig. 5B; Supplemental Fig. 5B). Three genes of the MDS 

(AT2G03130, AT1G05060 and CYTOKININ RESPONSE FACTOR 6 (CRF6)) were 

significantly downregulated in the transgenic lines overexpressing SWIB5. 

AT1G05060 encodes a hypothetical protein and AT2G03130 encodes a ribosomal 

protein L12/ ATP-dependent Clp protease adaptor protein ClpS family protein. CRF6 

is an AP2/ERF transcription factor, known to be induced by cytokinin and after stress 

treatments, that plays a role in leaf development and senescence (Zwack et al., 2013). 

Two genes, AT2G04070 and AT5G09570 were upregulated in SWIB5OE plants (Fig. 

5B). These genes encode a MATE efflux family protein and a Cox-19-like CHCH 

family protein of unknown function, respectively (De Clercq et al., 2013). In the 

swib5-2 mutant plants, three MDS genes were differentially expressed: AT1G5060 is 

downregulated and both (NAD(P)H ALTERNATIVE OXIDASE B4 (NDB4) and OXI1 

are upregulated. NDB4 is part of the alternative oxidase pathway since its 

dehydrogenase activity is not linked to proton translocation, and has a role in plant 

development and the response to salt stress (Smith et al., 2011). OXI1 encodes a 

serine/threonine kinase involved in the oxidative stress signaling pathway and root 

hair development (Rentel et al., 2004). For the other 19 genes in the MDS, no 

significant differences were observed in lines misexpressing SWIB5 compared to the 

wild-type (Supplementary Fig. 5B).  

 

Since mitochondria are important players in the response to different kinds of stress, 

such as abiotic stresses, ROS treatment, chemical inhibitors and hormone-related 

treatments (Van Aken et al., 2009), we measured if the growth response on a variety 

of mild stress conditions was altered in lines misexpressing SWIB5. Plants were 

germinated on mild abiotic stress inducing conditions (25mM mannitol, 1mM H2O2 

and 50mM NaCl) and the growth phenotype of the loss- and gain-of-function lines of 

SWIB5 was inspected at 21DAS by means of leaf series analysis (Fig. 6A-E). As 

previously determined, the growth of wild-type plants was reduced on these 

conditions without affecting plant survival (Claeys et al., 2014; Dhondt et al., 2014). 
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When the swib5-2 line was grown on mild oxidative (Fig. 6B) or salt stress (Fig. 6C-

D), the decrease in leaf area was larger compared to the decrease observed in wild-

type. For example, the size of the third vegetative leaf of wild-type plants was 

reduced by 15% under mild oxidative stress (1mM H2O2), while in swib5-2, the 

reduction was 31%. On mild salt stress (50mM NaCl) swib5-2 seedlings were 

dwarfed, dark-green and stopped growing therefore showing a hypersensitive 

response (Fig. 6D). SWIB5OE plants did not show major differences in their response 

to stress compared to the wild-type (Fig. 6A-E). We also grew the plants on medium 

containing methyl viologen, which generates superoxide radicals, as well as the 

chemical inhibitors of Complex I (Rotenone) and Complex III (Antimycin A) of the 

mitochondrial electron transport chain. When grown on these stress-inducing 

conditions, no differential growth response was observed compared to the wild-type 

(Supplemental Fig. 6).	

 

Since swib5-2 is more sensitive to mild salt and oxidative stress, we analysed the 

expression level of SWIB5 after transferring 10 day-old wild-type seedlings to mild 

and severe abiotic stress-inducing conditions (25-100 mM mannitol, 50-100 mM 

NaCl, 1-2 mM H2O2 and 50-100 nM Methyl Viologen) and also to chemical inhibitors 

of complex I and III (10 µM Rotenone and 50 µM Antimycin A). Samples were 

harvested 24 hours after transfer, and the relative expression of SWIB5 was assessed 

with qRT-PCR (Fig. 6F). As a control, seedlings were transferred to mock, containing 

no stress-inducing components. After 24 hours of exposure to stress conditions, we 

could not see clear differences in relative SWIB5 expression level (Fig. 6F). 
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Figure	6.	Response	to	stress	of	swib5-2	and	SWIB5OE.	(A-E)	Stress	response	of	loss-	and	gain-
of-function	mutants	of	SWIB5.	Leaf	series	analysis	of	plants	grown	on	(A)	½	MS,	(B)	1mM	H2O2,	
(C-D)	 50mM	 NaCl	 and	 (E)	 25mM	mannitol.	 Leaf	 area	 is	 given	 for	 each	 leaf	 of	 the	 vegetative	
rosette	 of	 21-day-old	 plants.	 (D)	 Shoot	 phenotype	 of	 21DAS	 wild-type,	 swib5-2	 and	 SWIB5OE	
plants	 grown	 on	 50mM	 NaCl.	 (F)	 SWIB5	 expression	 levels	 upon	 stress	 treatment.	 Wild-type	
seedlings	 (10DAS)	 were	 transferred	 to	 mock	 or	 stress-inducing	 conditions	 (n=3).	 After	 24h,	
seedlings	 were	 harvested	 and	 SWIB5	 expression	 was	 measured	 by	 qRT-PCR.	 Values	 are	
averages+/-SE	(n=3).	
 

Taken together these results show that the swib5-2 line displays a general increase in 

mitochondrial transcript accumulation. Furthermore, mutation in SWIB5 leads to up- 

or downregulation of some genes involved in the mitochondrial stress response and 

swib5-2 plants showed a hypersensitive response to mild salt stress. 
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SWIB5 Binds to Mitochondrial DNA 

 

The SWIB protein domain is postulated to have a role in genome (de)condensation in 

Chlamydia trichomatis (Stephens et al., 1998), and in Arabidopsis a colocalisation 

with chloroplast nucleoids was shown for three SWIB proteins (Melonek et al., 2012). 

To evaluate the capacity of SWIB5 to bind mitochondrial DNA, we performed 

Chromatin ImmunoPrecipitation (ChIP) experiments with and without prior 

mitochondrial purification (Supplemental Fig. 7). 

 

We first verified if the SWIB5 fusion protein used for the ChIP experiments is 

localized in the mitochondria, as previously shown (Melonek et al., 2012). We 

transiently expressed the p35S::SWIB5::GSgreen construct in N. benthamiana leaves 

(Supplemental Fig. 8). GSgreen is a tag adapted from GSrhino (Van Leene et al., 2015) 

and consists of a Streptavidin Binding Protein, 2 x 3C and 2 x TEV and a Green 

Fluorescent Protein (Supplemental Fig. 8A), allowing protein localization studies, 

tandem affinity purification and chromatin immunopurification (ChIP). This tagged 

SWIB5 colocalized with a mitochondrial mcherry marker, but not with a plastid or 

peroxisome mcherry marker (Supplemental Fig. 8B) (Nelson et al., 2007). The 

mitochondrial localization of this fusion protein was also found in Arabidopsis plants 

stably transformed with the p35S::SWIB5::GSgreen construct (Supplemental Fig. 8C). 

A N-terminal fusion of SWIB5 with the GSgreen tag (p35S::GSgreen::SWIB5) was 

however localized in the cytoplasm, suggesting that the mitochondrial targeting 

peptide is masked with this fusion (Supplemental Fig. 8D). 

 

To perform ChIP on plant mtDNA, we tested different conditions to optimize the 

protocol classically used for ChIP on nuclear proteins without prior isolation of 

mitochondria (Fig. 7; Supplemental Fig. 7). Using p35S::SWIB5::GSgreen seedlings as 

starting material, we divided the samples into a fraction that was crosslinked in 1% 

formaldehyde and a fraction not crosslinked (native). We divided these native 

samples into a fraction to which extraction buffer II was added and a fraction where 

no extraction buffer II was used, to see if the presence of a buffer containing the 

detergent Triton was necessary for the extraction (See material and methods). Then, 

the samples were divided into a fraction that was sonicated and another not 
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(Supplemental Fig. 7). The immunoprecipitation, using antibodies against GFP and 

IgG (negative control) and DNA extraction steps were not changed compared to the 

classical protocol (see Material and methods). On the isolated DNA we performed 

qPCR using 45 primer pairs corresponding to three regions of the mitochondrial 

genome in the proximity of four genes encoding subunits of the electron transport 

chain: NAD2A, NAD6, ATP9 and ATP1 (Fig. 7).  

 

For all three regions investigated, we observed a higher percentage to input in 

samples immunoprecipitated with GFP antibody as compared to samples incubated 

with IgG antibody	(Fig. 7). For two of the regions investigated, the enrichment in 

samples immunoprecipitated with anti-GFP was more pronounced in the region 5’ of 

the RPS4, NAD2A, ORF11A and NAD6 gene cluster and in the 5’ region of the 

ORF113, ORF101B, ORF294, ATP1 and ORF111B cluster (Fig. 7A-B). No 

differential enrichment was detected in the third region encompassing ATP9 and 

ORF262, suggesting that SWIB5 is capable to bind the whole region (Fig. 7C). 

Association of SWIB5 to mtDNA of these three regions was obvious with all the 

ChIP optimization protocols used, except for native, non-crosslinked samples and 

samples wherein no extraction buffer II was used (Supplemental Fig. 7).  

 

To conclude, the ChIP experiments on seedlings demonstrated the association of 

SWIB5 to mtDNA, and for two conditions, native and crosslinked samples that were 

sonicated, we were able to show a binding to all three regions investigated on the 

mitochondrial genome. 
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Figure 7. Chip-qPCR on mitochondrial DNA of 14DAS p35S::SWIB5::GSgreen seedlings. Three 
regions on the mtDNA were chosen (A-C), the coordinates on the mtDNA are indicated (TAIR10), as 
well as the ORFs (green) and repeated regions (blue). For each region, 15 primer pairs, indicated with 
black arrows, were used and the graph represents the same order indicated on the mtDNA regions. 
Graphs represent results from native sonicated samples immunoprecipitated with antibodies against 
GFP or IgG (negative control). Values represent % to input and are the average of two technical repeats 
(n=1).	
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Since the Chip-qPCR results indicate that SWIB5 is able to bind on three mtDNA 

locations, the association with mtDNA was investigated at a genome scale level. To 

do so, we isolated mitochondria from seedlings expressing the p35S::SWIB5:: GSgreen 

construct to do a ChIP experiment (Supplemental Figure 9, see Material and 

Methods). For this experiment, we further adapted our ChIP protocol for isolated 

mitochondria. Briefly, after mitochondria isolation we performed the crosslinking, 

quenched the reaction and resuspended the mitochondria in nuclei lysis buffer before 

sonication. Sonication of mtDNA resulted in fragments of 150-500bp, and these 

samples were used for immunopurification (Supplemental Fig. 9A see Material and 

Methods). The samples immunoprecipitated with anti-GFP were then used for 

genome wide DNA sequencing together with the non-immunoprecipitated input 

samples. The ChIP-seq reads were mapped to the TAIR10 Arabidopsis mitochondrial 

genome and 256 peak regions were identified using HOMER software in the GFP-

immunoprecipitated samples compared to input using a cut-off of 150bp 

(Supplemental Fig. 9B; Hypergeometric Optimization of Motif EnRichment, 

http://homer.salk.edu/homer/). The peaks were evenly spread over the mitochondrial 

genome and we identified 107 motifs significantly enriched in these peak regions, 

using the MEME webtool (http://meme-suite.org/tools/meme; P<0,05; Supplemental 

Table 1). These results were obtained for one biological repeat and no negative 

control was included. The signal-to-noise ratio remained quite high in this experiment 

and care should be taken with the analysis. Nevertheless, we again found a clear 

association of SWIB5 with mtDNA. 

 

In addition to the ChIP-qPCR data, the first ChIP-seq experiment indicated a clear 

association of SWIB5 with mtDNA, on different locations spread on the 

mitochondrial genome. It also proved that our mitochondrial isolation was successful, 

since almost no counts of nuclear or chloroplast DNA were detected. Therefore, we 

performed a third experiment to validate the mtDNA regions bound by SWIB5. The 

conditions remained similar as the first ChIP-seq experiment, we only increased the 

salt concentration of the ChIP buffer to ensure higher specificity (see Material and 

Methods). The samples were immunoprecipitated with either anti-GFP (2 samples) or 
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anti-IgG (1 sample) and sent for sequencing. At the moment of submitting this PhD 

thesis, the analysis of the data is ongoing. 

 

The ChIP results show that SWIB5 can associate to mtDNA but this binding can be 

direct or indirect through e.g. the interaction with an mtDNA binding protein. In order 

to determine if SWIB5 alone is capable of binding to mtDNA, an electrophoretic 

mobility shift assay (EMSA) was performed. SWIB5 was fused to a 6xHisMBP tag 

(SWIB5::6xHisMBP) and purified from E. coli cells transformed with this construct. 

The isolated fusion proteins were incubated with dsDNA coupled to an infrared label 

(IR700). The dsDNA oligo was designed based on the ChIP-qPCR data mentioned 

previously, but no mobility shift was observed when SWIB5 was incubated with this 

probe (Supplemental Fig. 9C), indicating that SWIB5 alone cannot bind this specific 

sequence or that the HisMBP tag interferes with DNA binding. Further experiments, 

using different probes and/or tags, need to be performed to prove if SWIB5 alone can 

bind mtDNA. 

 

SWIB5 Mutants are Impaired in Homologous Recombination 
 

The shape and size of mitochondrial genomes is governed mainly by homologous 

recombination (HR), a process important for error-free DNA repair. Since the 

SWI/SNF chromatin remodeling complex has been implicated in double-stranded 

DNA repair in eukaryotes (Chai et al., 2005; House et al., 2014; Smith-Roe et al., 

2015; Wilson and Roberts, 2011), we examined if SWIB5 could play a role in 

mtDNA repair. Mutants affected in HR of mtDNA can be more sensitive when 

exposed to genotoxic stresses such as bleomycin (BLM) or ciprofloxacin (CIP) 

(Miller-Messmer et al., 2012). BLM is a chemical that directly induces double-

stranded DNA breaks in all genomes. CIP is an antibiotic that inhibits the bacteria-

like gyrase, present in mitochondria and chloroplasts, indirectly inducing double-

stranded DNA breaks after replication in organelle genomes specifically (Miller-

Messmer et al., 2012; Wall et al., 2004). Shoot development of wild-type plants was 

increasingly affected upon treatment with increasing concentrations of bleomycin 

(BLM) or ciprofloxacin (CIP) (Miller-Messmer et al., 2012; Wall et al., 2004). When 

exposed to genotoxic stress, SWIB5OE or swib5-2 plants responded similarly as the 

wild-type (Figure 8A).  
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Treating plants with genotoxic chemicals such as BLM or CIP causes the 

accumulation of infrequent recombination products in mitochondrial genomes 

(Janicka et al., 2012; Miller-Messmer et al., 2012; Parent et al., 2011; Wallet et al., 

2015). Using qPCR, we quantified the differential accumulation of all possible 

crossover products for 17 repeated regions in 14 DAS seedlings germinated on 

medium supplemented with 0.75µM CIP, compared to plants germinated on control 

medium (Fig. 8B-H, Supplemental Fig. 10). CIP was selected for this assay since it 

causes dsDNA breaks specifically in organelles and induces a higher accumulation of 

infrequent recombination products compared to BLM (Miller-Messmer et al., 2012). 

In wild-type plants, we confirmed the accumulation of crossover products upon CIP 

treatments in either a reciprocal way (repeats and F, I, K, L, P X, B, C, D, G, H, T, U) 

or asymmetrically (repeat R) (Fig. 8C-H and Supplemental Fig. 10). This 

accumulation pattern matches previously reported findings, except for the L and U 

repeat for which an asymmetrical accumulation of cross-over products was reported 

instead of a reciprocal one (Miller-Messmer et al., 2012). This difference is likely due 

to the less pronounced accumulation of crossover products, which could be missed by 

semi-quantitative PCR in previous reports. For some IRs, no obvious (less than 5-

fold) accumulation of crossover products was observed: C, J/S/nMM, M, Q and W 

(Supplemental Figure 10).  
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Figure 8. Effect of genotoxic stress treatment on plant growth and accumulation of intermediate repeat 
crossover products. (A) Wild-type (WT), swib5-2 and SWIB5OE plants were germinated on ½ MS 
medium, supplemented with ciprofloxacin (CIP) or bleomycin (BLM) at the indicated concentrations. 
For each condition, four representative plants are shown (n=3). (B) Simplified scheme explaining the 
amplification with qPCR of sequences 1 and 2 including a repeated sequence (blue R box) and the 
crossover products 1/2 and 2/1. Scheme modified from (Miller-Messmer et al., 2012) (C-H) 
Accumulation of crossover products in wild-type, swib5-2 and SWIB5OE plants grown on 0.75µM CIP 
compared to control. Values are averages +/-SE (n=3). 

For fourteen out of seventeen tested IRs, swib5-2 displayed a similar accumulation of 

crossover products when exposed to genotoxic stress compared to wild type 

(Supplemental Fig. 10). For repeat F, the levels of F1/2 were similar to the wild-type, 

but the F2/1 crossover product accumulated barely in swib5-2 (14-fold) compared to 

the wild-type (268-fold; Fig. 8C). In contrast, the F2/1 accumulated to similar levels 

as wild-type in SWIB5OE plants grown on CIP (Fig. 8D). For repeat R, an 

accumulation of the crossover product R1/2 (108-fold) was observed upon CIP 

treatment in the wild-type, but not in swib5-2 (5-fold; Fig. 8E). For SWIB5OE plants, 

the R1/2 accumulated upon CIP treatment to higher levels compared to the wild-type 

(Fig. 8F). For the repeated region X, the accumulation of recombination products was 

affected to a lesser extent in the swib5-2 line. In this case, the X1/2 crossover product 

accumulated (118-fold) in the wild-type upon CIP treatment, but less in swib5-2 (31-
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fold; Fig. 8G). In SWIB5OE plants, the X1/2 crossover product accumulated similarly 

as in wild-type plants (Fig. 8H).  

 

In conclusion, we observed that the swib5-2 mutant is impaired in the accumulation of 

infrequent recombination products when treated with CIP. This deficiency appears to 

be specific for the inverted repeats F, R and X. In SWIB5OE plants, these 

recombination products accumulate to normal levels or higher compared to the wild-

type. 

 

Role of SWIB5 in Replication and Recombination 
 

The accumulation of infrequent recombination products is the result of the break-

induced repair (BIR) pathway, which repairs single-ended dsbreaks induced by CIP 

treatment. During BIR, a full replication fork needs to be established since second-

end capture used in other homologous recombination DNA repair pathways is 

impossible for single-ended dsbreaks (Boesch et al., 2011; Llorente et al., 2008). In 

mutants affected in HR, changes in mtDNA copy numbers and accumulation of 

crossover products under normal conditions have been reported (Miller-Messmer et 

al., 2012; Wallet et al., 2015). Therefore, defects in mitochondrial recombination 

processes can affect mtDNA replication as well. To test the effect of misexpression of 

SWIB5 on relative mtDNA copy number, we quantified the complete mtDNA genome 

of 8 DAS seedlings of swib5-2, SWIB5OE and wild-type by qPCR using primers 

located 5 to 10kb apart along the mitochondrial genome (Wallet et al., 2015). With 

the primer pairs used, compared to wild-type, transgenic lines overexpressing SWIB5 

did not accumulate specific regions of the mtDNA (Fig. 9A). In contrast, two peaks of 

accumulation for two regions were observed for swib5-2 plants (Fig. 9A-B; (Wallet et 

al., 2015)). Six open reading frames are located in the two regions surrounding the 

primers used for amplification: ORF106C, ORF313 and NAD4 (exon 2-3-4) in the 

first region and ATP8, ORF107c and tRNA-Ile in the second region (Fig. 9B). These 

regions also harbor both copies of the IR F, together with the repeats GG-2, R-2, V-2 

and AA-2 (Fig. 9B). 
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Figure 9. Relative mtDNA copy number in swib5-2 and SWIB5OE plants. (A) quantification of copy 
number of mtDNA regions on 8DAS seedlings analysed by qPCR. (B) Schematic representation of the 
regions surrounding the peaks observed in (A). Coordinates on the JF729201.1 mtDNA sequence, open 
reading frames (green), repeated regions (blue) and the primers used (arrows) are indicated. (C-F) 
Accumulation of intermediate size repeat crossover products in 8 DAS swib5-2 and SWIB5OE seedlings 
under control conditions. Values are averages +/- SE (n=3).	

 

In the 8 DAS samples, we also checked the accumulation of crossover products 

between IRs under control conditions with qPCR. We detected a large increase in 

accumulation of F2 and F2/1 in both swib5-2 and SWIB5OE plants compared to the 

wild-type (Fig. 9C). Also R-2 repeated sequence is present in this region, but we were 

not able to detect the R1/2 and R2/1 recombination product in swib5-2, although an 

increase in accumulation of R1/2 in SWIB5OE plants compared to the wild-type was 

observed (20-fold; Fig. 9D). For a third IR within the region with an increase in copy 

number, V, no big differences in accumulation of crossover products compared to the 

wild-type were observed (Fig. 9E). With the exception for repeated region K, no other 

IR crossover products accumulated under normal conditions. For this IR, K2 and 

K2/1 accumulated in both swib5-2 and SWIB5OE plants (Fig. 9F).  
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In conclusion, swib5-2 mutants exhibit problems in mtDNA replication at two sites in 

the mitochondrial genome and both gain- and loss-of-function mutants of SWIB5 

accumulate crossover products of certain IRs under normal conditions. 

 

SWIB5 Binds to Itself, SWIB4, SWIB6 and a Pentatricopeptide Repeat 
Protein 

 

SWIB domain containing proteins have been described as subunits of the ATP-

dependent SWI/SNF nucleosome remodeling complexes, large multiprotein 

complexes containing between 4 and 17 subunits (Tang et al., 2010). Although no 

nucleosome-like structures have been identified in mitochondria, mtDNA is bound by 

a variety of structural and regulatory proteins, creating a structure similar to the 

bacterial nucleoid (Gilkerson et al., 2013). To identify potential protein partners of 

SWIB5, we performed Tandem Affinity-Purification coupled to Mass-Spectrometry 

(TAP) experiments both on cell cultures and seedlings expressing SWIB5 coupled to 

the GSgreen or the GSrhino tag (p35S::SWIB5::GSgreen or p35S::SWIB5::GSrhino). 

