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I.  Introduction 
Leaves are essential organs of vascular plants that are specialized for capturing solar 

energy and converting it into chemical energy and metabolic compound through a 

process known as photosynthesis. In another way, we can say it is the primary site of 

a plant that manufactures food and oxygen, which in turn nourish and sustain all land 

animals. Without leaves, plants would not be able to perceive environmental 

conditions, such as light quality and quantity. In most angiosperms, the floral organs 

are modified from leaves. Besides photosynthesis, leaves are also involved in plant 

respiration and photoperception (Tsukaya, 2013). Plant leaves possess a huge 

diversity in their structure, and this variation is an important factor to track the 

evolution of their biological shapes. Most variations are observed in the leaf margin, 

such as the serrated or lobed margin (Runions et al., 2017). In general, leaves are 

divided into two categories simple leaves and compound leaves. Simple leaves are 

composed of a single continuous lamina, while in compound leaves, the lamina is 

divided into multiple leaflets, each resembling a simple leaf (Efroni et al., 2010).  

1. Leaf growth and morphogenesis 

The development of plant leaves follows a basic mechanism that is flexible in relation 

to the plant species, environmental circumstances, and developmental stages (Bar and 

Ori, 2014). It is a dynamic process where independent regulatory pathways instruct 

component cells to make differentiation switches at various stages of development in 

order to execute developmental processes (Kalve et al., 2014). In general, leaves 

originate from shoot apical meristem (SAM), which harbours stem cell niches at its 

center, from which cells continuously recruit its growing organ during post-

embryonic development. SAM is composed of two different functional domains 

named as central zone (CZ) and peripheral zone (PZ) that deliver founder cells (Du et 

al., 2018, Nikolov et al., 2019). These founder cells differentiate into leaf primordia 

that grow out to a lateral organ, such as leaves, stem, and floral structure. At the 

beginning of leaf initiation, all cells divide, but with the passage of time, cells at the 

tip cease to divide and start expanding while cells at the base continue dividing 

(Nelisson et al., 2016). In SAM, such alteration in cell division activity leads to leaf 
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initiation. This pattern of cell division was observed in both monocots and dicots that 

reflect very similar temporal regulation of leaf growth.  

In eudicots, leaves growth and differentiation are divided into four stages based on the 

developmental processes. In the initial stages, the founder cells of the leaf primordial 

are assembled from the peripheral zone of SAM to the site of primordial initiation and 

bulge out. Second, initiation of leaf primordia from SAM is followed by distal growth 

and establishment of adaxial-abaxial and proximal-distal axes. The third is the 

development of the leaf lamina. Leaf-blade and petiole are distinguished in this stage, 

and the leaf lamina is further modified by a coordinated process of cell division and 

expansion (Du et al., 2018, Nakata and Okada, 2013, Andriankaja et al., 2012, Sinha, 

1999, Xiong and Jiao, 2019).  

1.1. Leaf development in Arabidopsis 

Arabidopsis leaves are simple leaves which are connected to the stem through 

petioles. Arabidopsis leaves comprise the upper (adaxial) layer of epidermis bearing 

trichomes and lower (abaxial) epidermal cells bearing stomata. Between upper and 

lower epidermises lays photosynthetically active mesophyll (M), i.e., one or more 

layers of palisade mesophyll followed by multiple layers of spongy mesophyll with 

air space in between to facilitate gas exchange. Embedded in the M, there is a 

vasculature (xylem and phloem) surrounded by a layer of bundle sheath (BS) cells. 

The vasculature facilitates the transport of water and photosynthates from one part of 

a plant to the other (Figure 1, Wuyts et al., 2010). 
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Figure 1. Schematic diagram of a cross-section of an Arabidopsis leaf.  

Display represents upper and lower epidermis, mesophyll and bundle sheath cells, palisade 

and spongy parenchyma, stomata, vascular tissue, and cuticles. Image adapted from 

Kirschner, 2017 Ph.D. thesis. 

To understand the process of leaf development in Arabidopsis thaliana, many mutants 

have been isolated, and various aspects of leaf development have been addressed so 

far, including leaf initiation, leaf differentiation, cell cycle regulation, trichome 

formation, stomata, and vascular development (Talbert et al., 1995, Kinsman and 

Pyke, 1998, Cheng et al., 2013, Eloy et al., 2011, Wang et al., 2018, Tsuge et al., 

1996, Wang et al., 2007, Tsuji and Coe, 2013, Walker et al., 2000, Yang and Sack, 

1995). However, the regulatory network that controls growth and final organ size is 

still poorly understood (Andirankaja et al., 2011). Leaf morphogenesis is a process 

regulated by many genes and pathways that lead to the generation of an organ of 

various shapes and sizes; therefore, differences can be seen between various species 

as well as within a species (Rodrigues et al., 2014). 

1.2 Development of leaf primordia 

Leaf development is also regulated by the concentrations of hormones and their 

interplay. Such as, high auxin concentration plays a pivotal role in the regulation of 

leaf initiation. During leaf initiation, the influx carriers AUXIN RESISTANT 

(AUX1), LIKE AUXIN RESISTANT (LAX) and an efflux transporter PIN-

FORMED1 (PIN1) establish a high concentration of auxin in the region of leaf 

primordial founder cells (Du et al., 2018, Rodregues et al., 2013, Klave et al., 2014, 

Yang et al., 2006, Geisler et al., 2003, Rutschow et al., 2014, Xiong and Jioa, 2019). 

A high level of auxin transport at the flank of the SAM inhibits cytokinin formation 

by repression of KNOTTED LIKE HOMEBOX1 (KNOX1) and triggers primordium 

development. KNOX1 positively regulates cytokinin biosynthesis and prevents early 

cell differentiation and gibberellin (GA) synthesis. Unlike KNOX1, which prevents 

cell differentiation in SAM, ASYMMETRIC LEAF1/ROUGH 

SHEATH2/PHANTHASTICA (ARP) expressed in the developing primordium 

initiates differentiation of leaf primordium (Klave et al., 2014, Bryne et al., 2002, 

Xiong and Jiao, 2019).  
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Besides auxin, other transcription factor networks distinguish leaf primordia from the 

rest of the meristem. The MYB transcription factor ASYMMETRIC LEAVES (AS1), 

together with AS2, is involved in the repression of the SHOOTMERISTEMLESS 

(STM) and other KNOX1 genes in leaf primordia (Rodrigues et al., 2014, Machida et 

al., 2015, Matsumura et al., 2016, Ikezaki et al., 2009, Hasson et al., 2010). The 

adaxial-abaxial polarity of growing leaf primordium is maintained and strengthened 

via domain-specific expression and mutual repression of adaxial-abaxial promoting 

genes. Such as, adaxial cell fate is promoted by REVOLUTA (REV) and HD-ZIP III 

transcription factors PHAVOLUTA (PHV), PHABULOSA (PHB), AS1/2, LOB 

domain transcription factor (Du and Wang, 2015, Hasson et al., 2010) and trans-

acting small interfering RNA (tasiRNA). At the same time the abaxial domain is 

promoted by KANADI1 (KAN1) and YABBY (YAB) (DU et al., 2018, Eshed et al., 

2004, McConnell et al., 2001, Iwakawa et al., 2002, Lin et al., 2003, Ichihashi and 

Tsukaya, 2015, Kerstetter et al., 2001). 

1.3 Coordination of cell division and leaf proliferation during the growth of leaf 

blade 

Unlike the morphology of leaf primordium, the final size and shape of leaf lamina 

differ enormously among species due to the various degrees of cell division and 

expansion. During primary morphogenesis, cell division occurs throughout the 

primordia and specific structures, such as trichomes, stomata, and vasculature, begin 

to form. In parallel, dividing cells also grow; this joint activity is known as cell 

proliferation. Cell division and growth are tightly regulated to maintain the average 

size of the proliferating cells fairly constant (Skalák et al., 2019, Vercruysse et al., 

2020).  

The process of cell division is called the cell cycle and is subdivided into four phases, 

G1, S, G2, and M phase. During the S phase, the nuclear DNA is duplicated; the M 

phase, also known as the mitotic phase, where the chromosomes are separated and 

distributed into daughter cells, and the G1 and G2 phase or gap phase to prepare the 

cells for DNA replication or mitosis respectively (Qi and Zhang, 2020, Noir et al., 

2015). To ensure accurate transmission of genetic information through these phases, 

they are controlled by different groups of core cell cycle proteins, including 

CYCLINs (CYCs), Cyclin-dependent kinases (CDKs), E2F/DIMERIZATION 
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PROTEINS (E2F/DP), SIAMESE/SIAMESE RELATED (SIM/SMR) and KIP 

RELATED PROTEIN/ INTERACTOR OF CDKS (KRP/ICKs.) The core machinery-

controlled cell cycle is cyclin-depended kinases and cyclin complexes. Arabidopsis 

contains 12 CDKs named from A to E, together with many cyclin genes (Gutierrez, 

2009, Kalve et al., 2014). The involvement of all CDKs except C and E and around 

32 cyclins (A-10 cyclin, B- 11 cyclin, D-10 cyclin, and H-1 cyclin) appear to have a 

role in cell cycle activities. However, CDKA is a key player in cell cycle progression.  

The composition and activity of the CDK/CYC complex are highly phase regulated, 

such as CDKA and CYCD involved in the G1 progression and G1 to S transition, and 

CYCBs are mainly regulated in G2 to M transition. The CDKA/CYCD complex is 

activated by CDKF and CDKD coupling with CYCH through a phosphorylation 

cascade. The active CDKA/CYCD complex dissociates retinoblastoma-related protein 

(RBR) from E2F/DP complex because RBR regulates the activity of E2F-TF to 

control cell proliferation. Dissociation of RBR from the E2F/DP complex leads to the 

initiation of G1/S transition by activating the transcription of genes involved in cell 

cycle progression, transcription, chromatin dynamic, and DNA replication. Previous 

studies revealed that overexpression of E2FA and E2FB transcription factors lead to 

an enlarged phenotype in Arabidopsis due to enhance leaf proliferation. After the S 

phase, the cell enters the G2 phase to prepare for division through mitosis (Figure 2). 

CDKA/CDKB and CYCA/B/D are involved in this process. Like the G1 phase, the 

CDK/CYC complex is activated in the G2 phase, which promotes MYB repeat 

(MYB3R) transcription factors to bind M phase-specific activator (MAS) elements. 

That, in turn, activates the expression of M phase-specific genes, such as KNOLLE, 

CYCA, CYCB, CDC20 and NACK1 (Kalve et al., 2014a, Maugarny-Cales and Laufs, 

2018, Verkruesse et al., 2020). 



Introduction                                                                                                                 6
_____________________________________________________________________ 

          

Figure 2. Generalized model indicating the molecular mechanism of cell cycle 

regulation. The regulation of four phases of the cell cycle is achieved via successive 

activation and deactivation of cyclin-dependent kinases (CDKs). During the cell cycle, the 

CDKs are incorporated with cyclin (CYC) and activated by CDK activators (CDKD and 

CDKF). In contrast, KRP act as a negative regulator of CDK/CYC complexes. CDKA/CYCD 

complex regulates G1 to S transition by phosphorylating RBR and releasing the E2F 

transcription factor. E2F actives transcription of S phase-related genes. CDKA/B and 

CYCA/B/D complexes regulate G2 to M transition. The CDK complex is inactivated by 

WEE1 through phosphorylation. The exit from the M phase occurs via the degradation of 

CYCs mediated by anaphase-promoting complex/cyclosome (APC/C). Various phytochromes 

are also involved in the regulation of the cell cycle, such as Auxin, cytokinin (CK), 

gibberellin (GA), and brassinosteroid (BR). Image modified from Maugarny-Cales and 

Laufs, 2018 and Kalve et al., 2014a. 