 

In total, four TAP experiments were performed using SWIB5 fusion proteins. In cell 

cultures, the GSrhino fusion protein was found to interact with two proteins of P-class 

pentatricopeptide repeat (PPR) proteins, encoded by At5G15980 and AT1G55890 

(Supplemental Table 2). In seedlings, four additional proteins were pulled-down with 

the GSgreen fusion protein (Supplemental Table 2): a phosphofructokinase family 

protein encoded by AT1G20950, a phenylalanyl-tRNA synthetase class IIc family 

protein encoded by AT3G58140, an s-adenosyl-L-methionine-dependent 

methyltransferases superfamily protein encoded by AT1G55450 and HIGH 

CHLOROPHYLL FLUORESCENCE101 (HCF101) encoded by AT3G24430.	

	

All potential interactors of SWIB5 were identified once in the different TAP 

experiments. To verify these interactions, we performed a Bimolecular Fluorescence 

Complementation (BiFc) assay by fusing the proteins to hGFP and tGFP under 

control of the CaMV 35S promoter (p35S). To ensure physiological relevant 

interaction, we made only C-terminal fusions with head- or tailGFP (hGFP - tGFP). In 

this way, no interference with potential N-terminal targeting peptides was possible. 

We focused on the proteins identified by TAP with a predicted mitochondrial 
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localization, encoded by AT5G15980 and AT1G55890. The binary combinations were 

transiently expressed in N. benthamiana leaves and we observed a fluorescent signal 

when SWIB5 was combined with itself and the PPR protein encoded by AT1G55890, 

but no signal was found with AT5G15980 (Fig. 10). We also tested the interaction 

between SWIB5 and a two other SWIB-domain containing proteins having a 

mitochondrial localisation, SWIB4 and SWIB6 ((Melonek et al., 2012); Chapter 7), 

and found fluorescence signal when the two constructs are co-transformed in tobacco 

leaves (Fig. 10). Finally, we also checked if SWIB5 could bind to several known 

mtDNA binding proteins with roles in DNA repair and genome maintenance: RecA2, 

RecA3, MSH1, ODB1, OSB1, POL1B and WHY2 (Cappadocia et al., 2010; Janicka 

et al., 2012; Miller-Messmer et al., 2012; Parent et al., 2011; Wallet et al., 2015; 

Zaegel et al., 2006). However, we could not observe any fluorescent signal when 

SWIB5 was combined with these proteins. 
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Figure 10. Protein interaction partners of SWIB5. SWIB5 dimerisation and interaction with SWIB4, 
SWIB6 and the PPR protein encoded by AT1G55890 shown by BiFC assay. For each interaction, the 
combination of head- and tail-GFP (hGFP/tGFP) are indicated. The panels represent, from left to right, 
the GFP channel, the DIC channel and the merged image.	

 

In conclusion, we identified several potential interactors of SWIB5 using TAP and 

were able to confirm binding of SWIB5 to itself and to the PPR protein encoded by 

AT1G55890, but also the interaction of SWIB5 with the other mitochondria-localised 

SWIB domain proteins SWIB4 and SWIB6 was shown. 

 

Organellar SWIB-proteins are Common in Plants 
 

The Arabidopsis genome contains six stand-alone SWIB-proteins that have a 

predicted localization in organelles, of which five were confirmed to localize to 

mitochondria and/or chloroplasts (Melonek et al., 2012). To investigate the 

conservation of organellar proteins containing a SWIB protein domain in plants, a 

protein BLAST was performed using the SWIB5 protein sequence as input to all plant 

species in the PLAZA database (Van Bel et al., 2012). On the generated list of 289 

proteins in 38 plant species (Supplemental Table 3), including monocots such as 

maize and rice, the moss Physcomitrella patens and the unicellular algae 

Ostreococcus lucimarinus, we checked the predicted location of the proteins with 

TargetP prediction software (Emanuelsson et al., 2000). A total of 57 proteins were 

predicted to be localized in mitochondria, 77 proteins to chloroplasts and for 155 

proteins no organellar localization was predicted. Every species in the green lineage 

with SWIB proteins related to SWIB5 is predicted to have SWIB proteins in at least 

one organelle, except the green algae Chlamydomonas reinhardtii at the root of the 

green lineage. In conclusion, SWIB domain-containing proteins, although mainly 

known as nuclear proteins involved in chromatin remodeling, are predicted to be 

localized in organelles throughout the green lineage.  
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Discussion	
 

SWIB5 is Important for mtDNA Repair Through Homologous 
Recombination 

 

The SWIB protein domain is in humans mostly described as the conserved domain of 

the 60 kDa subunit of the ATP-dependent SWI/SNF complex B involved in 

chromatin remodeling (Bennett-Lovsey et al., 2002; Euskirchen et al., 2012). Besides 

a role in transcription, DNA replication and cell division, the SWI/SNF complex is 

involved in global genomic repair, transcription-coupled repair, base excision repair 

and double-stranded DNA repair through homologous recombination (HR) (Chai et 

al., 2005; House et al., 2014; Smith-Roe et al., 2015; Wilson and Roberts, 2011). 

Interestingly, the SWI/SNF complex appears to be required before the strand invasion 

step of homologous recombination (Chai et al., 2005). The exact role of the SWIB 

domain in this DNA repair is not elucidated to our knowledge, but has been shown to 

be homologous to the p53-binding domain of its negative regulator MDM2 (Bennett-

Lovsey et al., 2002). p53 has a role as a surveillance factor in HR at replication forks, 

controls transcription of and physically interacts with the RecA homolog RAD51, 

which is responsible in the search for homology and strand pairing during HR (Arias-

Lopez et al., 2006; Janz et al., 2003; Sturzbecher et al., 1996). Furthermore, the 

SWIB domain was shown to be involved in transcription and replication in E.coli as 

part of the RapA protein (Richmond et al., 2011; Yawn et al., 2009), and a stand-

alone SWIB protein is responsible for chromatin (de)condensation in Chlamydia 

trachomatis (Stephens et al., 1998). In Arabidopsis, mutations in several proteins of 

the SWI/SNF complex lead to an increased sensitivity to DNA-damaging agents, 

suggesting that the DNA repair role is conserved (Knizewski et al., 2008; Rosa et al., 

2013). A role for SWIB5 in DNA repair would be consistent with the observations 

that the SWI/SNF complex is necessary for dsDNA break repair before strand 

invasion (Chai et al., 2005). SWIB5 could be part of the nucleoprotein filament that 

binds the free 3’ resulting from the appearance of dsDNA breaks. SWIB5 could then 

act as a specificity factor in the nucleation process, which mediates RecA-dependent 

break induced repair (BIR) pathway for IRs F, R and X. Our protein interaction assay 

indicates that this binding could be as homodimers, as well as heterodimers with the 

other mitochondrial SWIB-domain containing proteins, SWIB4 and SWIB6. Based on 
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our EMSA assay, we cannot exclude that only a heterodimer of SWIB5 and SWIB4 

or SWIB6 could bind DNA, but not SWIB5 alone. Still, SWIB protein domain appear 

to have a role in the BIR pathway upon dsDNA breaks. In summary, SWI/SNF 

complexes are not only important factors in the epigenetic regulation of transcription 

but also in DNA repair. 

 

In Arabidopsis, several proteins have been implicated in mtDNA repair such as the 

homologs of bacterial RecA (RecA2 and RecA3) and RecG, the DNA Polymerase IB 

(POLIB) and the plant-specific ssDNA binding proteins WHY2 and ODB1 protein 

(Cappadocia et al., 2010; Janicka et al., 2012; Miller-Messmer et al., 2012; Parent et 

al., 2011; Wallet et al., 2015). All these proteins are involved in RecA-dependent D-

loop formation upon genotoxic stress treatment and exhibit the same molecular 

phenotype when mutated, i.e. a reduced accumulation of intermediate-size repeat 

crossover products (Miller-Messmer et al., 2012; Wallet et al., 2015). We have tested 

the accumulation of crossover products of intermediate-sized repeats in the wild-type 

and gain- and loss-of-function mutants of SWIB5. We observed, with minor 

differences, the same results using a qPCR approach as previously published RT-PCR 

results (Miller-Messmer et al., 2012; Wallet et al., 2015). Also while characterizing 

mutants impaired in mtDNA repair, not all possible crossover products were 

quantified in previous reports. In the mutants investigated so far, the capacity for 

DNA repair through homologous recombination appears to be similar for all 

crossover products investigated (Janicka et al., 2012; Miller-Messmer et al., 2012; 

Wallet et al., 2015). For SWIB5, we found putative involvement in mtDNA repair for 

three specific repeated regions (F, R and X). Taken together, our data shows that the 

function of SWIB5 is required for mtDNA repair through homologous repair upon 

dsbreaks.  

 

Importance of Mitochondrial Proteins in Plant Growth 
 

Mitochondria have central roles in multicellular organisms. They not only provide 

cells with energy produced from metabolism of sugars, amino acids and lipids, they 

also have important roles in biosynthesis of several vitamins, regulate programmed 

cell death and have signaling functions (reviewed in (Millar et al., 2008)). All these 

functions are necessary to ensure proper plant development, and several mutants of 
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mitochondrial proteins have growth defects (see Chapter 2). For SWIB5, a thorough 

phenotypic analysis of gain- and loss-of-function mutants showed that the growth 

penalty of these lines was caused by a reduction in the number of cells that compose 

leaves. Cellular analysis of the transgenic line overexpressing SWIB5 indicated that 

the reduction in cell number was obvious from the first time point investigated, 8 

DAS, when the leaf primordium has just emerged from the shoot apical meristem and 

is still growing through active cell proliferation (Andriankaja et al., 2012). At 

maturity, the reduction in cell number observed at early time points was not 

recovered, suggesting that the duration of the cell proliferation phase was not 

affected. Nevertheless, these fewer cells were larger in transgenic lines 

overexpressing SWIB5 but not in swib5-2; indicating a compensatory effect and a 

premature differentiation in these lines, respectively. An early differentiation was also 

observed for swib5-2 mitochondria in developing leaves. In the nucleus, it has been 

demonstrated that if DNA damage is unrepaired, cell-cycle progression is stopped and 

can cause premature cell death (reviewed in (Zhou and Elledge, 2000)). The cellular 

phenotype of gain- and loss-of-function mutants of SWIB5 suggests that also defects 

in mitochondrial homologous recombination could affect the number of cells that 

compose an organ. This result suggests that not only nuclear DNA damage 

verification is an important cell-cycle checkpoint, but organellar DNA damage check 

as well. Since mitochondrial dysfunction is efficiently signaled to the nucleus (De 

Clercq et al., 2013; Van Aken et al., 2009), also mitochondrial DNA stress is likely to 

cause a retrograde signal affecting nuclear gene expression (Barbour and Turner, 

2014) and affect plant development as such. In animals, a mitochondrial damage 

checkpoint during the cell cycle was proposed, since mitochondrial dysfunction leads 

to cell cycle arrest, cellular senescence and tumorigenic phenotype (reviewed in 

(Singh, 2006; van Gisbergen et al., 2015). For example, in Drosophila, mitochondrial 

dysfunction can retard the progression from G1 to S phase in the cell cycle (Owusu-

Ansah et al., 2008). This so-called ‘mitocheckpoint’ permits cells to arrest the cell 

cycle in order to restore mitochondrial function to normal level (Singh, 2006). In 

summary, mitochondrial DNA damage can affect the progression of the cell cycle and 

lead to impaired plant development as found when SWIB5 expression is impaired. 
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Stress Response Links Plant Development to Defects in Recombination 
 

We did not find striking effects on the expression of the Mitochondrial Dysfunction 

Stimulon (MDS) genes in the swib5-2 line or a change in SWIB5 expression upon 

transfer to stress conditions. However, we observed an increased sensitivity of swib5-

2 plants to mild osmotic, oxidative and especially salt stress. The hypersensitive 

response of swib5-2 to mild (50mM) NaCl concentrations could be indicative of the 

function of SWIB5. Indeed, it has been shown that environmental stresses can trigger 

genomic changes. Besides commonly used DNA damaging factors such as UV-light 

or chemicals such as BLM and CIP, mild salt (50-100mM NaCl) stress is able to 

induce intrachromosomal homologous recombination in plants in vivo (Boyko et al., 

2006; Puchta et al., 1995). Also, in vitro direct imaging of fluorescent E. coli RecA 

and eukaryotic RAD51, the major regulators of homologous recombination, showed 

that nucleation rates at the early steps of homologous recombination are dependent on 

monovalent salt concentration (reviewed in (Holthausen et al., 2010)). Even more, 

RecA and RAD51 can locally mimic high salt conditions and as such control loading 

on the proper DNA substrate, the region where strand invasion occurs (Galletto et al., 

2006; Hilario et al., 2009; Holthausen et al., 2010). In E. coli, a mutant of RapA, the 

SWI/SNF subunit of RNA polymerase, also exhibits a salt-stress specific sensitivity 

(Yawn et al., 2009). Subjecting plants to salt stress likely also induces an increase in 

HR in mitochondria. When this pathway is impaired, as in swib5-2, this could result 

in an increase in genome heteroplasmy that negatively impacts plant growth. 

Although the response of plants to salt stress signaling was found to be similar to 

genotoxic stress (Albinsky et al., 1999), the action of salt stress induced 

recombination likely involves different factors as opposed to CIP or BLM induced 

DNA repair, since gain- and loss-of-function mutants of SWIB5 did not exhibit an 

increased sensitivity to these genotoxic stresses.  

 

Correlation Between Genome Maintenance and Gene Expression 
 

The mitochondrial DNA is organized in bacteria-like nucleoids, where numerous 

proteins interact with the DNA and ensure genome maintenance, replication, repair 

and expression. The observation of a variety of linear, branched and more complex 

conformations in mtDNA suggests a recombination-dependent replication (RDR) 
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mechanism similar to bacteriophage T4 and bacteria (Gualberto et al., 2014). RDR 

starts with a D-loop formation, where a free 3’-OH overhang of ssDNA of one copy 

invades another copy at a homologous sequence. This invasion step generates the 

observed branched structures, and primes DNA synthesis on the leading strand and 

the establishment of a full replication fork (Gualberto et al., 2014; Llorente et al., 

2008; Marechal and Brisson, 2010). So, recombination-dependent pathways do not 

only ensure the repair of DNA damage, but contribute significantly to organelle 

replication and genome evolution. Gain- and loss-of-function mutants of SWIB5 

appear to be affected in mtDNA replication. Indeed, we found an increase in copy 

number of two regions in the mtDNA of swib5-2 that also include both repeated 

sequences F and R-2 for which crossover product accumulation was impaired under 

normal conditions at 8 DAS. 

 

As for previously reported mutants of mtDNA-binding proteins, we found an increase 

in the expression level of mitochondrial transcripts in swib5-2. This increase in 

transcript level has been explained as a general and unspecific response to 

malfunction of a DNA-binding protein. For example, overexpression of WHY2, a 

DNA binding protein involved in DNA repair, affects mitochondrial gene expression, 

likely because an increase in DNA-binding proteins impairs the normal binding of 

transcription factors (Marechal et al., 2008). For the swib5-2 plants, we see mostly see 

a significant increase in transcripts of Complex I (NADH dehydrogenase) and V 

(ATP synthase) subunits, as well as genes encoding ribosomal proteins, maturases and 

both rRNAs, rrn16 and rrn18. The increase in gene expression can either be due to 

changes in relative mtDNA copy number, or because the mtDNA is more readily 

accessible for RNA polymerases when less SWIB5 DNA-binding proteins are 

present. 

 

Importance of SWIBs in Eukaryotic Organelles 
 

The SWIB protein domain (EMBL-EBI accession PF02201) occurs in many 

organisms, and is especially present in metazoans and the green lineage. Since most 

SWIB domain proteins are part of a larger protein or chromatin remodeling complex, 

our focus on the stand-alone SWIB5 protein allows to further investigate the function 

of this protein domain in organelle genome dynamics. We investigated the putative 
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presence of these proteins in plant organelles in more detail. We have shown that all 

species in the green lineage, with the exception of the green algae C. reinhardtii, have 

proteins similar to SWIB5 that have a predicted localization in mitochondria and/or 

chloroplasts. This suggests that proteins containing SWIB domains have fundamental 

roles not only in nuclear chromatin remodeling complexes, but also in organelles. 

Furthermore, the absence of an organellar SWIB protein in C. reinhardtii and the 

absence of a chloroplast-localised SWIB protein in the green algae O. lucimarinus 

and moss P. patens suggest that the acquisition of these proteins in organelles is not 

universal in eukaryotes, and appears to be more abundant in higher taxonomic groups 

such as the angiosperms. 

 

Conclusions and Perspectives 
 

We have confirmed that SWIB5 is a protein located in Arabidopsis mitochondria. 

SWIB5 is a mtDNA-binding protein that affects HR-dependent repair on specific sites 

of the mitochondrial genome. Our results, together with the roles of the SWI/SNF 

complex in nuclear DNA repair, allows for formulating the hypothesis that SWIB5 is 

involved in the steps of homologous recombination before strand invasion. In this 

case, SWIB5 could be part of the nucleoprotein filament and act as a specificity factor 

to guide RecA proteins to specific sites in the mtDNA. Protein-protein interaction 

data suggest that SWIB5 can bind to itself and to SWIB4 and SWIB6, and therefore 

these proteins could make good candidates to cover the ssDNA 3’ overhangs 

generated after a double-stranded DNA break. The same process on the sites specific 

for SWIB5 function is also affected in DNA replication and recombination 

surveillance, which is not surprising since mtDNA replication is dependent on HR 

pathways. The direct or indirect involvement of SWIB5 in several mitochondrial 

processes leads to a reduction in plant growth when overexpressed or downregulated, 

with specific effects on cell proliferation. In conclusion, we have identified a member 

of the SWI/SNF family involved in mtDNA repair of double-stranded breaks at 

specific sites. 
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Materials & Methods 
 

Plant material and growth conditions 
 

Environmental conditions during seed production, as well as during seed storage, can 

affect seed vigor. Therefore, all experiments were conducted with wild-type and 

transgenic seeds harvested from plants grown side by side on the same tray. For 

growth experiments, plants were grown in vitro on ½ Murashige and Skoog (MS) 

medium (Murashige and Skoog, 1962) supplemented with 1% sucrose at 21°C under 

a 16-h day/8-h night regime. For stress-inducing conditions, the medium was 

supplemented with 50 mM Antimycin A (Sigma-Aldrich), 1 or 2 mM H2O2

 

(Merck), 

25 or 100 mM mannitol (Sigma-Aldrich), 50 or 100 nM Methyl Viologen (Sigma-

Aldrich), 50 or 100 mM NaCl (ChemLab), 10 or 20 µM rotenone (Sigma-Aldrich), 

0.25-0.5-0.75µM ciprofloxacin (Sigma-Aldrich) or 0.03-0.06-0.09 µM Bleomycin 

(Calbiochem).  

 

Generation of constructs and transgenic lines 

The CDS of the genes of interest (SWIB4, SWIB5, SWIB6, RecA2, RecA3, OSB1, 

ODB1, MSH1, POL1B, WHY2, At5G15980 and AT1G55890), were amplified by PCR 

from reverse transcribed RNA extracted from leaves of Arabidopsis thaliana ecotype 

Columbia. PCR reactions were performed using the Phusion High fidelity DNA 

polymerase (Finnzymes) according to the manufacturer’s instructions. The PCR 

fragments were recombined into pDONR221 or pDONRP2PR3 using the Gateway 

system (Invitrogen). Subsequently they were recombined into the pK7WG2 

(SWIB5OE), or pK8m34GW (all translational fusion proteins) destination vector with 

the other building blocks. To generate stable transgenic lines Arabidopsis plants were 

transformed by the floral dip method (Clough and Bent, 1998). Segregation analysis 

through selection on kanamycin was performed to select transgenic lines with one 

insertion site. For transient expression analysis, the constructs were transformed in 

Agrobacterium and infiltrated in four-week old N. benthamiana leaves in presence of 

the P19 silencing suppressor. 
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T-DNA insertion lines were requested from the Nottingham Arabidopsis Stock Centre 

(NASC): SALK_003073 (swib5-1), SALK_017178 (swib5-2), GABI_125A01 

(swib5-3), Homozygosity was tested by PCR on genomic DNA.  

Leaf area and microscopic analysis  

For the leaf area measurements, plants were grown in vitro for 21 days. All leaves in 

the vegetative rosette were dissected for ten plants and their area was measured with 

the ImageJ software (http://rsb.info.nih.gov/ij/). For the analysis of cell number and 

size, leaves were harvested from ten plants at the same time point. The leaves were 

cleared with 100% ethanol, mounted in lactic acid on microscope slides, and 

photographed. The leaf area was determined with the ImageJ software 

(http://rsb.info.nih.gov/ij/). Abaxial epidermal cells were drawn for three leaves with 

a DMLB microscope (Leica) fitted with a drawing tube and a differential interference 

contrast objective. Photographs of leaves and drawings were used to measure the leaf 

area and to calculate the average cell area, respectively, with the ImageJ software 

(http://rsb.info.nih.gov/ij/). Leaf and cell areas were subsequently used to calculate 

cell numbers. For the SAM measurements, the samples were prepared as previously 

described (Vanhaeren et al., 2010), except that a ruthenium red staining was 

performed instead of a toluidine blue staining. SAM area was measured on the 

sections where SAM width was the largest with ImageJ software 

(http://rsb.info.nih.gov/ij/)? 

q(RT-)PCR analysis 

Plant material was harvested at the indicated time points for DNA or RNA extraction 

with the CTAB method (Clarke, 2009) or Rneasy plant mini kit (Qiagen), 

respectively. q(RT-)PCR experiments were performed in a LightCycler480 Real-Time 

SYBR green PCR System (Roche). For gene expression studies, 500ng or 1µg of 

RNA was reverse-transcribed with iScript cDNA synthesis kit (Biorad) according to 

the manufacturers specifications. qRT-PCR results were normalized against three 

reference genes (AT1G13320, AT2G32170 and AT2G28390); except for the 

mitochondrial gene expression analysis for which five nuclear genes (RPL5B, YSL8, 

UBQ, TUBULIN and ACTIN) were used as a reference (Delannoy et al., 2015). For 

quantification of mitochondrial copy number and accumulation of recombination 
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products, published primer pairs and reference genes were used (Miller-Messmer et 

al., 2012; Wallet et al., 2015). For each experiment at least two technical repeats were 

done, the number of biological repeats is indicated for each experiment in the legend 

of the figure. All primers used in this study are listed in Supplemental Table 3. 