The activity of CDK/CYCs complexes is strictly regulated by multiple mechanisms, 

such as phosphorylation by a WEE1 protein kinase and interaction with cell cycle 

inhibitor proteins KRP/ICK, SIM/SMR family proteins, and APC/C (Noir et al., 

2015). WEE1 protein kinase inactivates CDKA/CYCD complex activity through 

phosphorylation. KRP inhibits CDK/CYC complex formation because down-

regulation of KRP leads to increased cell proliferation and enlarged leaf area. 

SIM/SMR inhibits CDKA/CYCD and CDKB/CYCB complexes and promotes 

endoreduplication. Similarly, APC/C is involved in the degradation of mitotic 
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CYCB;1 through ubiquitination and regulates faster exit from the M phase (Kalve et 

al., 2014a).  

Various other genes have been reported as positive regulators of cell proliferation, 

such as ANGUSTIFOLIA3 (AN3), STRUWWELPETER (SWP), and KLUH (KLU). 

Conversely, PEAPODS and BIG BROTHER genes negatively regulate cell 

proliferation and organ growth (Lee et al., 2009). AN3, also known as GRF-

INTERACTING FACTOR1 (GIF1), interacts with GROWTH REGULATING 

FACTOR5 (GRF5) and promotes cell proliferation (Ichihachi and Tsukaya 2015, 

Horiguchi et al., 2005). It binds with the chromatin binding complex 

SWITCH/SUCROSE NONFERMENTING (SWI/SNF) to regulate transcription 

during leaf development (Verkruyssen et al., 2014). In addition to the role of various 

genes and transcription factors in cell division and proliferation, various hormones 

and growth factors also regulate cell cycle progression because they positively 

regulate the expression/ activity of CDKs. GA is involved in the repression of cell 

cycle inhibitor KRP2, SIAMESE, and BRs control exit from mitosis (Du et al., 2018). 

Similarly, cytokinin is not only involved in the maintenance of SAM but also acts as a 

regulatory signal of leaf proliferation together with auxin. Cytokinin, together with 

auxin, induces the expression of CDKA that regulates the transition of the G1/S or 

G2/M phase of cell division (Mogarney-Cales and Laufs, 2018, Kalve et al., 2014a). 

1.4. Transition from cell division to expansion 

During secondary morphogenesis, cell division and proliferation are replaced by cell 

expansion. The processes of cell proliferation and expansion are strictly and timely 

regulated for proper organogenesis and to acquire final leaf size. The transition of cell 

proliferation to expansion is a complicated process that occurs gradually, with various 

factors interacting to create a network of growth control at both transcription and 

posttranscriptional levels. Several regulators are involved during the transition of cell 

proliferation to expansion, such as auxin. Downstream auxin signaling gene AUXIN 

RELATED GENE INVOLVED IN ORGAN SIZE (ARGOS) enhances the expression of 

APETALA like the TF family gene AINTEGUMENTA (ANT). ANT is involved in 

regulating organ size by controlling cell numbers in proliferating tissue through the 

activation of cell cycle driver CYCD3;1 (Kalve et al., 2014a). Genetic studies have 

shown that separate regulatory pathways are involved in both longitudinal and lateral 
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leaf expansion. ROTUNDIFOLIA (ROT3 or ROT4) regulates longitudinal expansion, 

and ANGUSTIFOLIA (AN) regulates lateral expansion (Kalve et al., 2014b).  

Cell expansion requires the loosening of a cell wall, which is mediated by the activity 

of cell wall loosening enzymes, including EXPANSINs (EXPs), XYLOGLUCAN 

ENDOTRANSGLUCOSEYLASE/HYDROLASEs (XTHs), XYLOGLUCAN 

ENDOHYDROLASE (XEH), XYLOGLUCAN ENDOTRANSGLUCOSYLASE 

(XET), PECTIN METHYLESTERASEs (PMEs) (Majda and Robert, 2018, Kalve et 

al., 2014a, Verkruyssen et al., 2014) and reactive oxygen species (ROS) (Schmidt et 

al., 2016). Auxin stimulates the activity of plasma membrane H+-ATPase proton 

pumps through auxin-inducible SMALL AUXIN UP RNA (SAUR) protein, which 

pumps out proton to the wall matrix resulting in acidification of the apoplast and the 

loosening of the cell wall (Cosgrove 2005, Kalve et al., 2014, Verkruyssen et al., 

2014, Majda and Robert, 2018). SAUR36 acts as a negative regulator of cell 

expansion, and SAUR53 positively regulates cell elongation (Kathare et al., 2018). 

Besides SAUR family genes and EXPs, numbers of other proteins that have also been 

described to involve in leaf expansion are ARABIDOPSIS THALIANA 

HOMEOBOX 12 (ATHB12), EOD3/CYP78A6, and KUODA 1 (KUA1) (Lu et al., 

2014, Hur et al., 2015).  

1.5 Cell differentiation in Arabidopsis leaves 

1.5.1.  Differentiation of vascular tissue 

Vascular tissues are composed of xylem and phloem that transport nutrients and 

signals internally and play an essential role in plant development and survival. In 

Arabidopsis leaves, the vascular system is composed of a continuous network of 

interconnected veins that develop a hierarchical reticulate venation pattern starting 

from the central primary vein, followed by the successive addition of secondary veins 

and, finally, higher veins (Wenzel et al., 2007, Biedroń and Banasiak, 2018). Vein 

formation starts in the early stage of leaf initiation and proceeds simultaneously with 

expansion. Generally, vascular cells differentiate from procambial cells under the 

control of increased auxin flow. Auxin plays a vital role during vein formation that is 

distributed by carrier protein PIN1 (Lee et al., 2014, Scarpella et al., 2006, Du et al., 

2018). Besides PIN1, several other proteins are considered to involve in vascular 
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differentiation, such as ARABIDOPSIS THALIANA HOMEBOX8 (ATHB8), DNA 

BINDING WITH ONE ZINC FINGER (DOF) and MONOPTEROS (MP) (Biedroń 

and Banasiak, 2018). The ATHB8, a member of the HD-ZIP III gene family is 

induced by auxin and involved in early vascular development, such as the 

development of pre-procambium and procambium. Together with other transcription 

factors of this family, such as REV, PHB, PHV, and CORONA (CNA), ATHB8 is 

involved in vascular pattern formation, tissue specification, cell division, and 

differentiation (Biedroń and Banasiak, 2018, Kalve et al., 2014a). 

1.5.2. Trichome formation 

During leaf development, specific epidermal cells convert into specialized cells 

known as leaf hairs or trichomes. Trichomes are an excellent model system for 

studying cell fate determination, cell polarity and cell expansion, and cell cycle 

regulation because the differentiation of trichomes follows the same sequence of the 

event as observed in other cells that form complex organs and tissues (Kalve et al., 

2014a, Gutierrez, 2009, Marks et al., 1989, Pattanaik et al., 2014). Arabidopsis 

contains large unicellular trichomes on the areal parts of the plant, such as leaves, 

stems, branches, and floral organs, with increased DNA content compared to the 

normal diploid cell (Hülskamp, 2004). Various genes are involved in trichome 

development to determine its morphology, position and spacing. The initiator 

complex is composed of the R3R2 MYB transcription factor, GLABRA1 (GL1), 

bHLH transcription factor GLABRA3 (GL3), and the WD40 repeat factor 

TRANSPARENT TESTA GLABRA (TTG1), while CAPRICE (CPC), 

TRIPTYCHON (TRY), ENHANCER OF TRY AND CPCs (ETC1, 2 and 3) and 

TRICHOMELESS (TCL1, 2 and 3) act as an inhibitor of trichome initiation. The 

initiator complex (GL1, GL3, and TTG1) regulates GLABRA2 (GL2) to control 

trichome development. Meanwhile, the inhibitor complex moves to the neighbouring 

cell and assembles there with TTG1 and GL3, resulting in the dissociation of GL1 and 

thereby leading to the inhibition of GL2 expression (Doroshkov et al., 2019, Pattanaik 

et al., 2014, Kalve et al., 2014a, Gutierrez, 2009, Cox and Smith, 2019). 

1.5.3. Formation of guard cells  

Guard cells are specialized cells surrounding stomata and regulate gas and water 
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exchange by controlling the stomatal aperture. The formation of guard cells is 

initiated by protodermal cells that undergo a cellular transition to become 

meristemoid mother cells (MMCs). The MMCs undergo division asymmetrically and 

produce large stomatal lineage ground cells (SLGC) and small meristemoids. The 

SLGC gives rise to a new meristemoid by subsequent asymmetric division. The 

meristemoids eventually differentiate in guard mother cells (GMCs), which undergo a 

single symmetric division and cell fate transition to produce a pair of terminally 

differentiated guard cells (GCs). Various genes have been identified as a regulator of 

the transition of GMC to guard cells, including bHLH proteins SPEECHLESS 

(SPCH), MUTE, and FAMA. SPCH regulates the initial symmetric division, while 

MUTE transforms meristemoids to GMC, and FAMA is involved in the conversion of 

GMC to GCs. Two additional bHLH proteins, INDUCER OF CFB 

EXPRESSION1/SCREAM1 (ICE1/SCRM1) and SCREAM2 (SCRM2), also regulate 

GMCs to GC transition and cell proliferation. Besides that, CDKB1;1, CDKB1;2, and 

members of MITOGEN ACTIVATED PROTEIN KINASE (MAPK), YODA, MAPK 

kinase 7, and MAPK kinase 9 are also expressed in stomatal cell lineage and regulate 

the transition of GMCs to guard cells (Pillitter and Torii, 2012, Hachez et al., 2011, 

Lau and Bergmann, 2012, Kalve et al., 2014, Kanaoka et al., 2008). 

2. An overview of photosynthesis and photorespiration 

In higher plants, photosynthesis occurs in two steps: the light-dependent reactions and 

the Calvin-Benson cycle. The light-dependent reactions occur in the thylakoid 

membrane of the chloroplast, which is the main site of photosynthesis, containing the 

reaction centers of the photosystems surrounded by light-harvesting complexes 

(LHC). During light reactions, water molecules split into protons, electrons, and 

oxygen on the luminal side. The manganese cluster present at the center of PSII 

extracts the electrons, which then reduces a tyrosine found at the D1 subunit of PSII. 

Here the electron is transferred to the core chlorophyll of PSII. Upon excitation, the 

linear electron transport takes place from photosystem II (PSII) to plastoquinone 

(PQ), cytochrome b6/f (Cyt b6f), plastocyanin (PC), and finally to photosystem I 

(PSI), where it is accepted by the terminal acceptor ferredoxin (FD) and used to 

reduce NADP+ to NADPH. The electron transfer reaction across the membrane is 

coupled to proton transport from the chloroplast stroma to the thylakoid lumen 
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generating changes in pH gradient, which drives ATP synthase for ATP production 

(Nelson and Yucum, 2006). The ATP and NADPH produced during the light reaction 

are used during CO2 assimilation in the Calvin-Benson cycle (Foyer et al., 2012, 

Rochaix, 2011).  

The Calvin-Benson cycle starts with the carboxylation of ribulose-1, 5-bisphosphate 

(RuBP) by the enzyme Rubisco and produces 3-Phosphoglycerate (PGA) (Raines, 

2003, Hugler and Sievert, 2011, Reumann and Weber, 2006). In the reduction phase, 

the resulting PGA is immediately phosphorylated by ATP, followed by reduction into 

glyceraldehyde 3-phosphate. Later, this triose phosphate is converted into either 

sucrose or starch. In the regeneration phase, triose phosphate is used to regenerate 

RuBP again under the consumption of ATP (Figure 3, Raines, 2003).   

        
Figure 3. Schematic representation of Rubisco dual activity. 

During the Calvin cycle, Rubisco reacts with CO2 in the presence of RuBP and generates two 

molecules of 3-PGA, which in turn is used in sugar synthesis as well as in RuBP regeneration. 