Mitochondria isolation 

Forty grams of two week old seedlings were ground in the extraction buffer (0.3 M 

sucrose, 2 mM EDTA, 1% BSA, 1% PVP40, and 10 mM KH2PO4, 25mM Na4P2O7, 

pH 7.5) using a mortar and pestle. The resulting extract was filtered through two 

layers of Miracloth and centrifuged for 5 min at 2500g at 4°C. The pellet was 

discarded, and the supernatant was centrifuged for 20 min at 17,400g at 4°C. The 

pellet was resuspended in 1 mL of wash buffer (0.6 M sucrose and 20mM TES, pH 

7.5), loaded on a linear 0 to 4,4% (w/v) PVP-40 gradient in wash buffer, and spun 45 

min at 40,000g at 4°C. The mitochondrial band located in the bottom of the gradient 

was recovered, diluted in wash buffer. This band was collected and washed twice in 

wash buffer and centrifuged for 15 min at 31,000g at 4°C. 

Chromatin Immunoprecipitation 

For optimization of the ChIP on mtDNA, different experimental setups were tested 

(summarized in Supplemental Fig. 7) for seedlings and isolated mitochondria. For 

ChIP on seedlings, plants were grown until 14DAS, crosslinked in 1% formaldehyde, 

quenched with 133mM glycine and frozen in liquid nitrogen and ground with mortar 

and pestle. The material was transferred to Extraction Buffer I (20mM Tris-HCl pH8, 

0,4M sucrose, 10mM MgCl2, 5mM β-mercaptoEtOH; protease inhibitor (Roche, 

EDTA-free minitablets)). The material was centrifuged for 10min at 1000g, 

supernatant was removed and the pellet resuspended in Extraction Buffer II (10mM 

Tris-HCl pH8, 0,25M sucrose, 10mM MgCl2, 5mM β-mercaptoEtOH, 1% Triton 

X100, protease inhibitor (Roche, EDTA-free minitablets)). The suspension was 

filtered (63µm width) and centrifuged for 10min at 1000g. Supernatant was removed 

and the pellet resuspended in nuclei lysis buffer (50mM Tris-HCl pH8, 1% SDS, 

1mM EDTA). Samples were sonicated (3x7 cycles 30sec ON/30s OFF, Bioruptor 

Next Gen), spun down at max speed for 10min. The sample was incubated overnight 
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at 4°C in ChIP buffer (1,1% Triton X100, 1,2mM EDTA, 16,7mM Tris-HCl pH8, 

250mM NaCl, protease inhibitor (Roche, EDTA-free minitablets)) with antibodies 

against GFP or IgG (Abcam), or without antibodies for the input sample. Protein A/G 

beads (ultralink) were added to the samples (1 hour). The beads were washed eight 

times with ChIP buffer before elution buffer (1% SDS, 0,1M NaCHO3) was added. 

The samples were reverse crosslinked overnight at 65°C. The input sample was 

treated with RNAse A for 1h at 37°C, all samples were treated with Proteinase K 

(0,5M Tris-HCl pH6,5; 0,5M EDTA). DNA was extracted through phenol/chloroform 

extraction and ethanol precipitation, and quantified with Qubit Fluorometer 

(invitrogen). 

For ChIP experiments from isolated mitochondria, mitochondria were centrifuged for 

10 min at maximum speed immediately after isolation. Then, the samples were 

crosslinked in 1% formaldehyde buffer (0,5M sucrose, 20mM HEPES pH7,4, 2mM 

EDTA, 7mM β-mercaptoEtOH). Samples were quenched with 133mM of glycine and 

spun down at max speed at 4°C. Then, the nuclei lysis buffer was added and the 

following protocol was carried out as described above. 

Protein-Protein Interaction Assays 

Tandem affinity purification experiments used Arabidopsis cell cultures or seedlings 

over- expressing SWIB5 tagged with a GS tag (GSgreen or GSrhino) at the C-terminal 

region as previously described (Van Leene et al., 2015). For the Bimolecular 

Fluorescence Complementation (BiFc) assay (Ohad et al., 2007), all binary 

combinations of genes fused to hGFP or tGFP at the C-terminal region were 

transiently infiltrated in N. benthamiana leaves. Leaves infiltrated with 

p35S::SWIB5::GSgreen were used as positive control.  

Electrophoretic Mobility Shift Assay 

SWIB5 was introduced in pDEST-HisMBP through Gateway recombination and the 

vector was used to transform the E. coli CB8 strain. The expression of the fusion 

protein was induced with IPTG and confirmed through Western Blot using an anti-

His antibody. The fusion protein was purified with Immobilized Metal Ion Affinity 

Chromatography using imidiazole as competitor and cleaned using PD-10 desalting 
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columns (GE Healthcare). EMSA was performed using the Odyssey Infrared EMSA 

kit (Li-cor) according to the manufacturer’s instructions. Then, the isolated 

SWIB5::6xHisMBP fusion protein was incubated with dsDNA coupled to an infrared 

label (IR700). The oligo was coupled to an infrared label (IR700) and consisted out of 

50 nucleotides with a similar GC content as the mtDNA of Arabidopsis (44,8%; 

GGAATCCCAGGTTAGGAAATTAGATTAGTTGGTTCTGGAATCCCTGGAAT)

. 

Blue Native and Complex I Activity Stain 

150µg of isolated mitochondria were loaded on a 4,5-16% gradient Blue-Native gel as 

described (Schagger, 2001). The resulting gels were stained with colloidal Coomassie 

Brilliant Blue G 250. For the Complex I activity stain, the BN gel was incubated in 

staining solution (0,1M Tris-HCl pH7,4, 0,14nM NADH, 1mg/ml Nitro tetrazolium 

blue) for 15minutes. The reaction was stopped by transferring the gel to Coomassie 

fixing solution. Since an activity stain is not suitable for quantification and to exclude 

artefacts, we repeated the staining on independent (n=4) samples and found the same 

result. 

Respiration measurements 

Respiration measurements on isolated mitochondria was assessed with Clark-type 

electrodes as previously described (Jacoby et al., 2015). For leaf respiration rate, leaf 

discs were harvested from six-week old plants grown in short-day conditions and 

respiration rates were measured in the dark on 40mg of material. 

Expression during leaf and root development normalization 

For leaf development, we selected a microarray analysis performed over six 

consecutive days during early development of the third true leaf, i.e. 8 to 13 days after 

stratification (DAS) (Andriankaja et al., 2012). This dataset encompasses the 

developmental phases during which the third leaf exclusively grows through cell 

proliferation (8-9 DAS) and a transitioning phase (10-11 DAS) to a cell-expansion 

based growth (12-13 DAS). For the expression patterns during root development, a 

microarray analysis of a total of 15 different zones of the root corresponding to 
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different tissues and developmental stages was used (Birnbaum et al., 2003). The 

expression profile in the different root tissue types were averaged for each gene and 

correspond to three stages of root development: stage 1 corresponding to the root tip 

were cells are proliferating, stage 2 in which cells are transitioning to expansion and 

stage 3 consists of fully expanded and differentiated cells. The expression profile of 

SWIB5 was normalised using MeV software (www.tm4.org) and subsequently CAST 

clustered (Cluster Affinity Search Technique, using Pearson correlation at a threshold 

of 0,8) according to their specific profile over the developmental zones. 

Transmission Electron Microscopy 

Third vegetative leaves of 10 days wild-type, swib5-2 and SWIB5OE, were 

microdissected from the rosette and immersed in 20% (w/v) BSA and frozen 

immediately in a high-pressure freezer (EM PACT; Leica Microsystems, Vienna, 

Austria). Freeze substitution was carried out in an EM AFS2 (Leica Microsystems). 

Over a period of four days, cells were freeze-substituted in dry acetone containing 

0.1% Uranyl acetate, 1% (w/v) OsO4 and 0.5% glutaraldehyde over 4 days as follows: 

–90°C for 24 hours, 2°C per hour increase for 15 hours, –60°C for 16 hours, 2°C per 

hour increase for 15 hours, and –30°C for 8 hours. At -30°C the carriers were rinsed 3 

times with acetone for 20 min each time. Samples were then slowly warmed up to 

4°C. They were infiltrated with Spurr’s resin stepwise over 3 days at 4°C and samples 

were embedded in Spurr’s resin and polymerized at 70 °C for 16h. 

 

Third vegetative leaves of 21days old wild-type, swib5-2 and SWIB5OE plants were 

were cut into small pieces and immersed in a fixative solution of 2.5% 

glutaraldehyde, 4% formaldehyde in 0.1 M Na-cacodylate buffer, placed in a vacuum 

oven for 30 min and then left rotating for 3 h at room temperature. This solution was 

later replaced with fresh fixative and samples were left rotating overnight at 4°C. 

After washing, samples were post-fixed in 1% OsO4 with K3Fe(CN)6 in 0.1 M Na-

cacodylate buffer, pH 7.2. Samples were dehydrated through a graded ethanol series, 

including a bulk staining with 2% uranyl acetate at the 50% ethanol step followed by 

embedding in Spurr’s resin. In order to have a larger overview of the phenotype, 

semi-thin sections were first cut at 0.5 µm and stained with toluidin blue. 

 



Characterisation of SWIB5 
	

	194 

Ultrathin sections of a gold interference color were cut using an ultra-microtome 

(Leica EM UC6), followed by a post-staining in a Leica EM AC20 for 40 min in 

uranyl acetate at 20 °C and for 10 min in lead stain at 20 °C. Sections were collected 

on formvar-coated copper slot grids. Grids were viewed with a JEM 1400plus 

transmission electron microscope (JEOL, Tokyo, Japan) operating at 60 kV. 

 
Statistical analysis 

Statistical analysis of leaf series measurements was done as described previously 

(Blomme et al., 2014). A mixed model was fit to the other cellular and q(RT-)PCR 

analysis with the mixed procedure from SAS (SAS/STAT analytical product 12.1, 

SAS Institute Inc., 2012, Cary, North Carolina) with the default REML estimation 

method. For all growth and qRT-PCR experiments, a linear mixed model was fitted to 

the variable of interest with all main factors and their interaction, in case of two 

factors, as fixed effects using the mixed procedure. The biological repeat term was 

included in each model as a random factor to take into account the correlation 

between observations done at the same time. In the presence of a significant F-test 

(for the main effect in case of one factor, for the interaction term in the case of two 

factors), appropriate post-hoc tests were performed. When the interest was in 

comparison with a control, multiple testing correction was done according to Dunnett. 

When the interest was in all-pairwise comparisons, a Tukey adjustment was 

performed. For the time course experiment, simple tests of effects were performed at 

each day separately with the plm procedure. 
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Supporting Information 
 

 
Supplemental Figure 1. Expression of SWIB5. (A) Level of SWIB5 expression over different stages 
of plant development according to Genevestigator software (Zimmermann et al., 2004). (B) Relative 
expression of SWIB5 visualised with the Arabidopsis eFP browser (Tanz et al., 2013). Selected images 
represent the shoot apex, embryo development and shoot apical meristem.  

 

 
Supplemental Figure 2. Mapping of reads corresponding to T-DNA insertions of swib5-1, swib5-2 
and swib5-3 on the reference Arabidopsis thaliana (Col-0) genome at SWIB5 (At1g31760) for all T-
DNA lines and At4g21705 for swib5-3. 
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Supplemental Figure 3. Lateral root density calculated as the number of lateral roots over primary root 
length at 14DAS (n=3).  

 

 
Supplemental Figure 4. Respiration rate in lines misexpressing SWIB5. (A) Total leaf respiration 
measurement quantified as the oxygen consumption in the dark (n=4). (B) Respiratory Control Rate 
ratio calculated as the respiration rate of isolated mitochondria in the presence vs absence of added 
ADP in the transition between state 2 and state 3 (n=7). (C) Complex I activity measured as the 
capacity of isolated mitochondria to oxidise deamino-NADH (n=3). (D) Complex IV activity assays 
(n=4). Values are +/- SE.  
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Supplemental Figure 5. Transcript analysis of lines misexpressing SWIB5. (A) Splicing efficiency 
is not altered in lines misexpressing SWIB5. (B) Expression profile of all genes in the mitochondrial 
dysfunction stimulon (MDS, (De Clercq et al., 2013)) in swib5-2 and/or SWIB5OE seedlings. Values 
(n=3) represent to ratio to the wild-type and are +/- SE. Significance is indicates as * (P<0,05), ** 
(P<0,01) or *** (P<0,001).  
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Supplemental Figure 6. Phenotype of wild-type, SWIB5OE and swib5-2 seedlings (21DAS) grown on 
50µM Antimycin A, 100nM Methyl Viologen or 20µM Rotenone. 

 

 
 

Supplemental Figure 7. Flowchart of different experimental approached to optimize ChIP for 
mtDNA binding proteins. Note that also some buffers and sonication conditions were adapted (see 

Material & Methods). 
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Supplemental Figure 8. SWIB5 is localised in mitochondria. (A) Components of the GSgreen tag 
fused to SWIB5. GsGreen consists of a Streptavidine Binding Protein (SBP); rhinovirus 2 x 3C and 
Tobacco Etch Virus (TEV) protease cleavage sites and Green Fluorescent Protein (GFP) (B) Transient 
expression of p35S::SWIB5::GSgreen in N. Benthamiana leaves with a mitochondrial, peroxisomal and 
plastid mCherry marker (Nelson et al., 2007). (C) Localization of SWIB5 in plants stably transformed 
with p35S::SWIB5::GSgreen construct. (D) Transient expression of p35S::Gsgreen::SWIB5 in N. 
Benthamiana leaves with a RFP coupled to a nuclear-localisation signal (NLS). 
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Supplemental Figure 7. SWIB5 binds to mitochondrial DNA. (A) Input DNA isolated from 
p35S::SWIB5::GSgreen mitochondria was fragmented in 150-500bp fragments after sonication. (B) 256 
peak regions (blue) identified with ChIP-seq, mapped to the mitochondrial chromosome (TAIR10). 
ORFs are indicated by black bars. (C) Electrophoretic Mobility Shift Assay. Expression of 
SWIB5::6xHisMBP was confirmed with western blot. Isolated SWIB5::6xHisMBP protein was 
incubated with the labelled dsDNA probe (IR700, lane 2) and the unlabeled competitor probe (lane 3).  
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Supplemental Figure 8. Accumulation of IR crossover products upon 0,75μM CIP exposure in wild-
type, swib5-2 and SWIB5OE plants (n=3) compared to control conditions. Values are averages +/-SE. 
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Supplemental Table 1. Significantly enriched motifs in mtDNA regions bound by SWIB5. The 

enriched motifs are given with their description, their occurrence (Occ) in the peak regions identified 
by ChIP-seq and in the population (all other sequences of the mtDNA). Motifs are ranked according to 

their Hypergeometric score. 

Motif Description SampleOcc PopOcc SampleSize PopSize HypergeometricScore 

AACGTGG / 4 15 1316 31394 0.000 

ACACGAG / 7 25 1316 31394 0.000 

ACCAAAC / 12 98 1316 31394 0.000 

ACCAACCATTGTACTTA / 2 1 1316 31394 0.000 

ACCATGGC / 8 10 1316 31394 0.000 

CATGCATT ABI3 4 12 1316 31394 0.000 

CATGTG MYCATERD1 14 115 1316 31394 0.000 

CCAACC / 22 217 1316 31394 0.000 

CCCGGG / 18 140 1316 31394 0.000 

CCGATTGGTTGGAAGGTAAGGATA / 4 1 1316 31394 0.000 

CGTGCG / 7 41 1316 31394 0.000 

CTAATTAATG / 1 1 1316 31394 0.000 

CTTCCGACAT AtTINY2 1 1 1316 31394 0.000 

GACAGTTGG TAC1 1 1 1316 31394 0.000 

GACGTGGA / 1 1 1316 31394 0.000 

GCCGCC ERF1 BS in AtCHI-B 14 93 1316 31394 0.000 

GCTATGGC / 3 5 1316 31394 0.000 

GGATATGC / 1 1 1316 31394 0.000 

GTACGTG ACGTOSGLUB1 7 21 1316 31394 0.000 

GTGACTCAGC / 1 1 1316 31394 0.000 

GTGGTATG / 3 6 1316 31394 0.000 

TACGTG / 12 66 1316 31394 0.000 

TATCCAT AMYBOX2 14 90 1316 31394 0.000 

TCACGT / 11 59 1316 31394 0.000 

TCCGACC / 4 16 1316 31394 0.000 

TCGAGTGTT TAC1 1 1 1316 31394 0.000 

TGCGCAC / 3 6 1316 31394 0.000 

TGGGCC / 15 81 1316 31394 0.000 

TTTCCCGC E2F binding site motif 6 28 1316 31394 0.000 
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ATTGGCGG / 2 5 1316 31394 0.001 

CAACGTG BP5OSWX 3 11 1316 31394 0.001 

CACCAAAC / 3 12 1316 31394 0.001 

CATGCAC / 3 12 1316 31394 0.001 

CATGCAT RYREPEATGMGY2 10 86 1316 31394 0.001 

GCCGACG / 3 11 1316 31394 0.001 

GGGCGG SP1SV40 14 135 1316 31394 0.001 

GTTTGGTG / 3 12 1316 31394 0.001 

TACGTGGA / 2 6 1316 31394 0.001 

TGCACAC / 3 10 1316 31394 0.001 

TGTGGTAT / 2 6 1316 31394 0.001 

AACGTG T/GBOXATPIN2 7 54 1316 31394 0.002 

ACGTGCCC / 1 2 1316 31394 0.002 

ATACGTGT ZDNAFORMINGATCAB1 1 2 1316 31394 0.002 

ATTGGCCG / 2 7 1316 31394 0.002 

ATTGGCGC / 1 2 1316 31394 0.002 

CAAAGCTATC / 1 2 1316 31394 0.002 

CCTGGG / 12 120 1316 31394 0.002 

GCGGGAAA E2F1OSPCNA 3 14 1316 31394 0.002 

AACGCGT / 2 8 1316 31394 0.004 

ACCTTCC / 7 61 1316 31394 0.004 

CAAACAC 2SSEEDPROTBANAPA 6 48 1316 31394 0.004 

CCGTCC PALBOXAPC 8 74 1316 31394 0.004 

GACGTG / 6 48 1316 31394 0.004 

AGTTGGTG / 3 17 1316 31394 0.005 

CAATTGAATC / 1 3 1316 31394 0.005 

CATTAATTAG GMHDLGMVSPB 1 3 1316 31394 0.005 

CCGCAGGC / 1 3 1316 31394 0.005 

TACGTGTA / 1 3 1316 31394 0.005 

CCGCGG / 4 28 1316 31394 0.006 

CCGTCG HEXAMERATH4 7 66 1316 31394 0.006 

TGCGCTC / 3 18 1316 31394 0.006 

ACCGACG / 3 19 1316 31394 0.007 
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AACGCGG / 2 11 1316 31394 0.009 

TATCCA TATCCAOSAMY 14 179 1316 31394 0.009 

ACCAACC MYB58 20 288 1316 31394 0.010 

CATTTTTTTG / 1 4 1316 31394 0.010 

GACGTGTC / 1 4 1316 31394 0.010 

GAGTTAC / 4 32 1316 31394 0.010 

TGTCAGG GRF7 3 21 1316 31394 0.010 

GCCGAC / 12 150 1316 31394 0.011 

GTAACCT / 4 33 1316 31394 0.011 

TAACAAG / 5 45 1316 31394 0.011 

ACACATG / 3 22 1316 31394 0.012 

CATGCA RYREPEATBNNAPA 9 104 1316 31394 0.012 

TACACAT NAPINMOTIFBN 3 22 1316 31394 0.012 

GTGGTAAG / 2 13 1316 31394 0.015 

ATTGCCGG / 1 5 1316 31394 0.016 

CACCTG RAV1-B binding site motif 13 175 1316 31394 0.016 

GAAGAAGAA TBF1 4 36 1316 31394 0.016 

TCCACCATA POLLEN2LELAT52 1 5 1316 31394 0.016 

TGTGGATA / 1 5 1316 31394 0.016 

ACACTCG / 3 24 1316 31394 0.017 

GACTTCC / 6 64 1316 31394 0.017 

CGTGTG / 5 52 1316 31394 0.021 

ACACGGG / 2 15 1316 31394 0.023 

TGTGGAAA / 2 15 1316 31394 0.023 

ATTGCCCG / 1 6 1316 31394 0.024 

AGCCGCC AGCBOXNPGLB 3 27 1316 31394 0.025 

CACATG AtMYC2 BS in RD22 10 134 1316 31394 0.026 

ACGCGT / 2 16 1316 31394 0.027 

TGCGCGC / 2 16 1316 31394 0.027 

TTTCGCCC / 2 16 1316 31394 0.027 

AGCGGG BS1EGCCR 9 119 1316 31394 0.028 

CCAATC GLK1 16 246 1316 31394 0.031 

CCGTTG / 14 210 1316 31394 0.032 
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CTCCAACC / 2 17 1316 31394 0.032 

TGTGGTAA / 1 7 1316 31394 0.032 

CACTTG BES1 17 267 1316 31394 0.033 

GACGTC ACGTCBOX 3 30 1316 31394 0.035 

TCTCTCTCT CTRMCAMV35S 2 18 1316 31394 0.037 

AACAAAC AACACOREOSGLUB1 10 144 1316 31394 0.040 

CACCAACC / 1 8 1316 31394 0.042 

GGTAGGGT / 1 8 1316 31394 0.042 

GGTTGGTG / 1 8 1316 31394 0.042 

TTTGGCGG / 1 8 1316 31394 0.042 

GTTCTAG ZML2 3 33 1316 31394 0.048 

TGCAAAG PROLAMINBOXOSGLUB1 3 33 1316 31394 0.048 

 

Supplemental Table 2. Summary of interactors identified through TAP experiments. For each 
construct and system, the identified interactor and description is given together with the predicted 
cellular localization of the proteins through TargetP and SUBA3 software is given. M=mitochondria, 
P=plastid, C=cytosol, -=any other location. 

Construct System Interactor Description TargetP SUBA3 

p35S::SWIB5::GSrhino 
cell 

culture AT5G15980 
Pentatricopeptide repeat (PPR) superfamily 

protein M M 

p35S::SWIB5::GSrhino 
cell 

culture AT1G55890 
Tetratricopeptide repeat (TPR)-like superfamily 

protein M M 

p35S::SWIB5::GSgreen seedling AT1G20950 Phosphofructokinase family protein - C 

p35S::SWIB5::GSgreen seedling AT3G58140 
phenylalanyl-tRNA synthetase class IIc family 

protein P P 

p35S::SWIB5::GSgreen seedling AT1G55450 
S-adenosyl-L-methionine-dependent 

methyltransferases superfamily protein - C 

p35S::SWIB5::GSgreen seedling AT3G24430 HCF101 | ATP binding P P 

 

 

Supplemental Table 3. Plant species with homologs of SWIB5. Homologs of SWIB5 were identified 
using pBLAST on the PLAZA database and subcellular localisation was determined with TargetP 
(Emanuelsson et al., 2007; Van Bel et al., 2012). The counts of proteins with a predicted localisation in 
mitochondria (M), chloroplasts (C) or no predicted organelle localization are indicated. 