While in photorespiration, it reacts with O2 and produces one molecule of 2-PG and 3-PGA. 

2-PG go through a series of energy-requiring reactions and finally releases CO2 and NH3. 

 

Rubisco is considered to be the most abundant protein on earth (Bar-On et al., 2019). 

It has a pivotal role in carbon fixation in photoautotrophic plants. Rubisco is a dual-
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functional enzyme. Besides carboxylation reaction, it also reacts with oxygen, 

especially under lower CO2 conditions and produces one molecule of 3-PGA and one 

molecule of 2-phosphoglycolate (2-PG) (Hatch 1987). This side reaction is very 

unfavorable for plants because 2-PG is a toxic compound (Bowes et al., 1971); 

however, it is immediately converted into 3-PGA by a process called 

photorespiration, as shown in figure 3 (Fernie et al., 2013, Peterhansel et al., 2010, 

Hodges et al., 2016). 

2.1 Photorespiration is an energy-demanding but essential process in plants 

Photorespiration is an energy-demanding process and can lead to the loss of up to 

25% of assimilated CO2, whereas the rate is increased in hot and dry conditions 

(Andersson, 2008). Photorespiration requires enzymatic reactions in three organelles 

chloroplast, peroxisome, and mitochondria (Peterhansel et al., 2010). During 

photorespiration, 2-PG is hydrolyzed into glycolate in the chloroplast, which is then 

exported to the cytosol by glycolate/glyoxylate transporter and subsequently diffused 

into peroxisome (Pick et al., 2013). In peroxisome, the glycolate is oxidized into 

glyoxylate by glycolate oxidase (GOX), which is transaminated to 2-glycin by 

glutamate: glyoxylate aminotransferase (GGT) and serine: glyoxylate 

aminotransferase (SGT). Glycin is transported from the peroxisome to mitochondria, 

where it is converted to serine by glycine decarboxylase (GDC) and serine 

hydroxymethyltransferase (SHMT), and the remaining nitrogen and carbon are 

released as ammonia and CO2. Serine molecule is transported back to peroxisome and 

converted into hydroxypyruvate. Hydroxypyruvate is reduced to glycerate and 

subsequently phosphorylated into 3-PGA in the chloroplast that re-enters in the 

Calvin Benson cycle. The amine group generated in the mitochondria is reused to 

make new glycin from glyoxylate (Figure 4, Peterhansel and Maurino, 2011, Hu et 

al., 2012, Reumann and Weber, 2006). Though the toxic 2-PG is successfully 

eliminated during photorespiration, but it costs a lot of energy because ATP and 

NADPH are needed to operate photorespiration. It is assumed that photorespiration 

cost approximately 50% extra energy for photosynthesis (Peterhansel et al., 2010) and 

in C3 species, this process is responsible for the loss of up to 30% of assimilated CO2. 

As the rate of oxygenation of Rubisco increases, in consequence, the efficiency of 

photosynthesis will be decreased. However, plants developed different ways to deal 

with photorespiration, such as the development of C4 photosynthesis (Gowik and 
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Westhoff, 2011). The C4 pathway is a mechanism to overcome the limitation of 

photorespiration and suppresses oxygenation reaction by elevating CO2 concentration 

around the Rubisco and acting as a biochemical CO2 pump (Furbank and Taylor, 

1995, Sage, 2004, Kajala et al., 2011). 

           

Figure 4. Photorespiratory cycle. 

Distribution of photorespiratory reactions between chloroplast, mitochondria, and 

peroxisomes. Enzymes involved in the pathway are highlighted in red. Abbreviation of 

metabolites and enzymes are as follow; RuBP, Ribulose 1,5 bisphosphate; 3-PGA, 3-

phosphoglycerate; 2-PG, 2-phosphoglycolate; α-KG, α-ketoglutarate; Glu, glutamate; Gly, 

glycine; Ser, serine; CH2-THF, methylenetetrahydrofolate; 2-OG, 2-oxoglutarate; Gln, 

glutamine; Rubisco, ribulose I, 5 bisphosphates carboxylase/oxygenase; PGLP, 

phosphoglycolate phosphatase; GLYK, glycerate kinase; GOX, glycolate oxidase; HPR, 

hydroxypyruvate reductase; GGT, glutamate-glyoxylate aminotransferase; SHMT, serine 

hydroxymethyltransferase; GDC,  glycine decarboxylase complex; GLS, glutamate synthase;  

GS, glutamine synthase; SGT, serine glyoxylate aminotransferase. 

2.2 The C4 cycle 

 2.2.1 Kranz anatomy; A CO2 concentrating mechanism compensating 

photorespiration 



Introduction                                                                                                                 14
_____________________________________________________________________ 

All higher plants are classified into C3, C4, and Crassulacean Acid Metabolism (CAM) 

based on their initial carbon fixation mechanism. In C3 species, the CO2 is fixed in the 

form of a three-carbon compound by Calvin Benson cycle enzyme Rubisco in the 

mesophyll cells. While in C4 plants, the atmospheric CO2 is initially fixed into four 

carbons compounds in the M cell, which is transported into BS cells, where CO2 is 

released by the action of the decarboxylating enzyme and is refixed by Rubisco within 

the Calvin cycle. C4 plants are characterized by a high rate of photosynthesis and 

better adaptation to an environment of elevated temperatures, intense sunlight, and 

drought compared to C3 ancestors. These characteristics are associated with the 

special leaf anatomy of C4 species, where M and BS cells form successive layers 

around the vascular bundles. This typical leaf anatomy is known as Kranz anatomy, 

first described by Haberlandt (1881) (Dengler and Nelson, 1999, Fouracre et al., 

2014, Westhoff and Gowik, 2010). 

,  

Figure 5. Comparative leaf anatomy of C3 and C4 plants.  

Unlike C3 relatives, C4 leaf have a higher bundle sheath/mesophyll cell ratio with more 

contact between both cell types. M, mesophyll cell; BS, bundle sheath cells. Arabidopsis leaf 

cross-section is taken from a self-made cross-section and Sorghum is adapted from El-

Sharkawy, 2016.   

The anatomical features of C4 plants show great alteration compared to the C3 

ancestors (Figure 5). The specialized anatomy of C4 leaves is assumed to be 

developed by spatial and quantitative differentiation of the C3 leaves (Nelson, 2010, 

McKown and Dengler, 2007). Such as, C4 leaves are characterized by dense venation 

(McKown and Dengler, 2010), usually leading to a 1:1 ratio of M and BS cells and 

abundant connection between mesophyll and BS cells via plasmodesmata to exchange 
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metabolites (Dengler and Nelson, 1999, Nelson, 2010). In the majority of C4 plants, 

the mesophyll cells are arranged in a radial direction (Ueno et al., 2006) that allows 

each cell to be in contact with BS cells and serve to supercharge the bundle sheath 

cells with CO2, which enables highly efficient and productive assimilation of CO2 into 

carbohydrates by the Calvin cycle in the BS cells. The volume of intercellular space, 

interveinal distance, and leaf thickness are reduced compared to C3 relatives. The BS 

cells of C3 and C4 species also differ in their size and numbers of organelles, e.g., the 

C3 BS cells are smaller in size and constitute fewer chloroplasts ( 15% in A. 

thaliana) compared to C4 BS cells, which are large in size and rich in chloroplasts and 

other organelles to carry out photosynthetic activities, giving C4 leaf distinctly 

different appearance than a typical C3 leaf (Leegood, 2008, Muhaidat et al., 2011, 

Stata et al., 2014). 

2.2.2. The basic biochemical pathway of C4 photosynthesis 

C4 photosynthesis is more complicated than C3-type photosynthesis. Usually, in C4 

photosynthesis, all relevant enzymes are split between mesophyll cells and bundle 

sheath cells, while in C3 leaves, the photosynthesis occurs in all photosynthetic cells 

(Hatch, 1987). C4 photosynthesis is a series of biochemical and structural adjustments 

to concentrate CO2 around Rubisco by the exploitation of phosphoenolpyruvate 

carboxylase (PEPC) and other enzymes (Sage, 2004). C4 photosynthesis starts with 

the conversion of CO2 into bicarbonate (HCO3) by carbonic anhydrase (CA). HCO3 

is used as a substrate by the enzyme PEPC to carboxylate the 3-carbon compound 

phosphoenolpyruvate (PEP), resulting in the four-carbon compound oxaloacetate 

(OAA); hence the name C4. OAA is immediately reduced to malate by NADP-malate 

dehydrogenase (NADP-MDH). Malate is then translocated from mesophyll to bundle 

sheath cells, where Rubisco is located and is degraded to CO2 and pyruvate by 

NADP-ME (NADP-dependent malic enzyme) (Hatch et al., 1975, Kanai and Edward, 

1999). The enzyme Rubisco refixes the released CO2 in the bundle sheath in the 

Calvin-Benson cycle. The three-carbon compound pyruvate produced because of CO2 

release in the bundle sheath, diffuses back to mesophyll cells and is regenerated into 

PEP by pyruvate phosphate dikinase (PPDK) to maintain the C4 cycle as shown in 

figure 1 (Hatch, 1987, Sage, 2004) 
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However, C4 plants also exhibit NAD-ME (NAD-malic enzyme) and PEPCK 

(Phosphoenolpyruvate carboxykinase) types of photosynthesis. Unlike the NADP-ME 

type, in NAD-ME and PEPCK subtypes, the OAA is transaminated to aspartate by the 

enzyme aspartate-amino transferase (AspAT) in the M cytosol and is translocated to 

the bundle sheath cells. However, in both NAD-ME and PEPCK types, the aspartate 

is converted back to OAA in the bundle sheath mitochondria and cytosol, 

respectively. In NAD-ME subtypes, the OAA is first reduced to malate by the enzyme 

NADP-ME and then de-carboxylated into pyruvate by NAD-malic enzyme (NAD-

ME), releasing CO2 into the mitochondria, which is then diffuses into chloroplasts. In 

the PEPCK subtypes, the OAA is de-carboxylated by PEPC, yielding PEP and CO2 in 

the cytosol. The CO2 released as a result of decarboxylation in all three types is used 

in the Calvin cycle, while the PEP (PEPCK types) and pyruvate (NAD-ME types) are 

converted into alanine and transported into mesophyll cells, as shown in the figure 6 

(Hatch et al., 1975, Kanai and Edward, 1999, Furbank, 2011). Various studies have 

reported that depending on the environmental conditions, some C4 species with 

NADP-ME subtypes (maize, sugarcane, and sorghum) showed some flexibility using 

the three-carboxylation enzyme. Such as, maize showed a considerable amount of 

PEPCK activity in the bundle sheath and gene expression analysis level of PEPCK in 

mature sugarcane leaves. 
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Figure 6. Illustration of carbon fixation and concentrating mechanism in three C4 

subtypes; NADP-ME, NAD-ME, and PEPCK types.  

Abbreviation of enzymes PEPC, phosphoenol-pyruvate carboxylase; NAD-MDH, NAD-

malate dehydrogenase; NADP-MDH, NADP-malate dehydrogenase; NAD-ME, NAD-malic 

enzyme; NADP-ME, NADP malic enzyme; Rubisco, ribulose-1,5-bisphosphate 

carboxylase/oxygenase; AstAT, aspartate aminotransferase; AlaAT, alanine aminotransferase; 

PPDK, Pyruvate orthophosphate dikinase. Metabolites abbreviations: CA, carbonic 

anhydrase; PEP, phosphoenol-pyruvate; OAA, oxaloacetate; Asp, aspartate; Ala, alanine; Pyr, 

pyruvate; M, malate; PGA, 3-phosphoglyceric acid. Source image adapted from Reeves et al., 

2017 

Unlike C3 species, the Rubisco in C4 has located in the BS cells and decarboxylation 

in this compartment leads to an elevated concentration of CO2 around the Rubisco 

(Furbank, 2011). Therefore, the oxygenation reaction in C4 has reduced drastically, 

leading to photorespiration repression since Rubisco's activity mainly depends on the 

surrounding CO2 /O2 ratio. Hence photorespiration in C4 plants is not entirely 

abolished but occurs at a significantly low rate compared to C3 plants. 

 

2.2.3. Evolution of C4 syndrome 

C4 photosynthesis has evolved at least 66 times independently from C3 pathways over 

the last 35 million years (Sage et al., 2011a). So far, 8145 species have been 

identified, which are distributed to 19 families of mono- and dicotyledonous. These 

species include 5044 grasses, 1322 sedges, and 1777 eudicots (Sage, 2017). These 

families are physiologically distinct from each other. Such diverse occurrence of C4 

plants indicates that C4 photosynthesis evolved on several occasions independently 

from the C3 ancestor during the evolution of angiosperm (Westhoff and Gowik, 2004) 

and the discovery of the C3- C4 intermediate has been hypothesized as an evolutionary 

intermediate to C4 pathway (von-Caemmerer et al., 2017). Though the number of 

species performing C4 photosynthesis is very low, around 8000 species of more than 

250,000 species worldwide, it constitutes 23% of the terrestrial biomass production on 

earth. C4 evolution is assumed as a consequence of the abrupt atmospheric CO2 

decline from 1000 ppm to 390 ppm (Christin et al., 2008). This dramatic reduction of 
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CO2 led to the transition of C3 to C4 photosynthesis, first reported in a primitive C4 

grass lineage Chloridoidea, which evolved around 30 Mya (Christin et al., 2008, Liu 

et al., 2013). Besides atmospheric CO2 concentration, high temperature, salinity, and 

arid condition-driven stomata closure could also promote C4 evolution (Sage, 2004, 

Osborne and Sack, 2012).  

The transition from C3 to C4 did not require drastic changes but occurred gradually 

with small changes in a stepwise sequence, and each step produced a new trait which 

was evolutionary beneficial (Sage, 2012, Willuda et al., 2012). Studies on closely 

related species showed that during C4 evolution, the transcription abundance of 

approximately 600 or even more genes was altered in C4 compared to C3 species 

(Gowik et al., 2011, Külahoglu et al., 2014, Bräutigam et al., 2011). Sage (2004) 

classified the evolution of the C4 trait into five phases, preconditioning, the evolution 

of proto-kranz anatomy, the establishment of C2 photosynthesis, the establishment of 

the C4 cycle in M and BS cells and optimizing the C4 cycle. The preconditioning step 

starts with genome or single-gene duplications resulting in genetic redundancy. 

Multiple copies of a gene allow the evolutionary modification of one copy without 

disturbing the original function of that gene (Gowik and Westhoff, 2011), and the 

resulting modification leads to obtaining a new function to increase fitness toward 

changing environment. For example, C3 ancestor genes CA, PEPC, PEPCK, NADP-

ME, and NADP-MDH have been reported to experience duplication/neo-

functionalization before they were recruited in the C4 pathway (Liu et al., 2013). Such 

as C3, C3 - C4 intermediate, and C4 Flaveria species contain two CA genes, cytosolic 

and chloroplastic CA, performing a distinct function. Gene duplication is followed by 

anatomical preconditioning, such as increasing venation in C3 leaves and reducing the 

distance between M and BS cells by decreasing the interveinal space or/and 

enlargement of BS that allows efficient metabolites changes between two cells. 

Increased venation also facilitates efficient water supply, reduces evaporation, and 

promote adaptation toward hot and dry condition (Sage, 2004, 2014, Liu et al., 2013). 

Increased vein density has been observed in C3 species from the hot and semi-arid 

regions. It seems particular for C3 sister clades of C4, such as Cleome, Antcharis, 

Euphorbia, Heliotropium, Mullogo, and Salsola (Khoshraveh et al., 2012, Marshall et 

al., 2007, Muhaidat et al., 2011, Sage et al., 2011b, 2014, Voznesenskaya el al., 2013, 
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Christin et al., 2011). In Flaveria, enlarged BS has been observed in C3 species, F. 

cronquistii (Sage et al., 2014). 

After preconditioning, the plant enters the next step of C4 evolution, known as the 

establishment of Proto-kranz anatomy. In a typical C3 ancestor, BS have few 

chloroplasts with little photosynthetic activity. In this step, the activation of BS cells 

happened, such as an increasing number of chloroplasts, mitochondria as well as 

enhanced Rubisco in the BS cells (Sage et al., 2013, Gowik and Westhoff, 2011) first 

described in Helitropium species H. procumbens and H. karwinskyi and in Flaveria 

species, F. pringli and F. rubusta (Sage et al., 2014). An increased venation raised the 

BS to M ratio, leading to the loss of M tissue as well as an overall photosynthetic 

activity since M cells show high photosynthetic activity in ancestor C3. The 

evolutionary pressure to maintain photosynthetic activity would favour an increasing 

number of chloroplasts in BS cells. Similarly, enhanced Rubisco expression in BS 

cells leads to elevate photorespiration, consequently, more mitochondria and 

peroxisome are required to metabolize photorespiratory glycine (Liu et al., 2013). 

Once the proto-kranz anatomy is established, it influences the relocation of 

photorespiratory GDC from M to BS cells. That involved the restriction of GDC into 

BS tissue, achieved by molecular manipulation of the existing process in two steps. 

Firstly, duplication of GDC followed by sub-functionalization of two copies 

expressed separately in M and BS cells. Secondly, loss of expression of GDC of 

expression in M cells by mutation. This type of modification is observed in C3 – C4 

intermediate species Moricandia arvensis, where the P subunit of GDC is no more 

functional in M cells since the enzyme is inactive without this subunit (Rylott et al., 

1998). Loss of GDC in M cells induced photorespiratory glycine transport to BS cells 

because, in M cells, the glycine is no more carboxylated. Hence, a constant transport 

of glycine from M to BS takes place. Decarboxylation of glycine in BS cells prevents 

photorespiratory CO2 loss, thereby creating a photorespiratory CO2 pump in the BS 

cells. Under the high photorespiratory condition, the glycine shuttle causes three-fold 

more CO2 in the BS compared to mesophyll cells, thus enhancing photosynthetic 

efficiency by 30%. Elevated CO2 may also lead to a further increase in organelle 

number in BS cells (Gowik and Westhoff, 2011, Sage 2004, Liu et al., 2013, 

Bräutigam and Gowik, 2016). However, the photorespiratory pump does accumulate 
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not CO2 only but also nitrogen in the BS cells, creating a nitrogen imbalance between 

M and BS cells. This led the plant to develop a recycling mechanism to shuttle 

ammonia back to the M cells. All these conditions finally led to the evolution of the 

C4 cycle (Figure 7, Mallmann et al., 2014).  

Figure 7.  Model of stepwise evolution of C4 photosynthesis.  

BS, bundle sheath; GDC, glycine decarboxylase; PEPC, phosphoenolpyruvate carboxylase. 

Modified from Sage et al., 2012 and Gowik and Westhoff, 2011. 

The key step toward true C4 photosynthesis is the enhanced expression and strict 

compartmentalization of key enzymes between M and BS cells, such as CA, PEPC in 

the M cell and Rubisco in the BS cells. Various studies have shown that the 

differential expression of C4 genes is regulated at different levels, i.e., transcriptional, 

post-transcriptional, translational, and post-translational levels (Reeves et al., 2017) 

and a single change in the cis/trans-regulatory element could lead to a tissue-specific 

gene expression. For example, in Flaveria, the MEM (M expression module) at the 

distal end ppcA promoter control the integrity and location of PEPC expression that 

went through a minimal alteration of base pair changes during C4 evolution leading to 

a M-specific expression of PEPC. Similarly, the BS-specific expression of NADP-ME 
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and NAD-ME is also under the control of trans-acting regulatory factors (Sage et al., 

2012, Westhoff and Gowik, 2004). As the glycine shuttle results in elevated CO2 in 

the BS cells, in consequence, the PEPC activity in the M cell could also rise to 

scavenge CO2 escaping from BS cells or diffusing from intercellular space. 

Correspondingly, other enzymes required for the C4 cycle would also increase to 

sustain PEP regeneration (Sage, 2004). This type of modification has been observed 

in C3 - C4 intermediate Flaveria, where PEPC activity has increased five to 20 folds 

compared to C3 species (Liu et al., 2013). The final step toward C4 photosynthesis is 

the optimization of photosynthetic efficiency, which includes alteration in the kinetics 

and regulatory set point of C4 enzymes for efficient operation in M and BS cells (Sage 

et al., 2012).   

3. Photosynthesis in Sorghum bicolor 

Sorghum bicolor is a typical African C4 cereal and the fourth most important cereal 

worldwide after rice, maize, and wheat. It is grown for fiber, food, and fodder in 

Africa and many other developing countries and is a source of biofuel in the US. 

Being a C4 plant species, it has high photosynthetic efficiency and high water use 

efficiency, grown in arid, semi-arid regions and those areas which are not suitable for 

the growth of other cereals (Li et al., 2019, Zhang et al., 2011, Jagtap et al., 1998, 

Christine et al., 2005). S. bicolor is a C4 plant exhibiting NADP-ME type 

biochemistry. Leaf development in Sorghum requires light contrasting other 

monocotyledonous species, i.e., barley, maize and oat. When Sorghum seedlings are 

grown in the dark, the etiolated leaves remain tiny and enclosed by the coleoptile. 

After a prolonged dark period, some leaves begin to emerge from the coleoptile but 

remain small and unfolded (Schrubar et al., 1990). The polypeptides of water splitting 

apparatus, cytochrome b6f and light-harvesting complex of PSII and PSI were not 

detected in dark-grown seedlings, and their accumulation started only after 

illumination. Also, the level of plastid DNA and RNA and β-subunit of the plastid-

encoded RNA polymerase increased only after illumination (Schrubar et al., 1990). In 

addition, S. bicolor is characterized by a relatively small genome (~730 Mb) that is 

completely sequenced, consists of ten chromosomes, and shows a low frequency of 

gene duplications (Paterson, 2009). The gene expression patterns of M and BS cells 

differ drastically at a very early stage of seedlings (Wyrich et al., 1998). These entire 
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characteristics made S. bicolor an important candidate to study light-induced leaf 

development and gene expression.
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II. Scientific aims 

Plants using C4 photosynthesis have higher CO2 and radiation use efficiency than 

those using the C3 pathway. It is estimated that C4 plants have approximately 50% 

higher photosynthetic efficiency than C3 plants, but it is only used by about 3% of all 

vascular plant species (Edwards et al., 2010). However, most crops are still using the 

C3 pathway, and this process is responsible for the loss of up to 30% of assimilated 

CO2. It is an ambitious goal to install the C4 pathway into C3 crops to boost 

agricultural yield. Though C4 photosynthesis evolved from C3 ancestors with the 

altered expression of thousands of genes, therefore, most enzymes required for C4 

photosynthesis are already present in C3 species, but they acquired cell specific 

expression patterns. Therefore, the integration of a fully functional C4 cycle in C3 

hence requires a prior understanding of the genetic basis, particularly the central 

regulators. Therefore, we pursued two different strategies. 

(1) Since leaf development and chloroplast development in Sorghum are strictly light-

dependent. We wanted to exploit this fact by recording developmental transcriptome 

patterns after inducing leaf development by light in Sorghum seedlings that had been 

etiolated. We aimed to identify regulators, such as transcription factors, that could 

explain how leaf development is regulated in C4 species. The transcriptome data set 

was prepared from etiolated and illuminated Sorghum seedlings at six-time points 

starting from 1h to 24h of illumination. The transcriptome data was assessed using the 

pairwise comparison between etiolated and illuminated seedlings at each time point. 

The results of this work are presented in the Manuscript I of the thesis.  