Species M C No prediction 
Amborella trichopoda   2 2 
Arabidopsis lyrata 3 3 4 
Arabidopsis thaliana 3 3 4 
Beta vulgaris   2 4 
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Brachypodium distachyon 4 1 3 
Brassica rapa 3 2 7 
Capsella Rubella 2 2 5 
Carica Papaya   1 4 
Chlamydomonas reinhardtii   1 
Citrullus lanatus 2 1 3 
Citrus sinensis 1 2 4 
Cucumis melo 1 2 3 
Eucalyptus grandis 2 2 2 
Fragaria vesca   3 4 
Glycine max   4 5 
Gossypium raimondii 3 2 4 
Horduem vulgare 4 2 4 
Lotus japonicus 1 1 2 
Malus domestica   4 10 
Manihot esculenta 1 4 5 
Medicago truncatula 1 1 2 
Musa acuminata 2 6 10 
Oryza sativa ssp. indica 3 3 6 
Oryza sativa ssp. japonica 2 2 2 
Ostreococcus lucimarinus 1   1 
Physcomitrella patens 2   2 
Populus trichocarpa 1 2 5 
Prunus persica 1 1 3 
Ricinus communis 1 1 3 
Setaria italica 2 2 5 
Solanum lycopersicum   3 4 
Solanum tuberosum   4 4 
Sorghum bicolor 2 3 6 
Thellungiella parvula 2 2 3 
Theobroma cacao 3 1 3 
Vitis vinifera 2 1 6 
Zea mays 2 2 6 
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Supplemental Table 3. Primers used in this study 

qRT-PCR primer of SWIB5 

 
Forward Reverse 

SWIB5 GCGAACAAGAAGGAGATTCA qW_R3 

   
Mitochondrial Dysfunction Stimulon (De Clercq et al., 2013; Skirycz et al., 2010) 

 
Forward Reverse 

AOX1A AGCATCATGTTCCAACGACGTTTC GCTCGACATCCATATCTCCTCTGG 
AT2G41730 GCGGTCCAAGTACAGTCATT TCCTCACTCCACCAACTTGT 
ERF71 CCAAACTGAATTTCCCAAAC GCAACCGGAATCTGATAGAA 
AT2G21640 TTCAAAAACACCATGGACAA AGGAGAGTGAATCTCGACCA 
AT5G09570 AGATTGCGTCAACCATTTTG GTTGATTAAGCAGCCACCAC 
UGT74E2 CTTGACACACTGTGGATGGA CTCACAAACCCATCACCTTC 
AT5G51440 TAAGGCGGAAATGAAGAATG TGATTCACCAAAGGACACCT 
AT2G04050 GCCTCTCCTTTATCCTCGAC ATGGAAGCTGTGACAAAAGC 
CYP81D8 CAAGCCAGAGAGGTTTGAGA GCTTGGCTTTAGGCATTGTA 
ATSOT1 AGCAGACCGAAGTTGAGATG CAATTTCCTCTGCCAATGAC 
ATABCB4 ATTCAATTATCAGGCGGACA GTCCGGTTTACCATAACACG 
ATPUB12 CCTGCAAAAACCAAATTCAT AACCCGAATCGAATAGAACC 
ANAC013 TAGGAACAATGGGAGGTTCA CCAGAGAAAACTTCCAAGCA 
NDB4 CCAGCCATTCAGGTACAGAC CAGAGATGACGAGCATCCTT 
CRF6 ATGAGATTGAAGCGATCGAG TTCGTTTTCTCCTTGTTTCG 
BCS1 GACCAAGGAGGGAACAGATT CCTCCTCATGTTTGGCTTTA 
AT1G05060 GACATGCGTAATGCTGATGA TTTCGAAAGCTCCTTCAAGAT 
AT1G24095 CCCTTTGAACAATTTGGAGTT CGTGCCAAAAACTTACTGCT 
AT2G03130 GGAAGCTATGAAATTGGTGGT ACCAAGTGCATTCAACTTCTCA 
AT2G04070 CGCTGTGCAAGCCATTATAC AGCCGTAAAACAATTGAGCA 
AT2G32020 TGTTGGATCTCAAAGGGTTCT TTTTGGCAAATGAAAAACAGA 
OXI1 GAATGGGTTAAGGGGTTGAA AGCCAAGGTCCAACGATAAT 
PHB4 AAGGTTATTCGGTTTGGTTGA TGTCTCCACTGAAGCTCCTC 
AT5G14730 ACCAAGAATGATGGTGGCTA TAAAATAGGCAAGCGCAATC 
AT5G43450 TCTCCAAATTCCACGGTTTA ACATATGCAAAACGCACAAAT 
MGE1 CCAGCTGAGGTTGGTGTTAC GTTACAGAACCAGGGCTTCC 

   
Repeated Regions mtDNA (Miller-Messmer et al., 2012) 

 
Forward Reverse 

J_1_S_1_n_M
M_1 AGCAGCATCCAGTACATTCACC CATCGGACACCCACAAGGCAAGG 

J_2_S_2_n_M
M_2 ACGTACAATAACTTGTCTTCTC GATCCCTGATGGCAGTGTTGAG 

P_1 CCTCCCTTCTTTTAAAATATTACC GAGAAGTCTTAAACAAATAAGAA
TGC 

P_2 AGGGCTTAATCTATCAAAAGAC CTAAAACGAAGTCTGAGGTCGG 

B_1 AAGTCCTGCTCATATACATAC AATCCGGCTCGCTCTCGGCTACGT
G 
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B_2 TACGGCTTACGAAGTTGATCG CGACATGAAAAGACGATGTCC 
C_1 TCAAAGTCCAAAGAGCGCAGAC GGTTATAGGCTTGGTTGTCGG 
C_2 TCAACCCGAATCAGTAAATCC ACAAGACAAACCAATCGCAGATG 

D_1 ATAAGAGAGCAAATGATGGTATA
GC GCTGCTTTTAGGAGAGTGATCTG 

D_2 CAAAGCAAAGGATGGTTCAAC CGATTGTATCCGACTATTGAGTG 

F_2 AAGTGGCTCACGAGGAATGG CGTTAGCTCATTATTAGAGCTGTC
G 

F_1 GGCTTGACTCATTATTTTGCTAGG ATAGCTGCTTCTTCATTAAGCG 
H_1 CTTTAAAAACCTGTGGTTCCTCAC TCAACAGCAGGATCACCTGG 
H_2 ATTCAATCCAGCCGCAGGTTCC CATTTTCAGTTACCGGTTCATCG 
G_1 CGCCGAGGAGTGTAAGTGTAAC TAGATAGCCCGACCCACATCAG 

G_2 TAGAGCAAAGCCCAAAATGG GACGGATCAAATTGAATAATCGA
AG 

I_1 GAGTGGATCAGGTCCTTATACG AAAGCAGTGATACAGGAAGCTG 
I_2 AGTTCGTCGTGAAGATCAGCTC CGGCAAGGTAAGTTAGTTAGG 
M_1 TGCAGCATTTCCACGATATCG AGAAGCCCCAAGAAGCATC 
M_2 TCGAAGAAAGAAGGTTTCCAT GGCTAGATAGCACCATTGTGTCA 

K_1 ATTATAGCCCGACGCGCTGCTTCA
AT 

CACTAAGACCTTAATTGAGTCAG
TCAAA 

K_2 GACTCCGACAATAGGCGATTCC CCGGTTGAAAGCTAAGCCGGAG 

L_1 GTTATGCCATTTTGGGCTTTGCTC CGCTCGACCGAAGAAATGAGTAA
C 

L_2 CCGGTTGAAAGCTAAGCCGGAG CCCTCACTGAACCGACTTGAATCT
G 

R_1 GGCAAAAGTGTGTAGGAGAAAG CGAAAAATATGAAGGTAAACCAC 
R_2 CAAATTTCATTGAGAGGAATCAGC CATCAAACCAGAGACCAAAGCAG 

Q_2 AACAAGGTAGCCGTAGGGGAAC CACGACTCTTTTAGTCTCGTTACG
C 

Q_1 CTTTCATCACATTAGGAATCCTCA
ATC 

AAATAGTCAACTCTTACTTTGCTT
GG 

X_2 TTATGCTGCAAAAGACTGGGATG TTTGACAGCTCAGCTTTGTCTC 
X_1 TCTTACGTGGAGCGGAATTAG CTTTCTTTCCTTGGGCAGTACCTC 
U_1 GAGGTCGTATTTCTTTGGGTTGG TGGTCTCTGGTTTGATGGTTGC 
U_2 TGTAATAACGAAACGGACATGTGC GGAATTGCTGTCTGACTACG 
T_2 AAACTTGCTACCAAGAAGACGAT CCTTTCATTACTTATTTCACGACG 
T_1 GAATAGATTCGTTAGTTCCGCAG TGGTACGAGATGCTCAACTCGAC 
W_2 GAGTAGAGGGTTTGCTGGGA GCTCGTCAGTCAAGTACGTAA 
W_1 CCAATAGAGGTGCCTCAGATGG TTCATTTTCATCCAGAAAGCCG 
V1 TCAAAGTCCAAAGAGCGCAGAC GGTTATAGGCTTGGTTGTCGG 
V_2 CAGCCTTTACCTAACCAAC TGGCTTACTGTTCGGTCA 

   
Reference genes qPCR experiments 

 Forward Reverse 

COX2 AATAAACGTGATTGACCCAATTCT TCCGATGAGCAGTCACTCAC 

rrn18L CCTTGAGCTAGGAGCCTCTTT CATGCAAGTCGAACGTTGTT 

Reference genes qRT-PCR experiments 
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Forward Reverse 

AT1G13320 TAACGTGGCCAAAATGATGC GTTCTCCACAACCGCTTGGT 

AT2G32170 
ATCGAGCTAAGTTTGGAGGATGTA
A TCTCGATCACAAACCCAAAATG 

AT2G28390 
AACTCTATGCAGCATTTGATCCAC
T TGATTGCATATCTTTATCGCCATC 

   Regions mtDNA (Wallet et al., 2015) 

 
Forward Reverse 

4234_4329 TCCTCCGGTCGAGTCATCTTTC CGGTTTCGGACAGCTCATGATG 
7816_7912 CACCTTTCTTTGTTTCAGGCTC AGGAATCGCAAGAATTGAGAAG 
12410_12515 GACCTTGAATGCGCTCTTGGAG AGAGGACGAAGGCTACTTTCG 
17273_17382 AACTTTATGCAATCCGCCATAC GGGCTTGGAGTTAATCATCTTG 
22005_22096 AACTAGACCCGGAAAGGAGAAG CTTCTGTATCGTCGCTTGAATG 
26152_26244 TGCTCGCAGTCGTCTCATAGAG GACCTTAGCAACCCGAAACGTG 
29683_29774 TACTATCCAGAGGCGAAGAAGC AGGACCCTAAAGAAGGATCGTC 
32274_32383 AGTCAGTGGGAAATCGGTAGC AATGGGCCAGCTGCATAATCAC 
34904_35000 CATTGAGGAGAGAGGAGAGAG CGCCCATACTCTTAACTTTTCG 
39428_39536 TAAGCCTGCCTGACTGTGAGAC GCGTACCTTTGATCCGTTGAGC 
43283_43378 CTTGAATGGGAGTTTCTTGGTC TAGCTTTCGCTTCTTCAGATCC 
48567_48661 ATTACGTCTGCCTCCCAGGATG AGGTGATGCGGGAACTAAGTCC 
54799_54917 CCTTGGCGGATAACTAGAAGTG CCCGAATGTCTTTAATCGAGAG 
59534_59642 GGCTCTTCCCTTGGGTCATAGG ACCCAGCTCAGGAACCTAAACC 
63647_63760 ATTCTTGGTGGGAATCATCAAC AACAAACCAATTACCAAATCCAC 
68782_68892 TCACTTCGACGACGGAAGACTC ATGACCCGGATCGAGTACACTG 
73964_74053 AAGATGACAAGCGGAGTAAAGC GGACGATAGTAGTTTGCCCTTG 
79716_79828 AGACCTCCTGAGCTGTTGCAAG TTCCCAGACTATGATGCCTGG 
84857_84974 TATTCGTACTGGTTTCTCATGTG TTGCCGTAATGCTGAAACTATG 
90211_90297 GAGCTTGACCTGCACACACTTG TCACAGCAGCCAGACAGAAGAC 
94846_94954 TTTAAGGAGTTAGCTGCATTTCC TCCAATCTTGTTGCTAATGTGC 
99214_99312 CGACCCTGCCCTTCTTACTCAG AGGTAGCTAAGCCTGCCGAATC 
104322_104436 GAGATGGGGTGACTAAACCTTG AGTTTTGACTTGCTTTGGCTTC 
107511_107614 CCAAGAATAAGGATTCTAAAGG GCTTTGAGTGCTCCTTAATAG 
112496_112595 AGGCTGACAGAAGTACCGAAAC TTCGATCACAGAATCCATTGAC 
113547_113645 GTCTTTCTCGTCAGGTCTATG TAAGCTAGAGGAGACTTGTTTG 
114471_114564 AGCATAGCATAGTAGTGCAAG CGCTACTTTGTTATCTAAGGTC 
119849_119943 GGAGTTTGCTTTACCCAACAAC GGGCACTCTTCATTCTTCATTC 
123165_123271 TGCCTCTCTAGCTGGCTTGATC CGGAGACATCAGAGGAAGGAGC 
128104_128210 CATCGTCTGATGTAGCCTTTTG TGGAATTGATTGTCGTGAACTC 
132432_132549 CGCAGGCATGTGATTGTAAGG ACTTACTTGACCGCTAGCCAGG 
137615_137698 ACAGGATTCGAACCTATGGC GCAATTACAGTGAGACGCGAGG 
142333_142437 AAGGTCTGGCGAAGTCTTGAGG CATCTTAGCAGCAGGGCTTTCG 
149136_149238 CCCTTATGAATGGATCTTGCTC AGTTCACCCCGCTGTTAGATAG 
154724_154823 GAAGAGCTGGTAGGACGGACTG AGGCCTTCTGTTCCAGTGACAG 
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159570_159689 AACCGCTAAGAATGTGGAGAAG CTTGCATAGAAGAACGCAACTG 
164577_164690 TCTCGCTACCATACCACAAGG TTCGATCTTGTACCCACGGAGC 
169363_169479 ATTGGTGACCTGTTCGATTACC TAAACCCTGGTGAATCTTTTGG 
175463_175551 AGGATTTCTGGTCTCCTGCAGG GAGTGGTTCTAGTCTCCCTGG 
181437_181541 TACTGTAGCTCCCCAAAAGCTC TTTGTTTGGTGTCTTGGAGTTG 
186252_186347 TCCGTTTGGAGGGACAGATGAG AGGACTTCGCCTTGACCTTCTG 
190999_191099 AGGACTCTCTTCTGTCCGTTTG CTTTCATAGATGTCGTGCGAAG 
197765_197855 ATGGCTACAAGTGGGCTACGAG TCGCAATGAAGTCTTCCCGTTG 
201598_201690 AAGCCTGACACGAAGAATAAGC CTTCTCTCGACCTCTCTCCTTG 
208193_208300 TCTCCTCGTGCTCTGCCATAAG AGCCAATAACTCGAACGCGTTC 
213948_214056 CGGTTCTTCTTAGTTGGATTGG CGTCCGTCGTCGTAAAGTAGTC 
218611_218726 AGGCAGGGTAAGAAAGGGTGAC AAGTTCGAATCCGTTCCGTTCG 
223926_224015 AAATTCCACATCCTGACATTCC TATGTTTCTTACCCACCCGAAC 
231026_231115 TCTGGCCTGAACCTTTGGGTAG TTCCCGAATGACCGTACCAAGG 
237257_237348 GTTTCCGTCCCAGTACCTGTAG TGTCACTAAGTTGCCAATCGAC 
242471_242579 AGGCGCTGTCATCTATCTCGAC ACCCTTCCTCCTCTGCTTTGAG 
245308_245427 GACATGTTCTGCCGCATACCAC CATAGCCTTCAACCCGCAAAGG 
246842_246960 AAGACAGAGAGCTTGGCAGAG GGGCTGTTTCCCTCTCCTAGAG 
251558_251649 ACTTCGATTCCAAAGAAAGCAG GATTACCATTAGGCGAAAGCAG 
255737_255846 GACGGTTGGCTAAAGACATGG TGGCAATGTCGGAGATCCTAC 
262023_262125 ATGGAAGACCCCTCTCCTTATC GAATCTCGGAAAACGACAAATC 
265093_265190 TGATTGATCCAACACGCCAAGC TCCTGACTAAAGCACCTCTCC 
267468_267574 AGCAGCACCAACCTAGCTCTAC GCTTATTTCGATACCGCTTCTG 
270478_270578 CGAGAGCACCAGATACACCATG ACTAGCTCGCCTTCTTTCCTCG 
274140_274247 ATCCAATCTTCCTTGAGAGCTG TGATTTCTTGATGGTTGACTGC 
277941_278045 CGACAAGTCGTGCCTGAAGTTG GAATTCACTGCAAGGTGGCGAG 
282177_282273 TTTGAAACATTTGTGAGATGCC TTCCTACCAATTCCATTTCGAG 
286792_286911 TGGAAGGACCTCCAAGAAACC AAAGGCTTGCAGACCTTATGC 
292828_292948 CTTTCCCCACCTCACATAGAAG GAGTTGACATGAAATGGATCAC 
299589_299691 GTTCAGTTGTTGCCTCCGGTTG AGCAGAGAACCACAGGGAAGAC 
306260_306369 TGGCAACTGATTTGGTTTTATG GGGTAGAACTGAGAAATGGCAC 
310532_310649 TTAGCTCGTCCAGGATCGCAAG TGCCCTTGTGTTCTAGACCTCG 
314566_314674 ATCTCCAAGCCCCTTTACTAGG ACAAGGACCAGCTTACTTTTCG 
319855_319968 TCCGGATCCTTCAGACTTTCG GTAGGCTCATGCATTCGCTGAC 
324834_324942 TCCCTTTACTGTTGACATGGTG CTTGACACAGGTTGTTCTTTCG 
328085_328165 GTAGATGGCGCTCAACTTCCTG GAGGTCATGTGCGATGCAAGTG 
332522_332640 GTCTGAGCAGCAAACGTACAAC GATGTTGAGGAGAAAGCAGGAG 
337297_337401 TCGTCGCAAAGGTTCAAGCAAG ATCGGACGCTAACCTGGAACTG 
341942_342038 GTGGACTTCCCAAGACTTTCAG TCTGGAACATGGAAATTGATTG 
346953_347035 TAGTCCAACGCTCTCGCTATGG TAAGCACACAAAGCAGGGATGC 
352185_352280 GACATAAGCCGTTTCCTTGTTC AAGCAGCAATACACTCAAGCAC 
356004_356123 GATGTTGTTCTCGACTCCGTG CGGATTGGAGGTCTTGGGAATG 
360635_360742 GGGGAATCCTCCTTAATAGACG CATCCGAAGAAACGGAAAATAC 



Characterisation of SWIB5 

	 217 

363962_364069 GCGACAAGAAGATCCTGCATCG TATCGGGAGGGTCGCAGATTTG 
366597_366694 GTTGATCCATTGTGATGTTTGG AAGTCCCATCTTGCCTATGTTG 

   Probe EMSA 

 

GGAATCCCAGGTTAGGAAATTAGATTAGTTGGTTCTGGAATCCCTGGAA
T 

   Cloning Primers 

 
  