(2) In parallel, we pursued a genetic approach with the C3 genetic model Arabidopsis 

thaliana, explicitly aiming to identify regulators of bundle-sheath development and 

hoping to use this knowledge for the engineering of Kranz anatomy in current C3 

crops. Our study identified genes responsible for the mutant phenotype of ebss1 and 

fbss1 using CRISPR/Cas9 gene modification. The ebss1 and fbss1 mutants were 

isolated from EMS forward genetic screening showing altered reporter gene signal in 

the bundle sheath cell. The results of this work are presented in the Manuscript II of 

the thesis. 
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III. Summary 
Leaf morphogenesis is a crucial process for a plant to adjust the cellular arrangement 

of photosynthetic tissue in an optimized way to improve photosynthetic activity. 

During evolution, leaves of C3 plants underwent a few anatomical and cellular 

adaptations to acquire C4 anatomy. The changes include the development of Kranz 

anatomy, enlargement of mesophyll (M) and bundle sheath size (BS), increased 

number of chloroplasts in BS cells, enrichment of plasmodesmata between M and BS 

cell to facilitate metabolic exchange, followed by compartmentation of CO2 

assimilation and fixation by increasing PEPC activity in the M cell and Rubisco in the 

BS chloroplast. To identify novel regulators underpinning C4-specific leaf 

development, in this study, we presented two different approaches.  

In the first approach, we analyzed leaf anatomy and transcriptome dataset of etiolated 

and illuminated Sorghum seedlings using light as a trigger of leaf development. We 

observed that the leaf development in Sorghum is arrested in the dark because, during 

etiolation, the leaves remained pale and enclosed in the coleoptile. Leaves emergence 

and greening were observed only after light exposure. Transcriptome data analysis 

showed a strong correlation between leaf development and chloroplast biogenesis 

in Sorghum. Genes involved in chloroplast development and differentiation, assembly 

of photosynthetic apparatus and C4 cycle genes showed light-induced accumulation. 

Moreover, genes involved in various pathways do not accumulate sequentially but 

rather coordinately. More interestingly, the nuclear-encoded genes expressed at early 

exposure, while plastid-encoded genes required a longer exposure time. 

In the second approach, numerous BS mutants were produced using a forward genetic 

screen of EMS-induced mutant lines in Arabidopsis thaliana using a bundle sheath 

labelled with GFP reporter genes. The BS mutants were selected based on the altered 

reporter gene signal intensity and hypothesized that the altered signal intensity of the 

BS could be due to changes in BS numbers and/or chloroplast inside the BS cells. By 

pursuing a mapping-by-sequencing approach, the genomic segments containing 

mutated candidate genes were identified. Two EMS-induced mutant lines, ebss1 (high 

reporter genes signal in the BS cell) and fbss1 (low reporter genes signal in the BS 

cell), were selected for further investigation to identify the putative genes responsible 

for ebss1 and fbss1 mutant phenotype. By pursuing CRISPR/Cas9-induced genetic 
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modification of candidate genes, it was revealed that the mutant allele of At2g25970 

was responsible for high GFP signals in ebss1 BS cells and the elevated GFP signal 

intensity was due to an increased number of BS cells. Furthermore, At5g04940 

(SUVH1) was proven to be a responsible gene for the fbss1 mutant phenotype. 
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Abstract 

Aiming to understand light regulation of C4 leaf development, including chloroplast 

development in Sorghum, we investigated differential gene expression between seven 

days old, etiolated and etiolated seedlings illuminated for 1h, 2h, 4h, 6h, 8h and 24h 

using RNA sequencing approaches. Among 4742 differentially expressed genes 

between etiolated and de-etiolated seedlings at six-time points, large number of genes 

were associated with chloroplast development and organization, regulation and 

assembly of the photosynthetic machinery, and genes involved in the regulation of the 

C4 cycle. The expression of genes involved in chloroplast division and differentiation 

increased in the early hours of illumination, i.e., HY5 was observed at its peak after 1h 

of illumination. Conversely, the repressor of photomorphogenesis, PIF3 and PIF4, 

were downregulated with increased exposure time. In addition, photosystem-related 

genes show high sensitivity to light. Many of them were not detected in the etiolated 

Sorghum seedlings, such as PSII and PSI subunits, light-harvesting complexes, ATP 

synthase, and cytochrome b/f complex but increased substantially after illumination, 

suggesting that the biogenesis of the photosynthetic apparatus correlates with the 
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transition from dark-grown to light-grown morphology. We also observed light-

dependent accumulation of carbon assimilation genes, including RBCS and PEPC. 

However, the amount of transcript increase was not uniform. No increase in the 

expression of RBCL was observed during 24h of illumination. Furthermore, we 

observed two distinct regulatory phases of the establishment of photosynthesis during 

chloroplast development, i.e., the nuclear-encoded genes of photosynthetic apparatus 

expressed at early chloroplast development (2-4h of illumination). In contrast, plastid-

encoded genes do not express during 24h of illumination except for two transcripts of 

CP47 and number of ribosomal subunits were seen in 6h and 8h of illumination, 

respectively.  

Keywords: Sorghum bicolor, differential gene expression, etiolation, de-etiolation, 

transcriptome 

Introduction 

Leaves are among the most specialized plant organs where photosynthetic light 

capture occurs. In addition, leaves perceive and transmit environmental signals to 

other plant organs. During leaf development, the mesophyll cells differentiate to 

become chloroplast-filled, a process involving morphogenesis and cell-specific 

organelle biogenesis. Understanding the mechanism of photosynthetic activity 

requires intimate knowledge of how cells and chloroplast within are produced and 

developed (Leech, 1984, Pogson and Albrecht, 2011). The establishment of functional 

chloroplasts is a complex process, and the molecular intricacies have not been fully 

elucidated. The differentiation of chloroplasts from plastid precursors to 

photosynthetically active chloroplasts follows a clear developmental program, where 

chloroplast is derived either from non-photosynthetic protoplast or via dark-grown 

intermediate known as etioplasts. This transformation of proplastids to mature 

chloroplasts requires an array of complex processes, including coordinated expression 

of plastid and nuclear genes, lipid synthesis, import of protein into plastids, and 

assembly of protein into thylakoid membrane, etc. (Pogson and Albrecht, 2011, Jarvis 

and Lopez-Juez, 2013, Cackett et al., 2022). Chloroplast comprises approximately 

3000 nuclear-encoded proteins involved in a wide range of functional processes 

required for chloroplast biogenesis (Richly et al., 2003, Rolland et al., 2012). The 

mechanisms of how chloroplast and nuclear gene expression are coordinated during 

the transition of proplastids into chloroplasts is still not very well understood. 
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Various experimental systems have been pursued to investigate the biogenesis of 

photosynthetically active chloroplasts at the biochemical and /or gene regulatory 

level.  

The study of chloroplast development in dicot leaves grown under natural conditions 

has proven to be difficult because meristematic activities occur in various leaf 

regions, and hence the various stages of plastid development cannot be easily 

separated for analysis (Donnelly et al., 1999). Because of its easily experimental 

handling, the light-induced greening of an etiolated dicot, as well as of monocot 

leaves, has been used extensively as a substitute for studying chloroplast 

differentiation (Mullet, 1988). 

In barley and maize, the leaf grows and expands in the dark, and the plastids turn into 

fully elaborated etioplasts (Klein and Mullet, 1987, Westhoff et al., 1988). Etioplasts 

accumulate substantial amounts of photosynthetic proteins, such as the two subunits 

of cytochrome b-559 (psbE/F), the luminal subunits of the oxygen-evolving complex 

(PsbO, PsbP and PsbQ) (Müller and Eichacker., 1999), two polypeptides of the NDH 

complex (NDH-A and NDH-F) (Guera et al., 2000)   and two subunits of ribulose -

1.5-bisphosphate carboxylase/oxygenase (Rubisco) (Nelson et al., 1984). In contrast, 

all subunits of photosystem I, the chlorophyll-containing subunit of photosystem II, 

i.e., D1 and D2, CP43 and CP47, as well as the subunits of the peripheral light-

harvesting complexes of the two photosystems (LCHI and LCHII) are absent from 

etioplast (Klein and Mullet, 1986, 1990, Bedbrook et al., 1978, Shen et al., 2009). 

Light-induced greening, therefore, does not reflect the natural trajectory of chloroplast 

differentiation from proplastids into chloroplasts (Leech, 1984). Conversely, the 

development of proplastids into chloroplasts can be easily studied in grass leaves 

when exploiting the developmental gradient along the leaf blade. Only the cells at the 

leaf base divide, and their proplastids mature into chloroplasts along the longitudinal 

axis of the leaf towards the tip (Pogson et al., 2015, Leech, 1984).  

The developmental gradient of grass leaves has been used extensively to study the 

gene expression programs associated with chloroplast differentiation both in C3 and 

C4 photosynthesis (Li et al., 2010, Wang et al., 2014, Loudya et al., 2021). Only 

recently has the transition of proplastids into chloroplasts been investigated within the 

shoot apical meristem of Arabidopsis at cellular resolution (Charuvi et al., 2012) 

Schrubar et al., 1990, showed that the etiolation and de-etiolation of Sorghum 
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seedlings differed from that of barley and maize. Firstly, in contrast to barley or 

maize, the leave of Sorghum did not expand in the dark and remained confined to the 

coleoptile. Secondly, in Sorghum, chloroplast biogenesis is stalled at the proplastid or 

at least an early etioplast stage (depending upon the variety). Only trace amounts of 

photosynthetic proteins, therefore, accumulated in etiolated Sorghum seedlings, thus 

mimicking the situation in proplastids. Illumination of the etiolated seedlings initiated 

both leaf development and the build-up of the photosynthetic apparatus as 

proplastids/early etioplasts differentiate into chloroplasts.  

 We were interested in understanding the regulation of chloroplast biogenesis and 

therefore used transcriptome analyses of light-induced greening of etiolated Sorghum 

seedlings to get insight into the dynamic of photosynthetic gene expression and its 

integration into leaf development. Since Sorghum is a NADP malic enzyme type C4 

species (Kanai and Edward, 1999, Sage et al., 1999), we expected that the 

information obtained could also be useful for C4 engineering (Von Caemmerer et al., 

2012). 

Material and methods  

Seed growth, light treatment, sample collection, and phenotyping 

Seeds from Sorghum bicolor L. Tx430 were soaked in water for 24hr at room 

temperature and planted in four trays (100 seeds per tray) containing soil (Floraton 1) 

in a dark chamber for seven days at a constant temperature of 25°C. After seven days, 

two trays containing etiolated seedlings were exposed to continuous light (9 am), and 

the other two remained in the dark chamber. Samples were harvested after 1h (10am), 

2h (11am), 4h (1pm), 6h (3pm), 8h (5pm), and 24h (9am) of illumination and directly 

frozen in liquid nitrogen. In parallel, etiolated seedlings in the dark were also 

harvested simultaneously using green light for dark control. All samples were 

harvested in three biological replicates. The biological replicates were prepared by 

pooling three seedlings each to reduce variation between replicates and increase the 

statistical power of analysis. The harvested samples were stored at -80°C for further 

use. 

For phenotyping and light microscopy, seedlings grown in a similar condition were 
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used. For light microscopy, seedlings were fixed in 3.5% glutaraldehyde for 2h 

(Haswell and Meyerowitz, 2006). After 2h the treated samples were rinsed with 

water, and cross-sections were made by hand with a sharp blade. The cross-sections 

were imaged under a light microscope for chlorophyll fluorescence using ZEISS light 

microscope Axio Imager.M2 connected to the digital camera AxioCamMR3. 

RNA isolation and quality assessment  

Total RNA was isolated from the harvested samples following the manufacturer’s 

protocol (RNeasy Mini Handbook, QIAGEN GmbH) with the RNeasy plant mini kit. 