 Forward Reverse 

AT5G15980_A
TTB1/2 

GGGGACAAGTTTGTACAAAAAAG
CAGGCTTAATGAGATATCAACAAT
GGCG 

GGGGACCACTTTGTACAAGAAAG
CTGGGTAAGCAGAAGCAGCCAAA 

AT1G55890_A
TTB1/2 

GGGGACAAGTTTGTACAAAAAAG
CAGGCTTAATGTCGTCTCTATCTC
GC 

GGGGACCACTTTGTACAAGAAAG
CTGGGTACTCTTCCTGGGACGG 

SWIB6_F_ATT
B1/2 

GGGGACAAGTTTGTACAAAAAAG
CAGGCTTAATGTCGAGGGTTTTCG 

GGGGACCACTTTGTACAAGAAAG
CTGGGTAAGCAGACTTAGGAAAA
TGTT 

SWIB5_ATTB
1/2 

GGGGACAAGTTTGTACAAAAAAG
CAGGCTTAATGGCGGGAATTTCTA
GG 

GGGGACCACTTTGTACAAGAAAG
CTGGGTAGACGGATTTAGGGAAA
TGT  

 
  ChIP-qPCR primers 

 
Forward Reverse 

Region1_1 AGCTAGCCTATTCGTTATGG TTAGGAATGGGCTAAGAGAG 
Region1_2 GCAAATCCGAAGAAGTTATC AATGGGCAATAGTTAGGAGA 
Region1_3 ATTAATGCAACCTCCATTTT CGCAACACTAAGTAATCCAA 
Region1_4 TCATGATTTAATTGCCATGT AGAGGAAAATGCACCTAAGA 
Region1_5 GGGATTTGAGTGCTTTAGAC TCTGTTACAGCCATTGTAGC 
Region1_6 GCTGAATTATCGGTCTTACC CCTTTTGCAGAGAGAAAGTT 
Region1_7 CCCAAGGAAGTGTTTTACTC GAACTCTTCCCATTGCTAAC 
Region1_8 TTTAGTGAGTTTTGGGAGGT AAAGGAAGGAGTGACAGAAA 
Region1_9 AGTCCGCTAGAGAACAAAAG GACTCCTACTACCCCTCCTT 
Region1_10 GAAGATCGAGGAATAAATCG TAGTGATTCGGCTCAATAAA 
Region1_11 TCAAAAGGATCGAACTACCT TTATGTCGTGAGGGATATGA 
Region1_12 ACAGAGGAACAAAACGAACT CCTTGCTTGAGGAATAGTTT 
Region1_13 TCAGAGGGACCTGTTTCTAT GTTGCCTAGGTTACACCTTC 
Region1_14 TTTATAGCAGGGATTCCAGT AGCACTGACAAGGCTAAACT 
Region1_15 CACAGGTTTAGTTGCCTGTA AATGCATTCTTTTCGATCTT 
Region2_1 CGAAAGTCGAATTAGGAACT ATCTCCAACTGAGACCACTC 
Region2_2 GAAACAACCACAATATGCAC ACACTATTTGGAATGGCTTT 
Region2_3 TGGAAAAACGACTATTGCTA TTTGAATTAATTGTCCCACA 
Region2_4 ATACTGGGAGACTGAGGAGA TAAGGCCAACTCTTGAAAAT 
Region2_5 GCTTTTCCATTCCTTCATAG CAATCATCAGTGTACGTGGT 
Region2_6 TGAAGCAGATAGTTCACGAG GGAATACCGCTTTAGAAAAA 
Region2_7 CTTTCACCTTTCGTACCTTC AAACATCTCCAAAAGCAAAT 
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Region2_8 GTCCCAACTCTCAATTCTGT GCGACTTCTTGGAGATTTAC 
Region2_9 CGGAGTATACCTCAATCTCC TCTTCTCTTGTGTCGAAGTG 
Region2_10 GCCTTACGTATAAGGACCTG TTCGATTGAAAACTCTCTCA 
Region2_11 CATCGATAAGGGAGATTTTC TTTCCGAGTAACATTCTGTG 
Region2_12 TCGTGTTGAAGAAGTTTGA TGAACGAGCACAATTCTAAG 
Region2_13 ACTCCCTAGCCATCTATGAA GACAGTTCCACTAGCTCCTC 
Region2_14 ATGCTGATGGGTTTCTAGTT ACGGAAGGTAAGAGATCAGA 
Region2_15 CGAAGTCTCAAACTCTGTTG AGAAGCGGTATCGAAATAAG 
Region3_1 TTTTTGTCCATGCTCAGTAG ATAAGATTGAAACGGGAAAC 
Region3_2 GCCGAGGTAGAGACTATCAC ACGTTGATGCAAGAGAATTT 
Region3_3 GAAGTCGTAACAAGGTAGCC TCCCAGTATTGGAGACCTAC 
Region3_4 GAAAGAAAGAGGCGAATCTA CGTCTTACTAGGCGTTAGGT 
Region3_5 ATTCAAAATGTGGGTCTTTC TTGTCTGGGATAAATTGTCA 
Region3_6 ATATTTGTTTAGGGCAAACG AAGGAGCAGTTGAGACAGAT 
Region3_7 GAAAGAAGGTTTCCATTCAG GGTCCTTGGAATCATTTTAG 
Region3_8 AAGGTGCAAAATCAATAGGT CCACAGAATGAATCAAAGAA 
Region3_9 TCGAATGATCTACTTGCTTG GTTCCTTTGATCTTGGACAT 
Region3_10 TTGAAATCTATCGGATCCTC CGAGCTAGTTCAACTCAATG 
Region3_11 TTATTAGGGGAAAGCAAAAG ATTGGAGAAGTTAGCGAAAG 
Region3_12 GCGAAATTGTGTGAAATAAA TCATGCACTAGATGGATCAC 
Region3_13 GGTAGAAAGCCTGTAAATGG TTGATAGAAAGCCCTAGCTC 
Region3_14 CAACAATCTTGAATGGCTTA TGCTCTTTATTCGCTTCATA 
Region3_15 GATAGCAAATACCCAAAAGG GTGTCTTCTTTCCACTAGGC 

   Mitochondrial transcriptome (Delannoy et al., 2015) 

 
Forward Reverse 

rpl2 (AtM0560) CCGAAGACGGATCAAGGTAA CGCAATTCATCACCATTTTG 
rpl5 (AtM0210) AAGGGGTTCGACAGGAAAGT CGTATTTCGACCGGAAAATC 
rpl16 
(AtM0080) GAGCATTTGCCAAACTCACA CGGACACTTTCATCGTGCTA 
rps3 (AtM0090) CCGATTTCGGTAAGACTTGG AGCCGAAGGTGAGTCTCGTA 
rps4 
(AtMg0290) ACCCATCACAGAGATGCACA TCACACAAACCCTTCGATGA 
rps7 
(AtMg1270) CTCGAACTGAACGCGATGTA AAGCTGCTTCAAGGATCCAA 
rps12  
(AtMg980) AGCCAAAGTACGGTTGAGCA TTTGGGTTTTTCTGCACCAT 
matR  
(AtMg0520) AATTTTTGCGAGAGCTGGAA TTGAACCCCGTCCTGTAGAC 
mttB  
(AtMg0570) GGGGTCTTTCTTTGGAAACC TCTCCCTCATTCCACTCGTC 
cob  
(AtMg0220) TGCCGGAATGGTATTTCCTA GCCAAAAGCAACCAAAACAT 
cox1  
(AtMg1360) GTAGCTGCGGTGAAGTAGGC CTGCCTGGATTCGGTATCAT 
cox2  
(AtMg0160) TGATGCTGTACCTGGTCGTT TGGGGGATTAATTGATTGGA 

cox3  
(AtMg0730) CCGTAACTTGGGCTCATCAT AAACCATGAAAGCCTGTTGC 
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ccmB  
(AtMg0110) TCTTGGAATCACATCCAGCA CGAGACCGAAATTGGAAAAA 
ccmC  
(AtMg0180) CGTGTCGTTCGTAATGGAAA GCCGTGGCGATATAAACAAT 
ccmFc  
(AtMg0900) CACATGGAGGAGTGTGCATC GTGGGTCCATGTAAATGATCG 

ccmFN1  
(AtMg0830) AGCTCTTGGCATTGCTTTGT AGTGCCACAATCCCATTCAT 
ccmFN2  
(AtMg960) CGTGTCGTTCGTAATGGAAA TGATAAGCCCACCAACTTCC 
atp1  
(AtMg1190) TCACTTCGACACGTCTTTGC GGAATGGCCTTGAATCTTGA 
atp4  
(AtMg0640) GGATCAGCTTGCGAATTTGT GCAAATTGCTTCCCCACTAA 
atp6-1  
(AtMg0410) TCTTTTGCGAGTCAATGCAC TCTCGCGTATCTCACATTGC 
atp6-2  
(AtMg1170) GCTTGGCAATCCTTGGTAGA GACCAAGATGCAAGGGAAAA 
atp8  
(AtMg0480) CCGTCGACTTATTGGGAAAA TTCCTTGGCCATGTACAACA 
atp9  
(AtMg1080) GGAGCTGCTATCGGTATTGG TAGAGCAAAGCCCAAAATGG 
nad1 a  (AtMg-
1275) 

GACCAATAGATACTTCATAAGAGA
CCA TTGCCATATCTTCGCTAGGTG 

nad1 b  
(AtMg1120) TCTGCAGCTCAAATGGTCTC ATTCAGCTTCCGCTTCTGG 

nad1 c  
(AtMg0516) AGCCCGGGATCTTCTTGA ACGGAGCTGCATCCCTACT 

nad2a  
(AtMg0285) GGATCCTCCCACACATGTTC GCGAGCAGAAGCAAGGTTAT 

nad2b  
(AtMg1320) TATTTGTTCTTCGCCGCTTT CAAAGGAGAGGGGTATAGCAA 

nad3  
(AtMg990) CGAATGTGGTTTCGATCCTT GCACCCCTTTTCCATTCATA 
nad4  
(AtMg0580) AATACCCATGTTTCCCGAAG TGCTACCTCCAATTCCCTGT 

nad4L  
(AtMg0650) GGGGAATCCTCCTTAATAGACG AACGAAAATGGCTAACCCAATA 
nad5 a 
(AtMg0513) TGGACCAAGCTACTTATGGATG CCATGGATCTCATCGGAAAT 

nad5 c  
(AtMg0060) AACATTGCAAAGGCATAATGA GTTCCTGCGTTTCGGATAT 

nad6  
(AtMg0270) TATGCCGGAAAGGTACGAAG GTGAGTGGGTCAGTCGTCCT 
nad7  
(AtMg0510) ACTGTCACTGCACAGCAAGC CATTGCACAATGATCCGAAG 

nad9  
(AtMg0070) GGATGACCCTCGAAACCATA CACGCATTCGTGTACAAACC 
rrn18 18S mito  CGTCACCTGGGTCAAAAACT GCTTGAAAACCGAAGTGAGC 
rrn26 26S mito GACGAGACTTTCGCCTTTTG CTTGGAGCGAATTGGATGAT 
nucl 18S rRNA AAACGGCTACCACATCCAAG ACTCGAAAGAGCCCGGTATT 
nucl rpl5B 
(At5g39740) CAGAAGACCTTTCCGTGCTC CAAACACACGGTTTCCAGTG 
ysl8 
(At5g08290) 

GGGATGAGACCTGTATGCAGATG
GA 

GCTCGTACATGGTGTTGAAGTCT
GG 

UBC 
(At5g25760) TTCGTTCTCTTTGGGAAATTAGA 

CTCGCTGTACCTCTTTGTATTCTT
T 

tubulin 6 
(At5g12250) GGTGAAGGAATGGACGAGAT GTCATCTGCAGTTGCGTCTT 
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actin2-8 ( 
At3g18780, 
At1g49240) GGTAACATTGTGCTCAGTGGTGG AACGACCTTAATCTTCATGCTGC 

   Splicing qRT-PCR experiment (Delannoy et al., 2015) 

 
Forward Reverse 

rpl2 CCGAAGACGGATCAAGGTAA CGCAATTCATCACCATTTTG 
rpl2 intron 
exon2 TTAGGAAGAGCCGTACGAGG CGCAATTCATCACCATTTTG 
rps3 AGCCGAAGGTGAGTCTCGTA CCGATTTCGGTAAGACTTGG 
rps3 intron1 
exon2 AGCCGAAGGTGAGTCTCGTA TCTACGGCGGGGTCACTAT 
cox2 TGGGGGATTAATTGATTGGA TGATGCTGTACCTGGTCGTT 
cox2 intron1 
exon2 TGGGGGATTAATTGATTGGA AGCAGTACGAGCTGAAAGGC 
ccmFc GTGGGTCCATGTAAATGATCG CACATGGAGGAGTGTGCATC 
ccmFc intron1 
exon1 CCCGGATCGAATCAGAGTT CACATGGAGGAGTGTGCATC 

nad1 exon1-2 
GACCAATAGATACTTCATAAGAGA
CCA TTGCCATATCTTCGCTAGGTG 

nad1 intron1 
exon2 

GACCAATAGATACTTCATAAGAGA
CCA CGTGCTCGTACGGTTCATAG 

nad1 exon2-3 ATTCAGCTTCCGCTTCTGG TCTGCAGCTCAAATGGTCTC 
nad1 intron2 
exon2 GGTTGGGTTAGGGGAACATC TCTGCAGCTCAAATGGTCTC 
nad1 exon3-4 AAAAGAGCAGACCCCATTGA TCCGTTTGATCTCCCAGAAG 
nad1 intron3 
exon4 AAAAGAGCAGACCCCATTGA GGGAGCTGTATGAGCGGTAA 
nad1 exon4-5 AGCCCGGGATCTTCTTGA TCTTCAATGGGGTCTGCTC 
nad1 intron4 
exon5 AGCCCGGGATCTTCTTGA ACGGAGCTGCATCCCTACT 
nad2 exon1-2 GCGAGCAGAAGCAAGGTTAT GGATCCTCCCACACATGTTC 
nad2 intron1 
exon2 GCGAGCAGAAGCAAGGTTAT CCCATTCCTAACCAGTGGAG 

nad2 exon2-3 AAAGGAACTGCAGTGATCTTGA 
AATATTTGATCTTAGGTGCATTTT
C 

nad2 intron2 
exon2 CCCGATCCGATAGTTTACAA 

AATATTTGATCTTAGGTGCATTTT
C 

nad2 exon3-4 GCGCAATAGAAAGGAATGCT CTATGGGTCTACTGGAGCTACCC 
nad2 intron3 
exon4 GCGCAATAGAAAGGAATGCT GGCGAATTTCAAACTTGTGG 
nad2 exon4-5 CAAAGGAGAGGGGTATAGCAA TATTTGTTCTTCGCCGCTTT 
nad2 
intron4exon4 CTTATTCGTGGCAACCTTCC TATTTGTTCTTCGCCGCTTT 
nad4 exon1-2 ATTCTATGTTTTTCCCGAAAGC GAAAAACTGATATGCTGCCTTG 
nad4 intron1 
exon2 CCGTATGATGCGGAAGTCTC GAAAAACTGATATGCTGCCTTG 
nad4 exon2-3 AATACCCATGTTTCCCGAAG TGCTACCTCCAATTCCCTGT 
nad4 intron2 
exon3 GCGGAACGACCAGAAAAATA TGCTACCTCCAATTCCCTGT 
nad4 exon3-4 TTCCTCCATAAATTCTCCGATT TGAAATTTGCCATGTTGCAC 
nad4 intron3 
exon4 TCTAGCTTGGTTCGGAGAGC TGAAATTTGCCATGTTGCAC 
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nad5 exon1-2 TGGACCAAGCTACTTATGGATG CCATGGATCTCATCGGAAAT 
nad5 intron1 
exon2 TGGACCAAGCTACTTATGGATG TTCGCAAATAGGTCCGACT  
nad5 exon2-3 TACCTAAACCAATCATCATATC CTGGCTCTCGGGAGTCTCTT 
nad5 intron2-
exon2 GTACGATCGTGTCGGGTGA CTGGCTCTCGGGAGTCTCTT 
nad5 exon3-4 AACTCGGATTCGGCAAGAA GATATGATGATTGGTTTAGGTA 
nad5 intron3-
exon4 AACTCGGATTCGGCAAGAA GCCGTGTAATAGGCGACCA 
nad5 exon4-5 AACATTGCAAAGGCATAATGA GTTCCTGCGTTTCGGATATG 
nad5 intron4 
exon5 AACATTGCAAAGGCATAATGA CCTGTAAACCCCCATGATGT 

nad7 exon1-2 ACCTCAACATCCTGCTGCTC 
AAGGTAAAGCTTGAAGATAAGTT
TTGT 

nad7 intron1 
exon2 ACGGTTTTTAGGGGGATCTG 

AAGGTAAAGCTTGAAGATAAGTT
TTGT 

nad7 exon2-3 
GAGGGACTGAGAAATTAATAGAG
TACA TGGTACCTCGCAATTCAAAA 

nad7 intron2 
exon3 AGTGGGAGAGCCGTGTTATG TGGTACCTCGCAATTCAAAA 
nad7 exon3-4 ACTGTCACTGCACAGCAAGC CATTGCACAATGATCCGAAG 
nad7 intron3 
exon4 TAAAGTGAAGTGGTGGGCCT CATTGCACAATGATCCGAAG 
nad7 exon4-5 GATCAAAGCCGATGATCGTAA AGGTGCTTCAACTGCGGTAT 
nad7 intron4 
exon5 CGGCCAAATGACTACAGGAT AGGTGCTTCAACTGCGGTAT 
18S nuclear 
rRNA AAACGGCTACCACATCCAAG ACTCGAAAGAGCCCGGTATT 
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Abstract 
 
Plant cells contain three genomes. In addition to the nuclear genome, also mitochondria and 

chloroplasts have genetic information encoding for proteins involved in respiration and 

photosynthesis, respectively. In comparison with other eukaryotes, plant organelle genomes 

display peculiarities in size, structure and regulation of gene expression. These unique features 

originate from the action of DNA binding proteins that are involved in organelle DNA 

maintenance. However, many regulators of mitochondrial DNA maintenance remain to be 

identified to fully understand their role in processes of organelle DNA recombination, repair 

and replication. In this chapter, we present the characterization of five SWIB domain encoding 

mitochondrial and/or plastid proteins in Arabidopsis. We present novel findings for protein 

localization and discuss the expression profile of these genes in a developmental context and 

in response to stress. We generated gain- and loss-of-function lines and analysed their growth 

phenotypes. We found that some SWIB domain proteins have a role in plant development, and 

represent new candidates to further elucidate the connection between organelle functioning and 

plant growth. 

 
 
Introduction 
 

Plant cells contain three genomes localized in three cellular compartments, the nuclei, the 

chloroplasts and the mitochondria. The coding content of the genomes of mitochondria 

(mtDNA) and chloroplasts (ptDNA) have been reduced drastically throughout evolution of 

eukaryotes, the remaining genes encode important subunits of the respiratory electron transport 

chain and of the photosynthetic apparatus, in mitochondria and chloroplasts respectively 

(Timmis et al., 2004). As a result of these processes, mitochondria and chloroplasts produce 

energy and important resources necessary for cell homeostasis, growth and development. The 

correct regulation of organelle genome maintenance and expression is therefore essential for 

plant development. In Arabidopsis, several nuclear-encoded proteins with roles in organelle 

DNA repair, recombination, replication and posttranscriptional processing have been identified 

(reviewed in (Barkan and Small, 2014; Marechal and Brisson, 2010)). Plant mtDNA binding 

proteins are often implicated in homologous recombination (HR) and mtDNA repair. 

Interestingly, nearly all proteins involved in organelle genome maintenance belong to protein 

families containing both mitochondrial and plastidial members, or are dual-targeted (Gualberto 

et al., 2014). As such, similar proteins are able to mediate the same cellular processes, such as 
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gene expression and DNA repair, in different genome-bearing compartments. These protein 

families are able to regulate similar processes in genome maintenance in different cellular 

compartments and can therefore be regarded as the integrated genetic system of plant cells in 

the control of genome maintenance and expression (Gualberto and Kuhn, 2014; Melonek et 

al., 2012). 

 

Plant organelle genomes are not organized in nucleosomes as their nuclear counterparts, but 

do occur in DNA-protein assemblies similar to bacterial nucleoids (Gilkerson et al., 2013). In 

plants, the protein composition of mitochondrial nucleoids is not well characterised whereas 

plastid nucleoids have been isolated and their protein composition determined for several plant 

species, including spinach, mustard, barley and Arabidopsis (Bulow et al., 1987; Krause and 

Krupinska, 2009; Krupinska and Falk, 1994; Melonek et al., 2012; Pfalz et al., 2006). The high 

quality of plastid nucleoids preparations from maize and spinach allowed the identification of 

low molecular mass (<20kDa) proteins, among which a SWIB domain-containing protein 

(Majeran et al., 2012; Melonek et al., 2012). The biological function of organellar SWIB 

domain containing proteins remains to be elucidated. In eukaryotes this domain is part of the 

SWI/SNF ATP-dependent chromatin remodeling proteins (Bennett-Lovsey et al., 2002). 

SWIB domain proteins are not the only organellar proteins bearing domains which are 

implicated in nuclear histone modifications in plants. One example is a SET-domain containing 

monomethyltransferase, Trithorax-related protein5 (ATXR5), localised in plastids and the 

nucleus in Arabidopsis (Jacob et al., 2009; Raynaud et al., 2006). The dual localization of this 

protein is likely due to alternative translation initiation or through post-translational 

modifications (Raynaud et al., 2006). Also, several histone deacetylases were identified in rice 

mitochondria and chloroplasts (Chung et al., 2009). In Arabidopsis, the SWIB domain protein 

found in spinach chloroplast nucleoids has six homologs which are localised in mitochondria 

and/or chloroplasts, or chloroplasts and nucleus (Melonek et al., 2012). 

 

The organellar stand-alone SWIB domain proteins are excellent models to investigate the 

biological role of this protein domain. All chloroplast localised SWIB domain proteins 

associate with nucleoids, and for SWIB4 a role in nucleoid compaction was proposed, similarly 

to the E. coli nucleoid-associated protein H-NS (Melonek et al., 2012). The E. coli H-NS 

protein plays a crucial role in the organisation of the bacterial chromosome, but also in gene 

regulation on a global scale. H-NS can suppress DNA strand exchange by RecA during 
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homologous recombination and is able to bind and control the expression of horizontally 

acquired DNA to prevent that the gene products affect the physiology of the host bacteria 

(Dorman, 2004; Higashi et al., 2016; Sharadamma et al., 2010; Winardhi et al., 2015). 

Similarly, stand-alone SWIB domain proteins are involved in nucleoid decondensation in 

Chlamydia trachomatis (Bennett-Lovsey et al., 2002; Hackstadt et al., 1991). For a second 

member, SWIB5, a role in mtDNA repair through homologous recombination was proposed 

(Chapter 6). The organellar SWIB proteins have a low molecular weight and high lysine 

content and could represent functional equivalents of bacterial nucleoid associated proteins, 

which have an important role in shaping nucleoid architecture, but also roles in replication, 

recombination, repair and transcription (Rimsky and Travers, 2011; Sharadamma et al., 2010). 

The correct maintenance and expression of the organelle genome is important for the 

functionality of organelles. Understanding the mode of action of proteins involved in organelle 

maintenance is consequently important to further unravel how organelle genome maintenance 

and expression is regulated. Also, these proteins can give an insight on how these proteins 

affect cellular homeostasis and, in the end, plant growth. 

 

Here, we present the characterization of five SWIB domain encoding proteins in Arabidopsis: 

SWIB1, SWIB2, SWIB3, SWIB4 and SWIB6. We present novel findings for protein 

localization and discuss the expression profile of these genes in a developmental context and 

in response to stress. We generated gain- and loss-of-function lines for all five genes and 

analysed their growth phenotypes. We found that some SWIB domain proteins have a role in 

plant development, and represent new candidates to further elucidate the connection between 

organelle functioning and plant growth. 

 

Results and Discussion 
 

Protein Localisation 
 

One member of the stand-alone SWIB-domain family, containing six members, was identified 

as part of the chloroplast transcriptionally active nucleoids (TACs) in spinach (Melonek et al., 

2012). Using transient expression in Tobacco protoplasts, an organelle localisation was shown 

for all members of this family, except for SWIB1 which was localised in the cytoplasm 

(Melonek et al., 2012). However, the subcellular prediction software SUBA3 (Tanz et al., 
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2013) indicates more possible intracellular localisations for all SWIB proteins, either based on 

prediction programs or determined by MS/MS and GFP localization assays. For example, 

SWIB4 was found in plastids and nuclei using a GFP fusion protein, but also in mitochondria 

through MS/MS assays (Table 1). 

 
Table 1. Predicted and previously confirmed intracellular localisation of SWIB domain containing proteins. 
SUBA3 software (Tanz et al., 2013) prediction of a consensus localisation, based on various other prediction 
databases and experimental evidence through GFP fusion proteins or MS/MS assays (Ferro et al., 2010; Klodmann 
et al., 2011; Kong et al., 2011; Melonek et al., 2012; Taylor et al., 2011; Tomizioli et al., 2014). 
 