The concentration and quality of RNA (A260/280 ~ 2.0) were determined with the 

NanoDrop Spectrophotometer (PeQLaB Biotechnology ND1000). The integrity of 

RNA was tested in the Agilent 2100 Bioanalyzer, and RNAs with RNA Integrity 

Number (RIN>8) were used for library preparation. Samples showing DNA 

contamination were treated with DNase and retested for RNA integrity. 

Library preparation, sequencing, and data analysis  

The library preparation was performed following the protocol of the Illumina TruSeq 

RNA Sample Prep Kit V2. The quality and quantity of the libraries were assessed 

with the Agilent 2100 Bioanalyzer and the NanoDrop Spectrophotometer (PeQLaB 

Biotechnology ND1000). Single-end reads were sequenced with the HiSEQ3000 

Illumina platform of the Biologisch-Medizinisches Forschungszentrum (BMFZ) of 

Heinrich Heine University. An average of 38 million reads were obtained per library. 

The quality of raw reads was assessed using the FastQC tool 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were aligned 

against the transcriptome of Sorghum bicolor as available in the Phytozome database 

(https://phytozome.jgi.doe.gov/pz/portal.html) using the Bowtie2 tool (http://bowtie-

bio.sourceforge.net/bowtie2/index.shtml). The differentially expressed genes were 

analyzed using EdgeR (Robinson et al., 2010) as implemented in RStudio (Version 

3.3.3; https://cran.r-project.org/bin/macosx/). EdgeR generated expression value fold 

changes, p-values, and false discovery rate corrected p values from read counts. The 

false discovery rates in EdgeR were calculated using the Benjamini-Yekutieli 

correction (Reiner et al., 2003). The quality of RNA was assessed using principal 

component analysis (PCA) on the MultiExperiment Viewer (MeV) platform 
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(https://bioinformaticshome.com/tools/rna-seq/descriptions/MeV.html) and PCAGO 

(Gerst and Hölzer, 2019; https://pcago.bioinf.uni-jena.de). All differentially expressed 

genes (DEGs) were transported into an Excel sheet and were annotated against 

Arabidopsis ids using the VLOOKUP function. A list of transcripts showing log2fold 

changes >2 or log2fold changes < -2 and false discovery rate < 0.05 were classified as 

DEGs, DEGs were clustered using K-means and Hierarchical clustering (HCL) as 

implemented in the MultiExperiment Viewer platform. The DEGs were categorized 

with MapMan software (Thimm et al., 2004). 

Results 

Morphological analysis of light-induced leaf development in Sorghum bicolor 

Sorghum bicolor L. Tx430 were grown in the dark for seven days to investigate light-

induced leaf development. No leaf expansion was observed in the dark, but a long 

mesocotyl was formed. Seedlings were pale, and the leaf remained enclosed within 

the coleoptile. After 4h of illumination, the leaves emerged from the coleoptile and 

were fully expended after 24h of illumination (Figure 1A). In order to visualize the 

greening process more precisely, leaf cross-sections were prepared from various time 

points of illumination and examined with a fluorescence microscope. Figure 1B 

shows that chlorophyll accumulation was clearly detectable after 2 h of illumination.    
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Figure 1: Leaf development and imaging of chlorophyll fluorescence in etiolated and 

illuminated Sorghum seedlings.  

(A) Etiolated (0h) and illuminated seedling (4, 8 and 24h) of S. bicolor L. Tx430. (B) Images 

of chlorophyll fluorescence in etiolated (0h) and de-etiolated seedlings after 4, 6, 8, and 24 h 

of illumination. L represents a picture taken from a light-grown seedling without prior 

etiolation.  

Design of transcriptome analysis of etiolated and de-etiolated Sorghum seedlings  

Seven days old dark-grown S. bicolor L. Tx430 seedlings were exposed to the light, 

and samples were harvested after 1h, 2h, 4h, 6h, 8h, and 24h for the analysis of 

transcriptome profile using RNA-seq technology. In parallel, samples were also 

collected from seedlings that continued growing in the dark at the same time points 

(Figure 2). RNA-seq reads were generated from three independent biological 

replicates from each time point. The sequences were aligned to the Sbicolor-

v3.1 reference sequence (Phytozome V11) comprising 47,205 protein-coding 

transcripts, and the data were analyzed as outlined in figure 2 and described in 

Material and methods. 
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Figure 2: Schematic diagram of the experimental design of etiolated and de-etiolated 

seedlings at various time points were subjected to RNA sequencing. The Differentially 

expressed genes (DEGs) were identified by comparing illuminated samples (SdL) with dark-

grown samples (Sd) at each time point, followed visualization of DEGs via heatmap in MEV.  

 

The two-dimensional PCA plot visualizes the relevance of biological data and the 

similarity between biological replicates. Such as, the dark control groups appeared 

separately on one axis and showed a slight difference in each time point, while 

samples within each illuminated group of 1, 2, 6, 8, and 24 h aggregated, respectively, 

and separated from one another moving away from dark samples (Figure S1).  

An overview of differentially expressed genes 

The differential expression analysis of each group was carried out between dark 

control (Sd) and de-etiolated seedling (SdL) at each time point using EdgeR in 

Rstudio v.3.3.3. We used pairwise comparison (i.e., 1h Sd versus 1h SdL), as shown 

in figure 2, to identify differentially expressed genes (DEGs) at each time point. We 

considered differentially expressed genes based on FDR < 0.05, Log2FC>2 for 

significantly up-regulated and Log2FC <-2 for down-regulated genes at each time 

point compared to the dark control. In total, 4742 DEGs were identified for at least 

one-time point. In detail, there were 281, 694, 1258, 1279, 1800, and 1921 DEGs for 

1, 2, 4, 6, 8 and 24h, respectively. That indicates more genes are differentially 

expressed with the time of illumination. 
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Genes encoding components of the thylakoid membrane  

Chloroplast development requires a coordinated expression of both nuclear and 

plastid genes to achieve a stoichiometric accumulation of polypeptides for 

photosynthetic enzymes or membrane complexes, respectively. Most of the enzymes 

involved in the light-independent reaction and almost half of the proteins involved in 

a light reaction are nuclear-encoded and require a specialized transit peptide for 

targeting chloroplasts (Tyagi and Gaur, 2003, Piechulla et al., 1986). During etioplast 

to chloroplast conversion, one of the critical steps is the initiation of transcription of 

photosynthetic genes. We investigated the expression of genes encoding the 

component building photosynthetic machinery. We generated a heatmap to visualize 

the expression level over the period of chloroplast development. The expression 

profile of large numbers of nuclear-encoded chloroplast genes associated with PSII, 

cytochrome b6f, electron transport, PSI, and ATP synthase display strong induction 

after 2 to 4h of illumination when compared to the etiolated sample. Such as light-

harvesting complexes (LCH1 and LCHII), PetM of cytochrome b6f, PGR5L, AtpC 

and AtpD of ATP complex and genes encoding components of oxygen-evolving 

complex (PsbO, PsbP and PsbQ) are upregulated after 4h of light exposure. 

Following the strong induction after 4h, most of the genes related to the light-

harvesting complex and PSII and PSI subunits showed circadian regulation of gene 

expression (Figure 3B). In addition, the accumulation of PSII subunit PsbS and, PetB 

and PetC of cytochrome b6f complex has seen after 6h followed by the expression of 

NDH complex (NdhM, NdhN and NdhO) after 8h of light exposure. In contrast to the 

nuclear encoded-chloroplast genes, the accumulation of plastid-encoded genes of 

photosynthetic apparatus during 24 of illumination except for two subunits of PSII 

(PsbB and PsbH), whose expression was observed after 6h of illumination (Figure 3A 

and B). These results suggest that the accumulation of plastid-encoded genes requires 

prolonged exposure to light.  

Besides nuclear genes encoding structural components of the photosystems, the 

nuclear genes encoding photosystem assembly factors also showed a light-induced 

expression profile. Notably, PSII assembly genes HCF136 (High chlorophyll 

fluorescence 136) and HCF244 were observed after 2hr of illumination. Both Hcf136 

and HCF244 are involved in the assembly of precursor D1 and D2 precomplex 

(Plöchinger et al., 2016). Similarly, the PSB28 and LPA3 are involved in the assembly 
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of CP47 and CP43, respectively (Lu Y., 2016), and PSI assembly gene HCF101 and 

ALB3 showed induction between 6-8h of illumination (Figure 3A). 

     

 
Figure 3. Detailed expression profile of genes involved in the photosynthetic machinery.   

(A) Heatmaps illustrating the relative expression of gene encoding light-harvesting complexes 

(LHCI and LHCII), PSII and PSI core proteins, Cytochrome b6f complex, cyclic electron 

transport chain, NDH complex, ATP synthase and photosystem assembly.  Blue and red 

colors depict up-and downregulation relative to the dark control, respectively. The scale 

represents log2fold changes. (B) Schematic representation of signature gene in photosynthetic 

apparatus that showed differential expression between etiolated and illuminated samples at 

various time points and the expression pattern of signature photosynthetic genes are shown in 

the graph. The graphs were generated using z-score values. 

 

Calvin-Benson cycle and photorespiratory genes 

Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) is a major enzyme in the 

Calvin cycle that catalyzes the first step of carbon fixation. Here we investigated the 
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transcript abundance of a Rubisco large subunit (RBCL), Rubisco small subunit 

(RBCS) and Rubisco activase (RCA). The transcript level of these genes, particularly 

RCA and RBCS, increased in abundance by many folds after 2h and 4h of exposure, 

respectively. In contrast, the RBCL did not show differential expression during de-

etiolation (Figure 4B). Besides that, several genes encoding key enzymes of Calvin 

cycle and photorespiration were observed after 4 to 8h of light exposure, including 

phosphoglycerate kinase (PGK1), phosphoribulokinase (PRK), glycerate kinase 

(GLYK), phosphoglycolate phosphatase (PGLP), hydroxypyruvate (HPR1) and 

glyceraldehyde-3-phosphate dehydrogenase a (GAPA). Overall, these results suggested 

that the C4 photosynthetic pathway is strictly regulated by light via the modulation of 

the expression of these key enzymes (Figure 4B). 

  

          
Figure 4. Detailed expression profile of genes involved in Calvin-Benson Bessham cycle 

and Photorespiration.  
Schematic representation of Calvin cycle and photorespiratory pathway. DEGs involved in 

the pathways are marked in red. RCA- Rubisco activase; RBCS1A - Ribulose bisphosphate 

carboxylase small chain 1a; PGK - Phosphoglycerate kinase; GAPA/B - Glyceraldehyde-3-

phosphate dehydrogenase a/b subunit; FBA - Fructose bisphosphate aldolase; FBPASE - 

Fructose-1, 6-bisphosphatase; SBPASE - Sedoheptulose-1, 7-bisphosphatase; RPI - ribose-5-p 

isomerase; PRK - Phosphoribulokinase; PGLP - Phosphoglycolate phosphatase; GOX - 

Glycolate oxidase; GLYK - Glycerate kinase; GGAT – Glutamate glyoxylate 
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aminotransferase; HPR - Hydroxypyruvate reductase; AGT – Alanine glyoxylate 

aminotransferase. Relative transcript levels of selected DEGs genes in Sd and SdL are 

visualized using a z score plot.  

C4 cycle genes 

Sorghum has been recognized as NADP-ME subtype C4 plant (Rao and Dixon, 2016). 

We identified the expression of key enzymes involved in the C4 cycle. Figure 5 shows 

changes in the transcript abundance of genes involved in initial carbon assimilation 

during the greening of etiolated Sorghum. In the C4 photosynthetic reaction, the CO2 

is initially fixed into HCO3 by carbonic anhydrase (CA) in the mesophyll cells. The 

HCO3 is subsequently fixed via phosphoenolpyruvate carboxylase (PEPC) and 

NADP-malic dehydrogenase (NADP-MDH) into malate that diffuses to the bundle 

sheath cells for decarboxylation. The NADP- dependent malic enzyme catalyzes the 

four-carbon acid malate conversion to pyruvate in bundle sheath cells. Pyruvate 

orthophosphate dikinase (PPDK) catalyzes the interconversion of pyruvate into 

phosphoenolpyruvate (PEP) in mesophyll chloroplast also showed light-dependent 

expression (Hatch and Burnell, 1990, Rao and Dixon, 2016). An increase in the 

transcript abundance of the majority of enzymes, including PEPC2, MDH, ME4 and 

PPDK has been observed after 4h. Notably, CA showed elevated transcript abundance 

after 2h of illumination (Figure 5B).   
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Figure 5. Detailed expression profile of genes involved in the C4 pathway 
(A) Schematic view of the NADP-ME type C4 pathway. DEGs are marked in red. CA - 

Carbonic anhydrase; PEPC - Phosphoenolpyruvate carboxylase; PPDK - Pyruvate 

orthophosphate dikinase; NADP-ME – NADP dependent malic enzyme; NADP-MDH - 

NADP dependent malate dehydrogenase; (B) Relative transcript levels of selected DEGs 

genes in Sd and SdL are visualized using a z score plot.  

Chloroplast located/associated metabolic pathways 

The chloroplast is the site of various metabolic reactions, including the biosynthesis 

of amino acid, starch, lipid and fatty acid, hormone metabolism, as well as the 

reduction of nitrate and sulfur also take place in the chloroplast. Light plays an 

essential role in the accumulation of these metabolites in plants (Chen et al., 2018). 

Here we investigated the expression of genes encoding chloroplast-associated 

metabolites.  

Carbohydrate metabolism 

During the daytime, carbohydrate is assimilated in the chloroplast, with some stored 

in the form of starch or degraded at night to supply sugar for growth. Various 

enzymes have been involved in the synthesis and degradation of starch, such ADP-
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glucose pyrophosphorylase (AGPase), starch synthase (SS), β-amylase (BAM1 and 

BAM3) (Skryhan et al., 2018, Ball and Deschamp 2009). BAM1 and BAM3 showed 

differential expression after 1h of illumination, while APGase large subunit APL2 and 

APL1, and APGase small subunit APS1 (Orzechowski, 2008) upregulated after 4, 8 

and 24h, respectively (Figure 6).  

Amino acid and nitrogen metabolism  

Chloroplast has an impact on primary metabolisms, such as syntheses of 

phenylamine, lysine and tryptophane (Kretschmer et al., 2017). Our RNA‐Seq 

analysis revealed substantial changes in the levels of transcripts for enzymes involved 

in amino acid biosynthesis during light-induced chloroplast development. These 

enzymes include arogenate dehydratase (ADT6), meso-diaminopimelate 

decarboxylase (DAPDC1 and DAPDC2), and 3-phosphoglycerate dehydrogenase 

(PGDH) (Figure 6). Among them, ADT6 is involved in L phenylalanine biosynthesis 

(Höhner et al., 2018), DAPDC1 and DAPDC are involved in lysine biosynthesis 

(Crowther et al., 2019), and 3- PGDH is involved in serine biosynthesis (Reyes-Prieto 

and Moustafa, 2012). Besides that, the gene involved in nitrogen metabolism, nitrate 

reductase 1 (NR1) (Olas and Wahl, 2019) expressed after 2h of illumination (Figure 

6).

Hormone metabolism  

Plant hormones, such as auxin, gibberellic acid (GA), ethylene and brassinolide, play 

an important role in light-regulated development (Chen et al., 2018, Cackett et al., 

2022). Abscisic acid (ABA) is involved in seed development and plays an essential 

role in stress response. The biosynthesis of ABA and GA is closely associated with 

plastids (Yamburenko et al., 2013, Cackett et al., 2022). Gene involved in ABA 

biosynthesis, including nine-cis-epoxycarotenoid dioxygenase (NCED9), aldehyde 

oxidase isoenzymes (ABA1) and carotenoid cleavage dioxygenase 8 (CCD8) (Iuchi et 

al., 2001, Sano and Marion-Poll, 2021) are upregulated after 1-2h of illumination 

(Figure 6). 
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Figure 6. Expression pattern of genes encoding chloroplast located and/or associated 

metabolites.   

APL1/2 - ADP-glucose pyrophosphorylase large subunit; APS1- ADP-glucose 

pyrophosphorylase small subunit; BAM1/3 - β-amylase; ADT6 - Arogenate dehydratase; 

DAPDC1/2 - Meso-diaminopimelate decarboxylase; PGDH – 3 -phosphoglycerate 

dehydrogenase; NR1 - Nitrate reductase; NCED9 - Nine-cis-epoxycarotenoid 

dioxygenase; ABA1 - Aldehyde oxidase isoenzymes; CCD8 - Carotenoid cleavage 

dioxygenase 8; GA2 - GA requiring 2. The graphs were made from z-score values. 

Genes with putative regulatory function  

 We have identified several regulators of chloroplast development and/or biogenesis 

that are differentially expressed during light-induced chloroplast development. These 

regulators include light signaling cascade gene ELONGATED HYPOCOTYL 5 

(HY5) and PHYTOCHROME INTERACTING FACTORS (PIFs). HY5 is a class B 

GATA transcription factor that promotes photomorphogenesis in light (Xiao et al., 

2021, Waters and Langdale, 2009), while PIFs are a member of a subfamily of bHLH 

transcription factors that acts as constitutive repressors of photomorphogenesis in the 

dark (Leiver et al., 2008, Dong et al., 2017). HY5 expression displayed a strong 

induction after 2h of light exposure and then the expression level declined. 

Conversely, PIF3 and PIF4 are downregulated after exposure, as expected (Figure 7). 

GOLDEN2-LIKE transcription factors GLK1 and GLK2, positively regulate 

chloroplast biogenesis (Hall et al., 1998; Fitter et al., 2002, Water et al., 2009), and 

SIGMA FACTORS (SIGs), involved in the transcription regulation of plastid-

encoded genes (Puthiyaveetil et al., 2021). The expression of GLK1 showed strong 

induction after 24h, and SIG1, SIG2, SIG3, SIG5 and SIG6 peaked in expression after 
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2-4h of illumination. Additionally, VARIGATED 2 (VAR2/FTSH2), which is 

responsible for the degradation of the D1 protein of the photosystem II (PSII) reaction 

center during its repair from photoinhibition (Zaltsman et al., 2005) showed strong 

induction after 2h of illumination. In addition, genes encoding components of the 

chlorophyll biosynthesis pathway, in particular glutamyl-tRNA reductase (HEMA1), a 

subunit of MG-chelatase (CHLH/GUN5), genome uncoupled 4 (GUN4), 

and chlorophyll a oxygenase (CAO) were found to be upregulated after 8h (Figure 7). 

HEMA1 catalyzes the first step in tetrapyrrole biosynthesis, CHLH/GUN5 diverts 

tetrapyrroles toward chlorophyll biosynthesis, GUN4 is required for efficient Mg-

chelatase activity, and CAO is involved in the import of LHCB monomers into 

isolated chloroplasts and catalyzes the conversion of chlorophyllide a to 

chlorophyllide b (Water et al., 2009). GUN4 and GUN5 also participate in plastid-to-

nucleus retrograde signaling (Liu et al., 2020, Adhikari et al., 2011, Mochizuki et al., 

2001). 

 

 
Figure 7. Expression of genes and transcription factors associated with chloroplast 

biogenesis. GLK1 - Golden2-like 1; HY5 - Elongated hypocotyl 5; PIF3/4 - Pytochrome 

interacting factor genes; SIG1/2/3/5/6 - Sigma transcription factors; HEMA1 - Glutamyl-

tRNA reductase; GUN4/5 - Genome uncoupled; CAO - Childe a oxygenase. The graphs were 

made from z-score values. 

Chloroplast translational apparatus 

One of the crucial aspects of chloroplast development is the accumulation of 

ribosomes which is essential for protein synthesis. Plastid ribosomes constitute 70S 

ribosomes that comprise small (30S; 16 rRNA and 24 plastid ribosomal proteins) and 
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large (50S; 23S, 5S, 4.5S rRNA and 33 plastid ribosomal proteins) ribosomal subunit. 

All four rRNAs are plastid-encoded, while the majority of the plastid ribosomal 

proteins (RPs) are nuclear-encoded (Zhang et al., 2016). Like chloroplast genomes, 

numbers of chloroplast ribosomes were present in very low amounts in the early stage 

of exposure but peaked in expression after 8h of illumination (Figure 8). 

 

                                

                                                
Figure 8. Heatmap shows the expression profile of genes associated with the chloroplast 

translational apparatus 50S and 30S ribosomal subunits.  Blue and red colors depict up- and 

downregulation relative to the dark control, respectively. The scale represents log2fold 

changes.   

 

Discussion 
This study aimed to understand how and to what extent the biogenesis of the 

photosynthetic apparatus, and hence chloroplast biogenesis, is intertwined with leaf 

development. We suspected that the developmental program of the leaf essentially 

controls chloroplast biogenesis. The developmental gradient of grass leaves provides 

a good system for investigating the development of proplastids into chloroplasts. 

Various transcriptome studies along the leaf gradient of maize and rice have 

uncovered a few potential regulators of photosynthetic development (Wang et al., 

2014, Pick et al., 2011). The standard etiolation/de-etiolation systems of dicot plants 

(Arabidopsis, spinach, etc.) or grasses, such as barley and maize, have been 
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extensively used for studying chloroplast differentiation. However, in these species, 

the plastids turn into fully elaborated etioplasts in the dark and, at least in barley and 

maize, the leaves fully expand in darkness, and photosynthetic proteins already 

accumulate. For instance, Rubisco and the thylakoid membrane protein complexes of 

ATP synthase and the cytochrome b6f entity and oxygen-evolving complex (Klein 

and Mullet, 1987, Müller and Eichacker, 1999, Nechushtai and Nelson, 1985, Nelson 

et al., 1984). Therefore, the etiolation/de-etiolation systems in these species are not 

suitable for studying the dependencies of the differentiation programs of leaves and 

chloroplasts. Schrubar et al., 1990 showed that the etiolation/de-etiolation in Sorghum 

seedlings are different to the above-mentioned species, i.e., leaves of Sorghum 

seedlings do not expand in the dark, and their development is drastically stalled. This 

means Sorghum leaf development needs light. Additionally, in Sorghum, chloroplast 

biogenesis is stalled at the proplastid or at least an early etioplast. Schrubar et al., 

1990 also showed that dark-grown Sorghum shows only traces of photosynthetic 

proteins. Their accumulation requires light, suggesting that Sorghum leaf 

development and chloroplast biogenesis is intimately intertwined and can be 

coordinately induced by light. 

Based on these findings, we assumed that the light-induced greening of Sorghum 

seedlings might give insight into on how and which timely order the various 

components of the photosynthetic apparatus located in the thylakoid membrane, i.e., 

antenna complex, PSI, PSII, ATP synthase, the cytb6f complex and the NDH 

complex as well as the stromal components, i.e., Rubisco and the Calvin-Benson 

cycle enzymes are building up. Which regulators/transcription factors might trigger 

the expression of these genes? Therefore, in the present study, we performed a 

comparative transcriptome investigation during Sorghum seedling de-etiolation by 

using light as a trigger of leaf development and the transition of proplastids/early 

etioplasts into a chloroplast. By comparing gene expression between seven days old 

etiolated and illuminated seedlings after 1h, 2h, 4h, 6h, 8h, and 24h, we identified 

4742 differentially expressed genes (DEGs) in at least one time point. Among them, a 

large number of genes involved in photomorphogenesis and chloroplast development 

were revealed. That indicates that the presence or absence of light dramatically affects 

chloroplast development in Sorghum. This finding is consistent with the fact that 

proteins involved in chlorophyll synthesis and photosynthesis, especially the 
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photosynthetic apparatus, must synthesize and accumulate rapidly as the etioplasts 

turn into chloroplasts. 