In order to confirm the protein localisation of earlier reports in a more relevant physiological 

environment, we fused the coding sequence of all six genes encoding SWIB domain containing 

proteins to a C-terminal GSgreen tag under control of the CaMV 35S promoter and stably 

transformed Arabidopsis with these constructs. GSgreen is a tag consisting of a Streptavidin 

Binding Protein, 2 x 3C and 2 x TEV and a Green Fluorescent Protein, useful for protein 

localization but also ChIP or tandem affinity purification (Chapter 6). 

 

Gene Consensus SUBA3 All predicted locations Location GFP Location MS/MS assays 

SWIB1 mitochondrion cytosol, mitochondrion and plastid 
cytosol  

(Melonek et al., 2012) 
 

SWIB2 plastid mitochondrion, plastid and nucleus 
plastid  

(Melonek et al., 2012) 

plastid (Ferro et al., 2010; 

Kong et al., 2011)  

SWIB3 plastid mitochondrion, plastid and nucleus 
plastid  

(Melonek et al., 2012) 

plastid (Ferro et al., 2010; 

Tomizioli et al., 2014)  

SWIB4 mitochondrion mitochondrion, plastid and nucleus 
plastid  

(Melonek et al., 2012) 

mitochondrion  

(Klodmann et al., 2011)  

SWIB6 mitochondrion mitochondrion, plastid and nucleus 
mitochondrion and plastid 

(Melonek et al., 2012) 

mitochondrion  

(Klodmann et al., 2011; 

Melonek et al., 2012)  
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Figure 1. Sub-cellular localisation of SWIB domain proteins. For each gene (SWIB1, SWIB2, SWIB3, SWIB4 and 
SWIB6), the CDS was fused to a C-terminal GSgreen tag under control of the CaMV 35S promoter. Arabidopsis 
plants were stably transformed with the constructs. The green fluorescent (GFP) signal was visualized through 
confocal microscopy and representative images are shown of 14DAS T2 segregating populations. At least three 
independent transformants were analysed for each construct. For chloroplast localisation, mesophyll cells were 
inspected and the GFP signal was overlayed with chlorophyll autofluorescence. For mitochondrial localisation, 
primary root cells were inspected and the GFP signal was overlayed with the signal of the mitochondrial marker 
TAMRA (Schwarzlander et al., 2012). 

 

Independent stable transformants were analysed to determine the intracellular localization of 

SWIB1, SWIB2, SWIB3, SWIB4 and SWIB6 (Fig. 1). Previous report found the SWIB1 GFP 

fusion protein to be localized in the cytoplasm (Melonek et al., 2012), but the fusion protein 

with GSgreen was localized in chloroplasts and not in mitochondria as predicted by SUBA3 

software (Table 1; Fig. 1). The GSgreen fusion proteins of SWIB2 and SWIB3 were found to 

accumulate in chloroplasts exclusively, as previously predicted and confirmed with GFP fusion 

proteins (Table 1; Fig. 1). For SWIB4, a localization to chloroplasts and the nucleus was shown 

previously, but we could also demonstrate that the protein is localized in mitochondria, the 

predicted localization of SUBA3 ((Melonek et al., 2012); Fig. 1; Table 1). Furthermore, we 

did not observe a nuclear localization in all cell, indicating that the predominant localization of 

SWIB4 is in chloroplasts and mitochondria. Additionally, we confirmed that SWIB6 was 

p35S::SWIB1::GSGREEN

OverlayGFP Chlorophyll

p35S::SWIB2::GSGREEN

p35S::SWIB3::GSGREEN

p35S::SWIB4::GSGREEN

p35S::SWIB6::GSGREEN

OverlayGFP TAMRA
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localized in chloroplasts and mitochondria (Table 1.; Fig. 1). We have proven the localization 

of SWIB4 and SWIB6 in mitochondria through colocalisation with the mitochondrial marker 

TAMRA ((Schwarzlander et al., 2012); Fig. 1).  

 

In summary, we confirmed most results previously obtained in a transient expression system 

by using Arabidopsis plants stably transformed with the coding sequence of the SWIB genes 

fused C-terminally to a GSgreen tag (Fig. 1). Our results however provide other intracellular 

localization for two SWIB domain proteins, SWIB1 and SWIB4. SWIB1 appears not to be 

localized in the cytoplasm but in chloroplasts in our experiments and SWIB4 was identified in 

mitochondria, in addition to the previously confirmed localization in the nucleus and 

chloroplasts (Fig. 1; Table 1). This discrepancy in findings can be due to the choice of the 

system, the type of transformation and the tag used. We used a larger tag, GSgreen instead of 

GFP alone, but the C-terminal tag is unlikely to affect the import of a protein in an organelle 

since the transit peptide is localised at the N terminus (Melonek et al., 2012). In addition, the 

use of stable transformation of constructs is able to overcome possible artefacts of transiently 

overexpressing constructs in some cells (Sparkes et al., 2006). For example, protoplasts cells 

have lost their identity, since the cell identity could be important for the correct intracellular 

localization of proteins. In our system, the mitochondrial localization of SWIB4 and SWIB6 

was more obvious in root compared to shoot tissues and we did not observe a nuclear 

localization for SWIB4 in all cells (Fig. 1). The correct intracellular localisation cannot be 

guaranteed when Arabidopsis proteins are transiently expressed in a heterologous system such 

as tobacco cells (Marion et al., 2008; Van Loock et al., 2010). On the other hand, transient 

expression in tobacco protoplast cells was able to visualise a localisation to nucleoids for 

chloroplast SWIB domain proteins, which was not so obvious in the transgenic lines generated 

in this work (Melonek et al., 2012). Furthermore, driving the expression of a transgene with a 

constitutive 35 CaMV promoter can also produce artefacts, in both stable and transient systems 

(Li et al., 2006; Tian et al., 2004). To conclude, the observation, in live cells and in a whole-

tissue context, that SWIB1 is localised in chloroplasts and SWIB4 also in mitochondria is more 

likely to represent the true intracellular localisation of these proteins as compared to transient 

expression in a heterologous system. 
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Gene Expression Studies During Development 

 

We found that SWIB5, encoding the exclusive mitochondrial SWIB domain protein, is 

expressed relatively higher in proliferating compared to expanding tissues during organ 

development. This expression pattern can suggest a role during cell proliferation. Indeed, gain- 

and loss-of-function lines of SWIB5 produce smaller leaves that contain less cells (Chapter 6). 

We also investigated the relative expression of the other members of the SWIB domain protein 

family using publicly available datasets and qRT-PCR. 

 

Gene expression was first checked in the expression datasets of GENEVESTIGATOR, but no 

major differences in gene expression levels of genes encoding SWIB domain proteins over 

different developmental stages were observed (Melonek et al., 2012; Zimmermann et al., 

2004). We have independently investigated, by qRT-PCR, the relative expression level on 

selected developmental time points (4, 10 and 21DAS seedlings) and tissues (root and flower) 

(Fig. 2A). Just after germination (4DAS), the relative transcript levels were similar for all genes 

(Fig. 2A). At later timepoints, the relative expression of SWIB1, SWIB2 and SWIB3, genes 

encoding chloroplast-localised proteins exclusively, increased. For the genes encoding dual-

targeted proteins, SWIB4 and SWIB6, the increase in relative expression was less pronounced 

or absent, respectively (Fig. 2A). In root tissues, the expression was relatively low for SWIB2 

and SWIB3, but higher for SWIB4 and SWIB6 (Fig. 2A). In flower tissue, the relative expression 

was high for all genes, except for SWIB6 (Fig. 2A). 

 

We then further assessed the expression of the genes encoding SWIB domain proteins during 

the different phases of development of the root and the leaf, by using two published microarray 

datasets (Andriankaja et al., 2012; Birnbaum et al., 2003). These studies encompass samples 

harvested from proliferating, transitioning and expanding/differentiating tissues (Chapter 2). 

For SWIB1, no differential expression during leaf and/or root development was observed. 

Expression of SWIB2 is relatively higher in proliferating samples compared to expanding 

samples from the root (Fig. 2B). SWIB3 appears to be induced during the transition from cell 

proliferation to cell expansion in the leaf (Fig. 2C). For the genes encoding dual-targeted 

proteins, SWIB4 and SWIB6, expression was relatively higher in proliferative tissue compared 

to expanding tissue both in developing leaves and roots (Fig. 2B-C). 
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Figure 2. Expression studies of genes encoding SWIB domain proteins. (A) Relative expression of SWIB1, SWIB2, 
SWIB3, SWIB4, SWIB6, measured in wild-type plants by qRT-PCR. The samples include 4DAS (n=2), 10DAS 
(n=4) and 21DAS (n=4) seedlings, 8DAS root (n=4) and flower (n=1) tissue. Values are relative to the expression 
of two reference genes and +/- SE. (B-C) Normalised expression of genes encoding SWIB domain proteins during 
root (B) or leaf (C) development. The leaf dataset encompasses the developmental phases during which the third 
leaf exclusively grows through cell proliferation (8-9 DAS) and a transitioning phase (10-11 DAS) to a cell-
expansion based growth (12-13 DAS) (Andriankaja et al., 2012). For the expression patterns during root 
development, a microarray analysis of a total of 15 different zones of the root corresponding to different tissues 
and developmental stages was used, the values were averaged for proliferative (zone 1), transitioning (zone 2) 
and expanding (zone 3) tissue (Birnbaum et al., 2003).  
 

In summary, our expression analysis revealed that the expression of SWIB domain genes is 

under developmental control. On a whole plant level, we observed a similar expression profile 

for all genes just after germination (4DAS), but differential expression profiles on later time 

points or other tissues. For example, the expression of all genes encoding SWIB domain 

proteins localised exclusively in chloroplasts (SWIB1, SWIB2 and SWIB3) was induced on later 

timepoints during vegetative development, which was less pronounced for SWIB4, SWIB5 and 

SWIB6 (Fig. 2; Chapter 6). By using publicly available datasets of microarray studies during 

organ development, we found that the expression of four genes, SWIB2, SWIB4, SWIB5 and 

SWIB6, was relatively higher in proliferative tissue compared to expanding tissue and SWIB3 

was upregulated during the transitioning period when cells stop diving and start growing 
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through cell expansion ((Andriankaja et al., 2012); Chapter 6). This expression profile 

indicates a potential role for most of the SWIB domain proteins during the cell proliferation 

phase or the transition from cell proliferation to expansion.  

 

Generation of Gain- and Loss-of-function Lines 

 

Both the gene expression profile during plant development and previous reports suggest that 

SWIB proteins could play a role in plant development (Chapter 6; (Melonek et al., 2012)). We 

have therefore investigated how misexpression of SWIB domain proteins affects leaf 

development by analysing the phenotype of loss- and gain-of-function plants. For the loss-of-

function mutants, we requested 14 T-DNA insertion lines for the five genes (Supplemental 

Table 1). For each gene, we could select at least one homozygous T-DNA insertion line. For 

these lines, nine in total, we quantified the relative expression of the disrupted gene through 

qRT-PCR (Fig. 3A). We identified clear knock-out lines for SWIB1 (swib1-1) and SWIB2 

(swib2-2; Fig. 3B-C). The second T-DNA insertion line in SWIB1, swib1-4, did not show any 

change in expression compared to wild type. For SWIB3, a mild decrease in transcript levels 

was observed in swib3-2 but not in swib3-1 (Fig. 3D). Two independent T-DNA insertion lines, 

swib4-2 and swib4-3, showed an upregulation of SWIB4 expression (224% and 442%, 

respectively). Although SWIB4 is overexpressed in these T-DNA lines, we expect them to 

represent true mutants, due to the insertion of the T-DNA in an exon and intron, respectively. 

swib4-4 exhibits a downregulation compared to the wild-type (45%; Fig. 3E). For the 

homozygous T-DNA line of SWIB6, no difference in relative expression was observed (Fig. 

3F).  
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Figure 3. Generation of loss-of-function lines. (A) Gene structure of SWIB genes. Exons are indicated in blue 
rectangles, introns are represented by dashed lines and UTR regions shown as grey rectangles. T-DNA insertion 
lines are indicated by black arrowhead and primers used are indicated as black arrows. (B-F) Expression of genes 
encoding SWIB domain proteins in T-DNA insertion lines, measured by qRT-PCR. Relative expression is shown 
for wild-type plants, SWIB1, (B) SWIB2, (C) SWIB3, (D) SWIB4 and (E) SWIB6 T-DNA insertion lines (n=3). 
Values are averages +/- SE. 

 

We also generated overexpressing lines by transforming Arabidopsis (Col-0) constructs 

harboring the coding sequence of the five genes under control of the CaMV 35S promoter. We 

obtained homozygous plants carrying the transgene and quantified the relative expression level 

of the targeted gene by qRT-PCR in independent T3 plants and in segregating wild-type plants 

(Fig. 4). We were able to select three independent lines with a clear overexpression of the gene 

of interest for all genes, except for SWIB2 for which only two independent lines showed an 

overexpression (Fig. 4). 
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Figure 4. Relative expression levels in transgenic overexpressing lines of SWIB1, SWIB2, SWIB3, SWIB4 and 
SWIB6. Relative expression was measured by qRT-PCR on independent lines of (A) SWIB1, (B) SWIB2, (C) 
SWIB3, (D) SWIB4, and (E) SWIB6 and their segregating wild-type plants (WT; n=1). Values are averages of 
technical repeats +/-SD. 

 

Phenotypic Characterisation of the Loss- and Gain-of-function Lines 

 

Leaf growth was investigated for all T-DNA lines carrying a homozygous insertion and 

showing differences in expression and for the overexpressing lines. Plants were grown in vitro 

until 21DAS timepoint at which, in the wild-type plants the older leaves in the rosette are 

mature but the plants are not flowering yet (Fig. 5A). At this timepoint, the area of each 

individual leaf from ten rosettes was quantified. Two out of the six T-DNA lines, swib3-2 and 

swib4-2, displayed a consistent and significant difference in leaf size compared to the wild-

type plants (Fig. 5B). The swib3-2 line produced smaller leaves compared to the wild-type 

plants (Fig. 5B). For example, the third leaf of this T-DNA line was 57% smaller (P<0,001). 

On the other hand, swib4-2 T-DNA line produced larger leaves compared to the wild-type. The 

third vegetative leaf was 25% larger at this time point (P<0,001; Fig. 5B). Also swib4-3 and 

swib4-4 lines also exhibit a misexpression of SWIB4, but swib4-2 is the only available line with 

a T-DNA insertion in an exon, thus more likely representing the true loss-of-function 

phenotype. We did not observe obvious differences in germination of swib4 T-DNA lines as 

reported previously (Melonek et al., 2012). In addition to the phenotypic analysis of the shoot, 

we quantified primary root length of 12DAS plants. As for the shoots, primary roots of swib3-
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2 were smaller compared to the wild-type. In contrast, swib4-2 displayed a shoot-specific 

phenotype as the primary root length was not different compared to the wild-type (Fig. 5C).  

 

 
Figure 5. Phenotypic characterization of selected T-DNA insertion lines. (A) Rosette leaf area of wild-type plants 
(WT) and three T-DNA insertion lines grown in vitro for 21DAS. (B) Leaf area of swib3-2 and swib4-2 compared 
to the wild-type. Cotyledons (cot) and individual leaves (L1-10) were cut from the vegetative rosettes and the area 
was quantified (n=3). (C) Quantification of primary root length at 12DAS (n=2). (D) Cell number and area were 
measured in 21DAS leaves of swib3-2 and swib4-2, represented as the ratio to wild-type (n=3). Values are +/-SE, 
significant differences compared to the wild-type are indicated as * (P<0,05), ** (P<0,01) or *** (P<0,001).  
 

To better understand the cause of the growth phenotype observed in swib3-2 and swib4-2, a 

cellular analysis was performed on the third vegetative leaf. At 21DAS, this leaf has reached 

maturity in the wild-type plants and the number and size of leaf cells were quantified. swib3-2 

showed a severe reduction in leaf size (Fig 5A-B) due to significantly less (43%, P<0,001) and 

smaller (31%, P<0,01) cells compared to the wild-type (Figure 5D). Leaves of swib4-2 

contained more cells (18%, P<0,01), which however showed small decrease in cell size (7%, 

n.s.) (Figure 5D).  

 

Next, we inspected the leaf size phenotype of transgenic lines overexpressing SWIB1, SWIB2, 

SWIB3, SWIB4 or SWIB6 (Fig. 6). As for the T-DNA insertion lines, the plants were grown in 
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vitro until 21DAS and the leaf area was quantified for all leaves in the rosette. Our leaf series 

analysis indicated no clear growth phenotype for the transgenic lines overexpressing SWIB3 or 

SWIB4 (Fig. 6). In contrast, the highest overexpessing line of SWIB1 and SWIB2 produces 

leaves which are significantly smaller (Fig. 6A, B). Also, two independent overexpressing lines 

of SWIB6 produce leaves which are significantly smaller (Fig. 6E). No cellular analysis was 

performed on the gain-of-function lines. 

 

 
Figure 6. Rosette leaf area of wild-type plants (WT) and independent lines overexpressing (OE) (A) SWIB1, (B) 
SWIB2, (C) SWIB3, (D) SWIB4 or (E) SWIB6. Plants were grown in vitro (21DAS), cotyledons (cot) and 
individual leaves (L1-12) were cut from the vegetative rosettes and the area was quantified (n=3). Values represent 
leaf area and are +/-SE. (F) Summary of statistical analysis: * P<0,05; **P<0,01; ***P<0,001. 

 

In summary, in addition to their differential expression profiles during development, we 

observed several growth-related phenotypes in the gain- and loss-of-function mutants of SWIB 

genes. We found significant differences in leaf development when the genes encoding SWIB 

proteins were up- and/or downregulated (Fig. 5-6; Chapter 6). The results from the T-DNA 

lines only indicated a leaf growth phenotype in those T-DNA lines with an insertion in an exon, 

which is more likely to create a knock-out compared to T-DNA inserts in introns or UTR 

regions (Krysan et al., 1999). Still, a second knock-out line producing a similar phenotype or 

a functional complementation study would allow to confirm that this leaf growth phenotype is 
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due to insertion in SWIB3 or SWIB4. Consistent with their relative expression profiles during 

organ development, the mutants in SWIB domain proteins investigated at cellular level were 

affected in the number of cells in the leaves. Since all SWIB domain proteins are small, 

consisting of a transit peptide and a SWIB domain, with an additional Histone-1 like domain 

for SWIB4, we could expect that the proteins are functionally redundant. This could be the 

reason why a knock-out of either SWIB1 or SWIB2 was not sufficient to affect plant 

development. Nevertheless, SWIB2 and SWIB3 are highly similar at the protein sequence 

level, but still have different expression profiles during root or leaf development and only the 

T-DNA insertion line of SWIB3 produced markedly smaller leaves ((Melonek et al., 2012); 

Fig. 5B). This difference in phenotype could be explained by our observation that genes 

encoding similar proteins at the sequence level (SWIB1-SWIB5, SWIB2-SWIB3 or SWIB4-

SWIB6) can be expressed at different timepoints or under different conditions during plant 

development as observed for SWIB2 and SWIB3 (Fig. 3). Still, the lack of one protein could be 

counteracted by the function of other members of SWIB domain proteins. It would therefore 

be interesting to make double or triple knock-outs to demonstrate if a genetic interaction exists 

between these genes. 

 

SWIB Domain Genes are not Stress-responsive 

 

Mitochondria and chloroplasts are important organelles for the response of the plant to stress 

(Van Aken and Whelan, 2012). Chemical perturbation or mutation disturbing the function of 

chloroplasts or mitochondria affects the expression of similar gene sets in the nucleus (Skirycz 

et al., 2010; Van Aken and Whelan, 2012). To investigate if SWIB domain proteins are 

involved in the response to stress, we measured their relative expression upon stress exposure. 

We transferred wild-type seedlings at 10DAS to mild and severe osmotic (25-100 mM 

mannitol), salt (50-100 mM NaCl) and oxidative (1-2 mM H2O2 and 50-100 nM Methyl 

Viologen) stress inducing conditions; as well as to specific inhibitors of Complex I (10 µM 

Rotenone) and Complex III (50 µM Antimycin A) of the mitochondrial electron transport 

chain. Samples were harvested after 24 hours, and the relative expression of genes encoding 

SWIB domain proteins was assessed (Fig. 7). As a control, seedlings were transferred to 

medium without stress-inducing compounds (mock). We did not observe an induction of the 

SWIB genes for none of the imposed stress condition after 24 hours of treatment (Fig. 7). In 

our analysis, some SWIB genes show a tendency to be downregulated when exposed to stress, 
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but only SWIB2 is significantly downregulated upon transfer to medium containing 100nM 

methyl viologen (P<0,05; Fig. 7D).  

 

 
Figure 7. Relative expression of SWIB1, SWIB2, SWIB3, SWIB4 and SWIB6 upon transfer to stress-inducing 
conditions. Wild-type seedlings (10DAS) were transferred to mock or stress-inducing conditions indicated above 
the graphs (n=3). After 24h, seedlings were harvested and relative expression was measured with qRT-PCR. 
Values are +/-SE. Significance is indicated as * (P<0,05). 

 

In summary, we did not see a short term stress-responsive change in gene expression levels 

upon transfer to stress-inducing conditions, similarly to the previously reported relative 

expression pattern of SWIB5 when plants were exposed to similar conditions (Chapter 6). Our 

experiments suggest that genes encoding SWIB domain proteins are rather regulated by plant 

developmental processes and not by environmental conditions. 

 

Conclusion 

 

We have performed a functional characterisation of the SWIB domain proteins localized in 

chloroplasts and/or mitochondria in Arabidopsis. In addition to previous reports, we provide 

new information on the intracellular localisation of these proteins. Furthermore, expression 

analysis and phenotypic characterisation of loss- and gain-of-function lines indicate a role for 

some SWIB domain proteins in plant development. Many mutants in genes encoding organellar 

proteins have a described growth phenotype (Chapter 2). For example, mutants affected in 

chloroplast amino acid metabolism produce reticulated leaves, with green veins on paler 

interveinal tissue due to the production of less mesophyll cells (Lundquist et al., 2014). 

However, the cellular cause of mutants of organelle proteins is not always described. Based on 

literature surveys, the predominant cellular effect of misexpressing an organellar protein 
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appears to be an altered number of cells in roots and/or shoots (Chapter 2). Also in the case of 

SWIB domain proteins, the cellular data indicate a role of these proteins in cell proliferation. 

Cellular processes that determine the amount of cells that compose an organ such as a leaf are 

strictly regulated. Indeed, most known growth regulators appear to have a primary effect on 

the number of cells ((Gonzalez et al., 2012; Johnson and Lenhard, 2011); Chapter 1)). Cell 

proliferation is a process that consumes a lot of cellular resources and energy. At the same 

time, this process occurs in sink leaves that have not initiated photosynthesis (Andriankaja et 

al., 2012). Therefore, proliferating leaves are dependent on carbon molecules made by 

chloroplasts from source tissues and the cellular energy generated by mitochondria. Defects in 

either chloroplast or mitochondria activity can affect the supply of resources or energy to leaf 

primordia, thereby affecting the cell proliferation phase. Consequently, the availability of 

resources at this crucial stage of development results in the production of more cells, as 

observed in mutants of SWIB4, or less cells, like mutants in SWIB3 and SWIB5. Finally, leaf 

development is affected and plants produce smaller or larger leaves. A thorough analysis of the 

leaf developmental phenotypes, such as by monitoring leaf area over time accompanied with a 

cellular analysis can shed more light on the connection between leaf development and organelle 

functioning. 

 

Materials & Methods 

 

Plant material and growth conditions 

 

Environmental conditions during seed production, as well as during seed storage, can affect 

seed vigor. Therefore, all experiments were conducted with wild-type and transgenic seeds 

harvested from plants grown side by side on the same tray. For growth experiments, plants 

were grown in vitro on ½ Murashige and Skoog (MS) medium (Murashige and Skoog, 1962) 

supplemented with 1% sucrose. 

 

Generation of constructs and transgenic lines 

The CDS of the genes of interest (SWIB1, SWIB2, SWIB3, SWIB4 and SWIB6) were amplified 

by PCR from reverse transcribed RNA extracted from leaves of Arabidopsis thaliana ecotype 

Columbia. PCR reactions were performed using the Phusion High fidelity DNA polymerase 

(Finnzymes) according to the manufacturer’s instructions. The PCR fragments were 
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recombined into pDONR221 using the Gateway system (Invitrogen). Subsequently they were 

recombined into the pK7WG2 destination vector. To generate stable transgenic lines 

Arabidopsis plants were transformed by the floral dip method (Clough and Bent, 1998). 

Segregation analysis through selection on kanamycin was performed to select transgenic lines 

with one insertion site. T-DNA insertion lines were requested from the Nottingham 

Arabidopsis Stock Centre (NASC) and are listed in Supplemental Table 1. Homozygosity was 

tested by PCR on genomic DNA.  

Leaf area and microscopic analysis 

For the leaf area measurements, plants were grown in vitro for 21 days. All leaves in the 

vegetative rosette were dissected for ten plants and their area was measured with the ImageJ 

software (http://rsb.info.nih.gov/ij/). For the analysis of cell number and size, leaves were 

harvested from ten plants at the same time point. The leaves were cleared with 100% ethanol, 

mounted in lactic acid on microscope slides, and photographed. The leaf area was determined 

with the ImageJ software (http://rsb.info.nih.gov/ij/). Abaxial epidermal cells were drawn for 

three leaves with a DMLB microscope (Leica) fitted with a drawing tube and a differential 

interference contrast objective. Photographs of leaves and drawings were used to measure the 

leaf area and to calculate the average cell area, respectively, with the ImageJ software 

(http://rsb.info.nih.gov/ij/). Leaf and cell areas were subsequently used to calculate cell 

numbers. 

 

qRT-PCR analysis 
 

Plant material was harvested at the indicated time points for RNA extraction with the Rneasy 

plant mini kit (Qiagen), respectively. q(RT-)PCR experiments were performed in a 

LightCycler480 Real-Time SYBR green PCR System (Roche). 500ng or 1µg of RNA was 

reverse-transcribed with iScript cDNA synthesis kit (Biorad) according to the manufacturers 

specifications. qRT-PCR results were normalized against three reference genes (AT1G13320, 

AT2G32170 and AT2G28390). For each experiment at least two technical repeats were done, 

the number of biological repeats is indicated for each experiment in the legend of the figure. 

All primers used in this study are listed in Supplemental Table 2.  

 



Characterisation of SWIB domain proteins 

	 243 

Expression during leaf and root development normalization 

For leaf development, we selected a microarray analysis performed over six consecutive days 

during early development of the third true leaf, i.e. 8 to 13 days after stratification (DAS) 

(Andriankaja et al., 2012). This dataset encompasses the developmental phases during which 

the third leaf exclusively grows through cell proliferation (8-9 DAS) and a transitioning phase 

(10-11 DAS) to a cell-expansion based growth (12-13 DAS). For the expression patterns during 

root development, a microarray analysis of a total of 15 different zones of the root 

corresponding to different tissues and developmental stages was used (Birnbaum et al., 2003). 

The expression profile in the different root tissue types were averaged for each gene and 

correspond to three stages of root development: stage 1 corresponding to the root tip were cells 

are proliferating, stage 2 in which cells are transitioning to expansion and stage 3 consists of 

fully expanded and differentiated cells. The expression profile of SWIB2, SWIB3, SWIB4 and 

SWIB6 was normalised using MeV software (www.tm4.org) and subsequently CAST clustered 

(Cluster Affinity Search Technique, using Pearson correlation at a threshold of 0,8) according 

to their specific profile over the developmental zones. 

Statistical analysis 

Statistical analysis of leaf series measurements was done as described previously (Blomme et 

al., 2014). A mixed model was fit to the other cellular and qRT-PCR data with the mixed 

procedure from SAS (SAS/STAT analytical product 12.1, SAS Institute Inc., 2012, Cary, North 

Carolina) with the default REML estimation method. For all growth experiments, a linear 

mixed model was fitted to the variable of interest with all main factors and their interaction, in 

case of two factors, as fixed effects using the mixed procedure. The biological repeat term was 

included in each model as a random factor to take into account the correlation between 

observations done at the same time. In the presence of a significant F-test (for the main effect 

in case of one factor, for the interaction term in the case of two factors), appropriate post-hoc 

tests were performed. When the interest was in comparison with a control, multiple testing 

correction was done according to Dunnett. When the interest was in all-pairwise comparisons, 

a Tukey adjustment was performed.  
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SUPPLEMENTAL INFORMATION 

 
Supplemental Table 1. T-DNA insertion lines for SWIB1, SWIB2, SWIB3, SWIB4 and SWIB6. For each gene, the 
T-DNA insertion lines are indicated, their annotated insertion site and the code used in this study. 

Gene T-DNA Insertion code 

SWIB1 

SALK_008142 Exon swib1-1 

SALK_059703 Intron swib1-2 

SAIL_903_E11 Exon swib1-3 

SALK_143088 300-UTR5 swib1-4 

SWIB2 
SAIL_44_A03 Exon swib2-1 

SAIL_913_G09 Exon swib2-2 

SWIB3 
GABI_278H03 Exon swib3-1 

GABI_741D05 Intron swib3-2 

SWIB4 

SAIL_1252_E08 300-UTR3 swib4-1 

SAIL_1298_E08 Exon swib4-2 

SAIL_1156_C12 300-UTR5 swib4-3 

SALK_053441 Intron swib4-4 

SWIB6 
SALK_000628 Exon swib6-1 

SALK_053689 300-UTR5 swib6-2 
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Supplemental Table 2. Primers used in this study. 

qRT-PCR primers 
 Forward Reverse 

SWIB1 GGCTACCGGTGGAGGTACTA CGAGCAGAGTAACACCCTCA 
SWIB2 ACCTTCAGGACCCACAAAAC AGTGAGGACCGATGAGCTTT 
SWIB3 TGACCTTCAAGACCCACAAA TGAGGACCAATGAGTTTTGC 
SWIB4 TCCTGTGTCTCCAGTTCTCG TCGCAGAAAATCTCCCTCTT 
SWIB6 CGGTGAACAAAAGGGAGATAC GAGGAACCCGACAGTGTCTT 

   
Cloning primers 

 Forward Reverse 
SWIB1_ 
ATTB1/2 

GGGGACAAGTTTGTACAAAAAAGCA
GGCTTAATGTCGCCAATTTCTAAGAT 

GGGGACCACTTTGTACAAGAAAGCTGG
GTAAGAGTGAAGAGAGCTGTCAG 

SWIB2_AT
TB1/2 

GGGGACAAGTTTGTACAAAAAAGCA
GGCTTAATGGCGGTTTCTTCTG 

GGGGACCACTTTGTACAAGAAAGCTGG
GTAGAGGAAGTGAGGACCG 

SWIB3_AT
TB1/2 

GGGGACAAGTTTGTACAAAAAAGCA
GGCTTAATGGCTCTTTCTTCTGGAAT 

GGGGACCACTTTGTACAAGAAAGCTGG
GTAGAGAAAGTGAGGACCAAT 

SWIB4_AT
TB1/2 

GGGGACAAGTTTGTACAAAAAAGCA
GGCTTAATGTCTTCCGTTGCAGC 

GGGGACCACTTTGTACAAGAAAGCTGG
GTAAGCAGTCTTCACAAAGTG 

SWIB6_ 
ATTB1/2 

GGGGACAAGTTTGTACAAAAAAGCA
GGCTTAATGTCGAGGGTTTTCG 

GGGGACCACTTTGTACAAGAAAGCTGG
GTAAGCAGACTTAGGAAAATGTT 
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GENERAL DISCUSSION AND FUTURE PERSPECTIVES 

 
Morphological differences between plants have intrigued generations of biologists. Even 

within the same species, the growth of individual plants can differ remarkably due to the 

genotype and the environment. The earliest known compilation of different plant species, 

based on their structure, reproduction and growth, originates from Thesophrastus’ “Historia 

Plantarum” (372-287 BC) and was followed by many other plant systematics, including 

Carolus Linneaus (Rouhan and Gaudeul, 2014). Many years later, several important findings 

helped biologists to link the initial simple description of morphology to the molecular 

understanding of plant shape and size. Regarding plant developmental biology, the study of 

the process by which plants grow and develop, the first major milestones are attributed to 

Charles Darwin and his work on speciation through genetic alteration and evolution (Darwin, 

1859), as well as to Barbara McClintock and the discovery of mobile DNA in the maize 

genome (Van Lijsebettens and Van Montagu, 2005). A major breakthrough for plant 

biologists was the possibility to generate transgenic plants using antibiotic resistance markers 

and disarmed T-DNA vectors (Block et al., 1987). This event marked the beginning of 

studies of plant development through forward and reverse genetic approaches (Van 

Lijsebettens and Van Montagu, 2005). The use of model organisms such as Arabidopsis has 

greatly accelerated scientific research and advanced our knowledge on many plant 

developmental processes (Koornneef and Meinke, 2010). Still, the growth and development 

of model organisms are complex and multifactorial traits that are still not fully understood 

since they are likely controlled by complex and intertwined molecular networks. During the 

last years, technical advances such as cost-effective high-throughput DNA and RNA 

sequencing has allowed many systems biology studies to attempt unraveling these molecular 

networks (Shendure and Lieberman Aiden, 2012). Still, despite the current limitations in 

understanding plant growth, knowledge acquired in model organism can already be 

transferred to economically important crop species. As such, several genetically modified 

crop species have helped to increase yield by ameliorating the the genetic potential of these 

plants and by providing solutions that are not possible to breed with the available germplasms 

(Prado et al., 2014). Although bringing a new transgenic to the market is a challenging, long 

term and expensive enterprise, costing about 136 million USD and thirteen years (Prado et 

al., 2014), engineered crops can help to maintain high plant yield in a world where the global 

population increases exponentially and where global environmental change challenges 
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farmers (Klumper and Qaim, 2014). For these reasons, investigating how growth is regulated 

is interesting not only from an academic but also from an agricultural point of view. 

 

In this thesis, we have used reverse genetic approaches to identify potential new players in 

the control of leaf size in Arabidopsis. First, to allow for accurate measurements of plant 

growth, we have developed a tool for high-throughput and detailed measurement of plant 

growth over time (Chapter 4). Second, we performed a literature survey on mutants of the 

core cell cycle proteins and their interactors for their involvement in leaf development. We 

then did a phenotypic screen of mutants of 27 genes encoding cell cycle interactors (Chapter 

5). Third, we present the functional characterisation of gain- and loss-of-function mutants of 

a nuclear-encoded mitochondrial protein, SWIB5 (Chapter 6), and other organelle-localised 

SWIB proteins (Chapter 7). 

 

Identifying new growth regulators: choosing the appropriate method to analyse growth 

 

Plant growth depends on the environment but also on the genotype of plants, and 

misexpression of genes often affects the correct development of plants. The description of a 

leaf growth related phenotype could be done by answering four questions that gradually 

increase the resolution: “What?” (what is changed in terms of growth?), “Where?” (where/in 

which leaves is the phenotype observed?), “When?” (when during development are changes 

occurring and which cellular processes are affected?) and “Why?” (Why do changes in 

molecular mechanisms drive these phenotypical changes?) (Vanhaeren et al., 2015). 

Answering these questions at these different levels can help understanding the links between 

an observed phenotype and the molecular mechanisms affecting cellular processes, in a 

developmental context. 

 

To better answer the “What?” question, we developed an in vitro growth imaging system 

(IGIS) that allows detailed phenotyping during plant development based on rosette size 

measured from pictures taken every hour (Chapter 4). IGIS allows for calculating, besides 

projected rosette area, other growth-related parameters such as relative growth rates and 

rosette compactness and stockiness over time. The high resolution of this platform can help to 

explain differences in growth due to environmental perturbations or mutations. For example, 

we were able to identify different growth responses of plants grown on different stress 
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conditions and in transgenic lines producing larger leaves, compared to control. In addition to 

better understand what is changed in terms of growth, the analysis of mutants producing 

larger leaves provided evidence about which leaves are affected (answering the question 

“Where?”) and at what time in development these differences occur (answering the question 

“When?”). Still, other techniques allow to answer the latter questions (where and when) more 

accurately, although they are more labor intensive and thus allow lower throughput compared 

to (semi-)automated growth monitoring platforms. Therefore, we opted to do a phenotypic 

screen on mutants of cell cycle interactors and organelle SWIB domain proteins using a leaf 

series analysis (“Where?”), coupled to a quantification of cell number and size for some 

selected lines (“When?”) (Chapter 5, 6 and 7).  

 

In chapter 6, we aimed at answering the four questions “What”, “Where”, “When” and 

“Why” in lines misexpressing SWIB5 in order to understand the mode of action of this gene. 

Both gain- and loss-of-function mutants of SWIB5 produced smaller rosettes (“What”) and 

every leaf in their vegetative rosette was affected in size (“Where”). Using leaf area over time 

measurements, coupled to quantification of cell number and area, we were able to observe a 

reduction in growth from the youngest stages in leaf development onwards due to a reduction 

in the number of cells specifically for SWIB5OE (“When”). The functional characterisation 

further revealed that SWIB5 is a mitochondrial protein and plants misexpressing SWIB5 are 

affected in recombination, replication and repair of mitochondrial DNA. Although we could 

not give a final answer to the “why” question, it is tempting to hypothesize that 

misexpressing SWIB5 affects energy production and as such, indirectly, cell proliferation. 

Indeed, nuclear-encoded organellar proteins are more likely to have indirect roles in 

development. Only few mutants of organelle-localised protein producing organs that are 

larger or smaller compared to wild-type have been investigated at the cellular level (Chapter 

2), so the “When” question often remains unresolved, and consequently little is known on 

how organelle dysfunction can cause certain growth phenotypes (“Why”). Since chloroplasts 

are important for the generation of carbon sources through photosynthesis and mitochondria 

have crucial roles in the production of cellular energy, observed growth phenotypes could be 

linked to these processes. Mutations in genes encoding mitochondrial proteins are expected to 

cause mitochondrial dysfunction, which can hamper electron transport and consequently the 

generation of cellular energy. This energy is needed to support many cellular processes, but 

in the case of organ development our literature study suggests that mainly cell proliferation is 
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affected in mutants of nuclear-encoded organellar proteins (Chapter 2). Therefore, we suggest 

that the effect of SWIB5 on organ growth is indirect. 

 

Screening mutant populations to identify novel leaf growth regulators is an approach proven 

to be valuable in several forward and reverse genetic screens (Berna et al., 1999; Horiguchi et 

al., 2006; Perez-Perez et al., 2009; Wilson-Sanchez et al., 2014). However, in these screens, 

the fraction of mutants producing larger leaves, which could correspond to mutations in true 

regulators of plant growth, is rather rare (Chapter 1; (Horiguchi et al., 2006; Wilson-Sanchez 

et al., 2014)). Indeed, most mutations appear to lead to a reduction in size as a consequence 

of aspecific effects on metabolism, energy production or other pathways. Targeted growth 

related phenotypic screens of mutants involved in a particular pathway are however valuable 

methods to further substantiate the involvement of a given biological process in the 

regulation of growth. In this thesis, we focused on the process of cell cycle regulation. We 

selected 27 genes that encode interactors of core cell-cycle proteins and analyzed the growth 

related phenotypes in loss- and gain-of-function mutants. Interestingly, gain-of-function 

mutants of half (13) of these genes produced leaves that were significantly smaller or larger 

compared to the segregating wild-type (Chapter 5). As in other screens, most mutants 

displayed a decrease in leaf area, but we could link this leaf growth phenotype at the cellular 

level predominantly to defects in cell proliferation. In contrast to some reported mutants of 

core cell cycle genes, we did not find extreme growth phenotypes such as dwarfed plants 

(Dewitte et al., 2003; Nowack et al., 2012). We therefore suggest that the proteins studied in 

our screen are not part of the central regulatory network implicated in cell cycle control, but 

rather of a peripheral network binding cell cycle proteins less frequently and that could 

represent connections to other pathways or tissue-specific regulators (Van Leene et al., 

2010). In this case, these proteins can act as mediators of core cell cycle regulators and 

misexpression of these genes impairs normal progression through the cell cycle, leading to 

the formation of organs containing a different amount of cells (Chapter 5). Interestingly, in 

our phenotypic screen, the large majority (10 out of 13) of mutants with a growth phenotype 

could be linked to the G2/M transition of the cell cycle suggesting that these proteins have 

roles in the progression into mitosis. Besides our screen, additional members of the cell cycle 

interactome have been functionally characterized. First, the transcription factor ETHYLENE 

RESPONSE FACTOR 115 (ERF115), an interactor of the APC/C activator CELL CYCLE 

SWITCH 52 A2 (CC252A2), was identified as a rate limiting factor in QC cell division 
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(Heyman et al., 2013; Van Leene et al., 2010). A second protein, SAMBA, was identified as 

a plant-specific negative regulator of the APC/C complex and of root and shoot meristem size 

(Eloy et al., 2012; Van Leene et al., 2010). Finally, as an addendum to Chapter 5, we 

presented the phenotypic characterisation of a group I bZIP transcription factor, bZIP29, that 

was identified in the cell cycle interactome (Van Leene et al., 2010). Phenotypic 

characterisation of dominant-negative and overexpressing lines suggests that bZIP29 has an 

important function in leaf and root development through control of cell number and cell size. 

In summary, the characterization of cell-cycle interactors has assisted to identify new 

regulators of leaf growth, which underlines the value of this systems-biology approach to 

investigate the growth related phenotype of genes encoding cell cycle interactors. 

 

Besides experimentally screening for mutant phenotype, also the compilation of published 

growth phenotypes can be valuable to understand how different regulators of a given process 

affect plant development. This can be achieved through (semi-)automated data mining 

(Szakonyi et al., 2015; Van Landeghem et al., 2013) or through a literature survey. We have 

compiled published phenotypes to draw new conclusions on the role of cell cycle proteins 

(Chapter 5) and nuclear-encoded organellar proteins (Chapter 2) in leaf development. First, 

we observed three trends that appear to be crucial for the determination of final organ size by 

cell-cycle related proteins: (1) cellular compensation; (2) gene dosage, and (3) correct 

transition through the G2/M phase by ANAPHASE PROMOTING 

COMPLEX/CYCLOSOME activation (Chapter 5). Second, gene expression profiles during 

leaf and root development of nuclear-encoded organellar proteins suggested a role for these 

organelle proteins in the regulation of cell proliferation, which we illustrated with published 

phenotypes of some mutants in Arabidopsis and other plant species (Chapter 2).  

 

The value of screening either literature sources or mutant populations cannot be 

underestimated. Large-scale forward genetic screens have been performed to identify mutants 

with an altered leaf size or shape (Berna et al., 1999; Horiguchi et al., 2006; Perez-Perez et 

al., 2009; Wilson-Sanchez et al., 2014). These have generated a wealth of leaf phenotypic 

classes, but the mode-of-action of the mutated genes in growth control has not been 

investigated for all. Similarly, reverse genetic screens can be a powerful tool to link a certain 

kind of proteins involved in a cellular process to growth control, as we have shown with 

interactors of cell-cycle proteins (Chapter 5). Besides accurately measuring growth, a limiting 
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factor in large reverse genetic screens is the generation of homozygous gain- or loss-of-

function mutants. For example, in our screen of cell cycle interactors, we were only able to 

obtain homozygous T-DNA insertion mutants for 16 out 27 genes. Even if a good T-DNA 

line is found, still care needs to be taken since not all T-DNA insertion lines contain only the 

annotated single T-DNA, as was the case in a T-DNA line of SWIB5, and insertion lines can 

contain additional, non-annotated base substitutions and structural mutations (Alonso et al., 

2003; Clark and Krysan, 2010; Wilson-Sanchez et al., 2014); Chapter 5). Furthermore, not all 

T-DNAs are inserted in an exon and/or lead to a knock-out of the gene of interest. The 

advance of novel genome editing techniques such as CRISPR/Cas9 are expected to facilitate 

the generation of single and higher-order mutants, and will be great additions for such type of 

screens not only in model organisms but also in economically relevant crops (Belhaj et al., 

2013; Heintze et al., 2013; Lowder et al., 2015). 

 

Organelle genomes and the role of SWIB domain containing proteins 

 

Chloroplasts and mitochondria contain, just as the nucleus, a genome that needs to be 

expressed, replicated or repaired in a strictly controlled manner. We have shown in Chapter 2 

that organelle genomes, mtDNA in particular, display several peculiarities in size and 

organisation throughout the green lineage that have been linked to the action of various DNA 

repair pathways. The presence and action of these pathways, such as excision and translesion 

repair pathways, which are involved in nuclear DNA repair is still unclear in (plant) 

organelles, but the repair of double-stranded DNA breaks is relatively well-documented 

(Gualberto et al., 2014; Marechal and Brisson, 2010). DNA repair through homologous 

recombination (HR), and in particular the break-induced repair pathway, provides an 

explanation on how organelle genomes appear in the variety of shapes and sizes observed. 

For example, the invasion step of a broken end at a homologous site in the genome generates 

branched structures, and primes DNA synthesis on the leading strand and the establishment 

of a full replication fork (Gualberto et al., 2014; Marechal and Brisson, 2010). So, 

recombination-dependent pathways do not only ensure the repair of DNA damage, but 

contribute significantly to organelle replication and, consequently, genome evolution. In 

Arabidopsis, HR pathways have been studied relatively intensively in mitochondria and 

mutants in these pathways are clearly affected in recombination, replication and/or repair 
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(Cappadocia et al., 2010; Janicka et al., 2012; Miller-Messmer et al., 2012; Parent et al., 

2011; Wallet et al., 2015).  

 

Until now, only four protein families have been identified to play a role in HR pathways in 

plant organelles: MutS homologue 1 (MSH1), organellar RecA homologues, organellar 

single-stranded DNA binding proteins (OSB1) and the Whirly proteins (Marechal and 

Brisson, 2010). In Chapter 6, we describe that loss-of-function in SWIB5 impairs mtDNA 

repair through homologous recombination upon genotoxic stress treatment for some repeated 

regions, as observed for mutants in RecA and RecG homologs, OSB1, POLIB, ODB1 and 

WHY2 (Cappadocia et al., 2010; Janicka et al., 2012; Miller-Messmer et al., 2012; Parent et 

al., 2011; Wallet et al., 2015). SWIB4, a SWIB domain protein targeted to chloroplasts, is 

involved in nucleoid compaction, but the role in organelle DNA repair was not assessed 

(Melonek et al., 2012). SWIB4 is able to functionally replace the E. coli Histone-like 

nucleoid structuring protein (H-NS), a protein that plays a crucial role in the organisation of 

the bacterial chromosome, but also in gene regulation, RecA-dependent homologous 

recombination and binds and controls the expression of horizontally acquired DNA (Dorman, 

2004; Higashi et al., 2016; Sharadamma et al., 2010; Winardhi et al., 2015). Nuclear SWIB 

domain proteins are part of SWI/SNF chromatin remodeling complex that has roles in 

transcription, but also in replication and DNA repair (Tang et al., 2010). Taken together, 

these observations suggest that SWIB domain proteins could be involved in organellar DNA 

repair through homologous recombination. The SWIB domain proteins could then form a 

nucleoprotein filament along mtDNA and possibly also form DNA bridges like H-NS 

proteins that can help structuring the genome (Melonek et al., 2012). These nucleoprotein 

filaments are mediators of RecA-dependent HR (Sharadamma et al., 2010), which could 

explain why swib5 mutants fail to accumulate crossover products on specific repeated regions 

when treated with genotoxic stress (Chapter 6). We have proven that SWIB5 can interact 

with SWIB4 and SWIB6, strongly suggesting they are involved in the same molecular 

process. In mitochondria, three additional proteins could then be proposed as potential new 

factors in homologous recombination: SWIB4, SWIB5 and SWIB6 (Fig. 1). It would be 

interesting to further examine the role of SWIB domain containing proteins in organelle 

genome organization and repair. For example, the molecular and phenotypic consequences of 

higher-order mutants could give a better indication of their role in recombination, replication 

and repair. Treating these lines with genotoxic stress and quantifying crossover products by 
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qPCR will allow to better understand how the mtDNA is affected upon SWIB misexpression. 

Since no T-DNA line was identified with a reduction in SWIB6 expression, and to have the 

possibility to target multiple SWIB genes simultaneously, using the genome-editing 

CRISPR/Cas9 technique seems a logical suggestion for this type of study. Furthermore, to 

identify if the SWIB domain proteins have sequence specificity, a ChIP-seq experiment could 

be set up with plants expressing the GSgreen-tagged SWIB4 and SWIB6 proteins. The same 

fusion proteins could be used to perform TAP experiments in order to identify more 

interactors. Additional EMSA experiments will also be necessary to explore if the SWIB 

domain proteins bind DNA in a specific or aspecific way; if they bind mtDNA alone or in 

complex, and if they preferentially bind to ssDNA or dsDNA. For SWIB5 specifically, the 

exact role in DNA replication and recombination under control conditions remains to be 

further explored. One way of investigating the role of SWIB5 in replication and 

recombination, besides an in-depth screen of crossover accumulation products in individual 

plants at different timepoints, is through a DNA gel blot analysis, using a combination of 

restriction enzymes and specific probes to visualize possible substoichiometric shifts in the 

mutants (Arrieta-Montiel et al., 2009; Shedge et al., 2007). 

 

	
Figure 1. Hypothesis on the mode-of-action of mitochondrial SWIB proteins. SWIB proteins are associated 
to mtDNA and are part of the mitochondrial nucleoid. SWIB5 is necessary for the accumulation of crossover 
products upon DNA stress treatment (Chapter 6). SWIB5, and possibly also its interaction partners SWIB4 and 
SWIB6, could be involved in the binding of ssDNA as a part of a protein filament which is able to invade a 
DNA molecule at a homologous sequence (indicated with blue rectangle). Previous work on SWIB4 suggested a 
structural role of SWIB proteins in organelle DNA (Melonek et al., 2012). In this case, SWIB proteins can bind 
dsDNA and rather act as a mediator of RecA-dependent strand invasion at specific site in the mitochondrial 
genome. 
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Similarly to mitochondria, homologous recombination processes are implicated in replication 

and repair of chloroplast DNA (Marechal and Brisson, 2010). This pathway is RecA-

dependent as well but, compared to mitochondria, less proteins have been characterized in 

this process (Rowan et al., 2010). Still, almost all proteins with a role in organelle genome 

maintenance known to date are part of a protein family containing both mitochondrial and 

plastidial members, and for some dual targeting to and function in both organelles has been 

shown (reviewed in (Gualberto and Kuhn, 2014)). Since plant organelle genomes display 

features of size and organization that are not observed in other eukaryotic lineages, the 

evolution of several plant-specific mediators of organelle genome maintenance, such as 

Whirly proteins, is likely (Desveaux et al., 2005; Gualberto and Kuhn, 2014). SWIB domain 

containing proteins are, to our knowledge, not reported in mitochondria of non-plant species 

and could thus represent a new family of plant-specific proteins with roles in organelle 

genome maintenance. Furthermore, two members of this family, SWIB4 and SWIB6, are 

dual-targeted to mitochondria and chloroplast, and SWIB4 is also localized in the nucleus 

(Chapter 7; (Melonek et al., 2012)). This protein could therefore be a common link in the 

maintenance and expression of all three genomes in plant cells, perhaps in association with 

other SWIB proteins that are specific for each compartment. The loss-of-function phenotypes 

of SWIB5 and SWIB3 however suggest that members have overlapping, but also specific 

functions in mitochondria and chloroplasts, respectively. 

 

Application potential of knowledge on cell cycle and mitochondrial functioning 
 

Cell cycle regulation and crop productivity 

 

Plants form new organs throughout their life cycle due to the action of meristems that have a 

theoretically unlimited potential for dividing and providing new cells that can form organs. 

An iconic example of the infinite dividing potential is an individual of Pinus longaeva that is 

over 5000 years old (Flanary and Kletetschka, 2005). From an application point of view, 

productivity in one growing season rather than longevity of crops receives high interest and 

in this respect the development of organs such as leaves and seeds are intensively studied. 

Organ development depends on the amount of cells produced through cell division and the 

size that these cells attain at maturity. In this thesis, we have focused on the processes that 
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regulate the number of cells composing an organ, according to our knowledge the main 

drivers of leaf growth (Chapter 1). To identify more regulators of the cell proliferation phase 

in leaf development, we have performed a growth-related phenotypic screen on interactors of 

cell cycle proteins (Chapter 5). The production of crops misexpressing cell cycle genes is a 

potential application that seems promising. Indeed, crops with a differential expression of cell 

cycle regulators could push cell cycle progression and produce more cells that lead to the 

production of more vegetative and/or seed yield. However, our literature review and 

phenotypic screen indicated that misexpression of core cell cycle proteins, and even their 

interactors, rarely leads to an increase of leaf size in Arabidopsis (Chapter 5). Indeed, most 

mutants of cell cycle proteins produce small organs or display severe phenotypes such as 

dwarfed growth (Chapter 5; (Dewitte et al., 2003; Nowack et al., 2012)). Two notable 

exceptions are SAMBA and APC10, which are part of the APC/C (Eloy et al., 2011; Eloy et 

al., 2012). In general, a correct transition through the G2/M phase of the cell cycle by APC/C 

activation appears to be crucial in the regulation of final leaf size in Arabidopsis (Chapter 5; 

(Eloy et al., 2015; Heyman and De Veylder, 2012). Still, a mild change in expression, in 

contrast to the constitutive overexpression of knock-out lines, could be an interesting path 

towards producing crops with increased growth. For example, plants with a mild 

overexpression of either CYCD3;1 or CCS52A2 have been shown to produce larger leaves in 

Arabidopsis (Baloban et al., 2013; Horiguchi et al., 2009). Furthermore, modulating the 

expression of cell cycle genes during a specific time during organ development could result 

in the production of more cells, which are then able to differentiate normally. For example, 

fusing the coding region of a positive regulator of cell division to a promotor active during 

the transition from cell proliferation to expansion could lead to a prolongation of the cell 

division phase and thus to an increase in the amount of cells composing a leaf. In summary, 

the phenotypic effect of misexpressing cell cycle genes depends not only on the level of 

misexpression, but also on the timing of this change in development. 

 

In crops, few mutants are reported to our knowledge that increase vegetative or seed biomass 

due to an increase in cell proliferation. In maize and rice overexpressing GA20 OXIDASE1, a 

rate-limiting enzyme in the gibberellin biosynthesis pathway, produce larger leaves (Nelissen 

et al., 2012; Qin et al., 2013). A larger number of dividing cells is the cellular cause of the 

increase in leaf size in maize leaves (Nelissen et al., 2012). Also, maize plants 

overexpressing AUXIN REGULATED GENE INVOVLED IN ORGAN SIZE (ARGOS) 
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produce larger leaves, stalks and ears due to an increase in cell number (Guo et al., 2014). 

However, the link with cell cycle and crop yield is not always clear. Obtaining more 

knowledge on the molecular mechanisms regulating the number of cells that compose a plant 

organ therefore remains an important path toward the creation of new crop varieties that 

produce more yield. 

 

Organelle genetics and cytoplasmic male sterility 

 

Organelles carry out essential functions for plants since they produce carbon sources and 

energy that are necessary for plants to grow and develop. Making these processes more 

efficient is expected to result in an increase in yield. For example, crop photosynthesis could 

be boosted through increasing the carbon-fixation rate with a more efficient Rubisco enzyme 

(Lin et al., 2014; Richards, 2000). The application potential of research on mitochondrial 

genomes is illustrated by the agronomical important cytoplasmic male sterility (CMS) trait. 

Plant male sterility refers to an event leading to plants that have lost the ability to produce 

dehiscent anthers, functional pollen and viable male gametes (Chen and Liu, 2014). CMS is 

an important breeding tool to harness hybrid vigor, or heterosis, corresponding to a 

phenomenon observed in the cross between two inbred lines that outperforms the parent lines 

for a given traits such as growth, seed yield or stress resistance (Fu et al., 2014; Schnable and 

Springer, 2013). In practice, hybrid seed technology uses three lines: the CMS line, the 

maintainer line and the restorer line (Chen and Liu, 2014). The CMS line, the female parent, 

exhibits male sterility due to the expression of a CMS-causing gene and lacks the nuclear 

restorer of fertility (Rf) gene(s). The CMS phenotype can have many origins and therefore Rf 

proteins are able to inhibit the formation and expression of the CMS genes at many levels. Rf 

proteins can act at the genomic level, by inhibiting substoichiometric shifts causing the 

formation of CMS genes, but also at the posttranscriptional level through editing and splicing 

of CMS mRNA, during protein translation or even at the metabolic level (reviewed in (Chen 

and Liu, 2014)). The CMS line can be propagated by crossing with a maintainer line that 

contains the same nuclear genome as the CMS line but a fertile cytoplasm. The restorer line 

contains functional Rf gene(s) and is thus the male parent to cross with the CMS line to 

produce F1 hybrid seed. In the F1 plants, Rf restores male fertility and the combination of the 

nuclear genomes produces hybrid vigor (Chen and Liu, 2014). The agronomical importance 

of this mechanism is reflected in rice, where commercial hybrids originating from CMS lines 
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produce 20% more grain yield and account for approximately 55% of the total rice planting 

area (Cheng et al., 2007). Many CMS genes arise from rearrangements in the mitochondrial 

genome. As such, recombination processes can create new molecular structures and novel 

ORFs such as CMS genes. At least ten genes encoding subunits of the mitochondrial electron 

transport chain have been found to be involved in the formation of CMS genes (Chen and 

Liu, 2014). Interestingly, in dicot species, sequences of the atp8 gene often forms part of 

CMS genes. For example, Brassica CMS genes orf138, orf125, orf224 and orf222 encode 

atp8-derived sequences (Chen and Liu, 2014; Singh and Brown, 1991; Yamagishi and Bhat, 

2014). atp8 sequences are also part of CMS genes identified in sunflower and carrot (Chen 

and Liu, 2014; Kohler et al., 1991; Laver et al., 1991; Nakajima et al., 2001). Furthermore, 

the level of atp8 editing was found to be higher in kenaf sterile lines as compared to fertile 

lines (Liao et al., 2016). We have shown that lines misexpressing SWIB5 show differences in 

homologous recombination over inverted repeats under normal, but also genotoxic 

conditions. One of the affected repeated regions, F2, overlaps with atp8. We also observed a 

significant increase in ATP8 transcript level in a SWIB5 loss-of-function line, which exhibits 

a partial male sterile phenotype (Chapter 6). Male sterility due to mitochondrial 

rearrangements has been observed before in some Arabidopsis mutants, such as the 

chloroplast mutator (chm) which is mutated in MSH1 (Martinezzapater et al., 1992; 

Sakamoto et al., 1996). Besides the 58 ‘true’ genes in Arabidopsis mitochondrial genome, 

156 non-conserved open reading frames of at least 100 codons of unknown function have 

been identified, which could be a reservoir for CMS genes (Budar and Pelletier, 2001). Also, 

expressing CMS genes in Arabidopsis can lead to a male sterile phenotype, for example when 

plants overexpress the Brassica juncea CMS genes ORF108 or ORF228 (Jing et al., 2012; 

Kumar et al., 2012). It would be interesting to investigate the function of SWIB5 in anther 

development. Since organellar SWIB domain proteins are widespread in the green lineage 

(Chapter 6), they could represent new candidates of Rf genes that restrict the formation of 

CMS genes at the genomic level. 
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SUMMARY 

 

Plant growth is a complex and multifactorial trait, depending on both enironmental factors and 

the genotype. Throughout their life cycle, plants develop organs like roots and leaves 

continuously. Organ development is dependent on two main processes: the generation of new 

cells termed cell proliferation and the expansion and differentiation of these cells to attain a 

final size and shape. In this thesis, we have studied leaf development from two different 

perspectives. At the one hand, we attempted to find new leaf growth regulators in putative new 

cell cycle regulators. At the other hand, we studied the role of nuclear-encoded organellar 

proteins in organ development. 

 

In order to study growth, it is imperative to measure certain charecteristics accurately. First, 

we developed a new tool to accurately measure shoot development. The in vitro growth 

imaging system (IGIS) allows high-resolution imaging of Arabidopsis rosettes as images are 

taken every hour during the entire growth period. All information from these pictures is 

analysed automatically and allows to obtain several gowth-related parameters such as projected 

rosette area, rosette relative growth rate, compactness and stockiness, over time. So, the IGIS 

can be used for extracting whole-rosette parameters with a relatively high throughput. Still, 

whole-rosette growth parameters could mask more subtle differences in growth at the organ 

level. In order to accurately measure the effect of a certain treatment or mutation on the growth 

of the shoot, the area of each leaf individually is typically measured. Since we wanted to 

phenotype the loss- and gain-of-function lines of genes encoding cell-cycle interactors in a high 

resolution, we opted for this technique. Our analysis showed that for about half (13 out of 27) 

of the genes included in this screen a leaf growth phenotype was observed in mutant lines. 

Interestingly, most genes that produced leaves with an increase or decrease in size could be 

linked to the final checkpoint in the cell cycle before mitosis occurs, the G2/M transition. 

 

Organ development depends on two processes that demand large amounts of cellular resources 

and energy: cell proliferation and cell expansion. Since chloroplasts and mitochondria are 

crucial for carbon metabolism and energy production, respectively, we investigated the role of 

nuclear-encoded organelle proteins during organ development in more detail. Based on relative 

expression data over leaf and root development, we observed that the majority of nuclear genes 

encoding proteins targeted to chloroplasts or mitochondria are highly expressed in proliferative 
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tissue as compared to expanding tissue, with the notable exception of proteins targeted to 

chloroplasts during leaf development. Also, published mutant evidence points towards a major 

role in the regulation of cell cycle progression. Next, we have phenotypically characterised 

gain- and loss-of-function of genes encoding stand-alone SWIB proteins that are targeted to 

chloroplasts and/or mitochondria. For three out of six members of this family, leaf growth 

phenotypes were observed predominantly due to an alteration in the number of cells. One 

member of this family coding for a mitochondrial protein, SWIB5, was characterised in detail. 

We prove that SWIB5 binds to mitochondrial DNA and mutant analysis showed that mutants 

of SWIB5 are affected in recombination, replication and repair of mitochondrial DNA. 

 

To conclude, we have shown through mutant analysis and literature studies that both the cell 

cycle interactome and nucleair-encoded organellar proteins are sources of growth regulators. 

Furtermore, our characterisation of SWIB5 proved the binding of SWIB5 to mitochondrial 

DNA and mutant analysis suggests a role for SWIB5 in homologous recombination.  
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SAMENVATTING 
 
De groei en ontwikkeling van planten is multifactorieel en afhankelijk van zowel de omgeving 

als de genetische achtergrond. Planten produceren tijdens hun levenscyclus continu nieuwe 

organen zoals bladeren en wortels. De ontwikkeling van deze organen hangt voornamelijk af 

van twee processsen: het produceren van nieuwe cellen enerzijds en het correct groeien en 

differentiëren anderzijds. In deze thesis hebben we bladgroei bestudeerd vanuit twee 

verschillende invalshoeken. We hebben enerzijds nieuwe regulatoren van bladgroei proberen 

te identificeren door een mutant analyse van eiwitten die interageren met celcyclus eiwitten. 

Anderzijds hebben we de rol van eiwitten die gecodeerd worden door de nucleus maar hun 

functie uitoefenen in chloroplasten of mitochondriën. 

 

Om plantengroei adequaat te kunen bestuderen is het onmisbaar om verschillende kenmerken 

accuraat te kunnen kwantificeren. We hebben een nieuw platform ontwikkeld, in vitro growth 

imaging system (IGIS), om met hoge resolutie de vegetatieve ontwikkeling van Arabidopsis te 

meten. Dit platform neemt elk uur van de ontwikkeling van de planten een foto van het rozet, 

en via automatische analyse is het mogelijk om verschillende groeiparameters zoals de 

geprojecteerde rosetgrootte, relatieve groeisnelheden, de compactheid en de vorm van het rozet 

te onderzoeken gedurende de groeiperiode. Het IGIS platform maakt het dus mogelijk op basis 

van foto’s groeiparamters te analyseren van het volledige rozet op een relatief hoog aantal 

planten. Er zijn echter andere technieken die het mogelijk maken om groeiparameters met een 

hogere resolutie te meten, zoals de grootte van elk blad in het vegetatief rozet. We hebben deze 

techniek gebruikt om het bladgroeifenotype te meten van mutanten in genen die coderen voor 

eiwitten die met celcylus regulatoren interageren. Overexpressie of mutatie in ongeveer de helft 

(13 van de 27) van de genen in deze screen leidde tot de productie van grotere of kleinere 

bladeren. De meerderheid van deze genen kon gelinkt worden aan het laatste checkpoint in de 

celcyclus voor mitose begint, de G2/M transitie. 

 

De ontwikkeling van plantenorganen hangt af van twee processen die veel middelen en 

cellulaire energie vereisen, namelijk celproliferatie en celexpansie. Chloroplasten en 

mitochondriën zijn cruciaal in respectievelijk de productie van primaire voedingstoffen zoals 

suikers en energieproductie, en hun rol in de ontwikkeling van baderen en wortels is 

aannemelijk. We hebben het expressieprofiel van nucleaire genen die coderen voor eiwitten in 

chloroplasten en/of mitochondriën onderzocht tijdens zowel blad- als wortelontwikkeling. 
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Deze anlyse toonde een relatief hoge expressie aan van deze genen in prolifererend weefsel, 

die gradueel afnam bij de transitie naar celexpansie, met de uitzondering van genen die coderen 

voor chloroplasteiwitten tijdens bladontwikkeling. Dit expressieprofiel suggereert een meer 

uitgesproken rol voor deze eiwtten tijdens celproliferatie, een observatie die kracht werd 

bijgezet door de compilatie van gepubliceerde mutantfenotypes waar een bladroeifenotype te 

wijten was aan een verandering in het aantal cellen. We hebben ook een fenotypische analyse 

gedaan van overexpressie en mutante lijnen van zes nucleair gecodeerde SWIB-domein 

bevattende eiwitten met een rol in chloroplasten en/of mitochondriën. Drie van de zes leden 

van deze familie toonden een bladgroeifenotype dat gelinkt kon worden aan het aantal cellen 

in de bladeren. We hebben een functionele karakterisatie uitgevoerd op een van deze eiwitten, 

SWIB5, een mitochondriaal eiwit. We toonden aan dat SWIB5 bindt op mitochondriaal DNA 

en mutantenanalyse toonde aan dat SWIB5 mutanten defecten vertoonden in recombinatie, 

replicatie en herstel van mitochondriaal DNA. 

 
We kunnen uit ons mutantenonderzoek literatuurstudies concluderen dat zowel het celcyclus 

interactoom als nucleair-gecodeerde eiwitten met een functie in organellen een belangrijke 

rol spelen in plantengroei. Daarenboven heeft onze karaterisatie van SWIB5 getoond dat dit 

eiwit mitochondriaal DNA kan binden en de mutantanalyse suggereert dat SWIB5 betrokken 

is in homologe recombinatie in mitochondriën.  
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