Chloroplast biogenesis and development required coordinated activity of plastid- and 

nuclear-encoded genes to achieve stoichiometric accumulation of polypeptides for 

photosynthetic enzymes or membrane complexes. In the first phase of chloroplast 

development, light triggers an increased expression of the photosynthesis-associated 

nuclear genes (Dubreuil et al., 2018; Yang et al., 2019, Hernández et al., 2022). This 

initial response is assumed to be entirely under nuclear control, but the second phase 

of development required to establish fully photosynthetically active chloroplasts relies 

upon a retrograde signal originating in the plastids (Dubreuil et al., 2018). Consistent 

with the fact the nuclear-encoded genes of the photosystem associated with the 

reaction centers, antenna complex or electron transport showed their peak expression 

after 4h (Figure 4A). The PS assembly genes, including HCF136, HCF244, OHP2 

and HCF145 (Plöchinger et al., 2016, Li et al., 2019), also upregulated soon after 

illumination (Figure 4). Most genes involved in the Calvin cycle, photorespiration and 

C4 cycle genes showed a similar pattern of expression, consistent with shared 

regulation, except RBCL of the Calvin cycle, whose transcript abundance did not 

change significantly during 24h of illumination (Figure 5B and 6B). Contrary to the 

nuclear-encoded genes, plastid-encoded photosynthetic genes were not detectable in 

the dark or during 24 hours of illumination.  

Two classes of transcription factors and signal transduction cascade, HY5 and PIFs, 
regulate chlorophyll biosynthesis in opposing manners. PIFs accumulate in dark-

grown seedlings and negatively regulate chlorophyll biosynthesis and photosynthetic 

genes. Namely, PIF3 is involved in the regulation of HEMA, CHLH and CAO during 

photomorphogenesis, as pif3 mutant line showed strong induction of these genes 

(Stephenson et al., 2009), while HY5 promote photomorphogenic development and 

responsive gene expression (Liu et al., 2020, Zhou et al., 2011). We observed strong 

induction of HY5 after 1h of illumination. Conversely, PIF3 and PIF4 are strongly 

downregulated after light exposure, indicating the onset of photomorphogenesis.  

GLK transcription factor that promotes the formation of stable LHCII-PSII super 

complexes and upregulation of components of the chlorophyll pathway, particularly 

HEMA1, CHLH, and CAO. The expression of these genes increased significantly 

during the early hours of illumination; surprisingly, the strong induction of GLK1 was 
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observed only after 24h in the light. Plastidic SIGMA FACTORS control the 

initiation of PEP-mediated transcription of chloroplast genes (Che et al., 2015). SIG1 

has been shown to bind to the PsbA and RBCL promoter in vitro (Privat et al., 2003), 

and rice sig1 knockout line results decrease PsaA transcript accumulation (Tozawa et 

al., 2007). SIG2 and SIG6 appeared to be involved in the phytochrome-dependent 

coordinated control of plastid gene expression in anterograde signaling during 

photomorphogenesis. However, they also showed a partially redundant role in 

retrograde signaling to control nuclear gene expression, mimicking dual function in 

plastid to nucleus communication (Che et al., 2015). The expression of SIG1-SIG6 

significantly upregulated after 2-4h of illumination (Figure 7). 

Plastid ribosomes play an important role in plastid development and differentiation. 

We observed a substantial number of genes encoding ribosomal protein had been 

augmented after 8h, including RPS5, which is involved in the accumulation and 

processing of chloroplast 16S rRNA. Comparative proteome analysis showed that

RPS5 also affect the accumulation of many PSI and II proteins and plastid RPs 

(Zhang et al., 2016). Disruption of PRSP20, RPL12, and RPL13 function in rice lead 

to suppression of chloroplast development (Gong et al., 2013, Zhao et al., 2016, Song 

et al., 2014). Mutation in RPL11 and L24 in Arabidopsis results decrease in the 

synthesis of plastid proteins and photosynthesis (Pesaresi et al., 2001, Romani et al., 

2012). These observations suggest the two distinct regulatory phases of the 

establishment of photosynthesis during chloroplast development, and a major part of 

early chloroplast development begins after 4h of illumination in the developing 

leaves.  

In conclusion, our RNA sequencing approach provided precise and reproducible 

quantification of genes during the de-etiolation of Sorghum seedlings. This technique 

lets us demonstrate light's effect on the synthesis of the chloroplast transcript during 

light-induced chloroplast biogenesis. We found a correlation between leaf 

development and chloroplast biogenesis in Sorghum. All photosynthetic-related genes 

appeared to be strictly light-dependent. Moreover, genes involved in various 

pathways do not accumulate sequentially but rather coordinately, i.e., light-harvesting 

complex or ATP synthase gene, PEPC and RBCS expressed simultaneously. In 

addition, nuclear-encoded genes expressed at early exposure, while plastid-encoded 

genes required a longer exposure time.  
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Figure S1. Principal component analysis (PCA) displays the variance among each 

biological replicate of each sample. The PCA plot was generated using the online tool 

PCAGO. 
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 Summary 
Understanding the mechanism of leaf growth and development is an important 

objective in biology in order to improve crop productivity and resistance to the 

changing climate in the future. Leaf functions as a solar panel due to its 

photosynthetic capacity that provides the basis for the growth of the entire plant. 

Although the molecular mechanisms of leaf development have been well studied in 

Arabidopsis compared to grass species, still a lot of information is needed about the 

key genes that regulate cell division and differentiation, particularly differentiation of 

mesophyll (M) and bundle sheath (BS) cells. Genetic approaches provide powerful 

tools for understanding the mechanism of complex processes. We were specifically 

interested in understanding the differentiation of mesophyll and bundle sheath cells in 

Arabidopsis thaliana, and therefore, we established a forward genetic screen of EMS-

induced mutant lines using bundle sheath-labelled reporter genes. As a result, 

numerous mutants were produced with an altered bundle sheath cell layer. By 

pursuing a mapping-by-sequencing approach, the genomic segments containing 

mutated candidate genes were identified (Döring et al., 2019). In this study, we 

identified putative genes responsible for two EMS-induced mutants, ebss1 
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(ELEVATED BUNDLE SHEATH CELLS SIGNAL 1) and fbss1 (FAINT BUNDLE 

SHEATH CELLS SIGNAL 1), by modification of candidate genes using the 

CRISPR/Cas9 tool. Screening of Cas9-induced mutant lines revealed that the mutant 

allele of At2g25970 was responsible for high GFP signals in ebss1 BS cells and that 

of At5g04940 for the fbss1 phenotype. 

Keywords, CRISPR/Cas9, ethyl methanesulfonate, bundle sheath cells, Arabidopsis 

thaliana, green fluorescent protein, KH domain, AT5G04940 

Introduction 

Leaves are the organs of photosynthesis, capturing light energy and converting it into 

chemical energy via the photosynthetic machinery located in the chloroplast of the 

leave’s chlorenchyma cells.  The development of a leaf is a complex mechanism that 

relies on the precise regulation of cell division and proliferation. The vast majority of 

research has been done on Arabidopsis to identify genes that function in the control of 

leaf development, such as cell division, differentiation, and expansion. Numerous 

regulators of leaf development have been identified with various genetic approaches, 

but the scenario is far from complete due to highly complex growth regulatory 

networks (Street et al., 2008, Tsukaya, 2013, Kalve et al., 2014, Nikolov et al., 2019). 

The development of a forward genetic screen allowed us to further identify additional 

players involved in the leaf regulatory network. Forward genetic approaches have 

proven to be effective tools to explore biological processes and discover their genetic 

basis. T-DNA insertions and Ethyl methanesulfonate (EMS) induced mutations are 

commonly used in forward genetic screening with the model plant A. thaliana (Qu 

and Qin, 2014). EMS-based forward genetic screening is the most robust and 

frequently used technique because it induces point mutations with a high frequency 

and is easy to handle as compared to other chemical mutagens (Espina et al., 2018, 

Addo-Quaye et al., 2017, Wilson-Sanchez et al., 2019). Unlike insertional 

mutagenesis (T-DNA), EMS mutagenesis results in single nucleotide polymorphism 

(SNP) that, when occurring in the coding region of a gene, may help us to understand 

the protein function (Qu and Qin, 2014) by substitution of amino acids or by a 

generation of novel stops codon (Addo-Quaye et al., 2017). 

Understanding the genetic basis of leaf development and anatomy is imperative if one 

aims to introduce a C4-like photosynthetic cycle into C3 crops (Mitchell and Sheehy, 

2006, Ermakowa et al., 2020). The high efficiency of C4 photosynthesis is intimately 
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associated with the special anatomic feature of the leaf where mesophyll cells form a 

successive layer around BS cells (V-BS-M-M-BS-V) known as “Kranz anatomy” 

(Garner et al., 2001, 2008, Lundgern et al., 2014, Sedelnikova et al., 2018, Sage et 

al., 2014, Gowik and Westhoff, 2011). The photosynthetic reactions are 

compartmentalized between the two distinct cell types (Wang et al., 2017, Sage, 

2004, Sedelnikova et al., 2018). Anatomical studies showed that C4 bundle sheaths 

are large in size and enriched with organelles, such as chloroplasts and mitochondria 

as compared to the C3 BS (Sage et al., 2014, Döring et al., 2019, Van-Rooijen et al., 

2020).  

Promoter reporter gene studies have shown that bundle sheath specific/preferential 

promoters of the genes encoding the P and the T subunits of glycine decarboxylase 

the Asteracean C4 species Flaveria trinervia, maintain the BS expression in the 

Brassicacean C3 species A. thaliana (Engelmann et al., 2008, Wiludda et al., 2012, 

Emmerling, 2018). The other way around, the bundle sheath specific/preferential 

promoter of the sulfate transporter gene (SULTR2;2) of A. thaliana was shown to 

retain BS specificity in the C4 species Flaveria bidentis (Kirschner et al., 2018). These 

findings demonstrated that the gene regulatory systems of the bundle sheath in these 

two families share a large degree of conservation, although the two families are 

separated about 125 million years ago. Because of its easy genetic tractability, A. 

thaliana should therefore be a straightforward system to identify genes affecting the 

development and function of the bundle sheath in dicots (Westhoff and Gowik, 2010, 

Döring et al., 2019). 

With the goal of finding genes that affect bundle sheath development and/or anatomy, 

the C3 model species A. thaliana was used in this study. For easy identification of 

candidate bundle sheath mutants, we labeled the bundle sheath by using the bundle 

sheath preferential GLDPA promoter of F. trinervia, driving a reporter gene encoding 

a chloroplast targeted Green Fluorescent Protein (GFP; Figure 1A) (Döring et al., 

2019). We expected that an increase in bundle size/volume or in chloroplast numbers 

due to a mutation should lead to an enhanced GFP fluorescence. Seeds from 

homozygous lines of A. thaliana carrying the pGLDPAFt::TPRbcS-sGFP reporter gene 

construct (called the reporter line) were mutagenized with EMS, and stable mutant 

lines of the M2 generation showing aberrant GFP expression (variation > 30 % 

compared to reporter line) were chosen for further analysis (Döring et al., 2019). Two 
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of these mutants, ebss1 and fbss1 (Fig 1A) were selected for identifying causative 

candidates for the ebss1 and fbss1 mutant phenotypes, respectively, by SHOREmap 

backcross analysis (Döring et al., 2019). The identified candidate genes were tested 

for being responsible for the mutant phenotype by using CRISPR/Cas9 genetic 

modification. By this approach, At5g04940 encoding a SU(var) 3-9 homolog (Li et 

al., 2016) was identified as the causative agent of the fbss1 mutation, while 

At2g25970 encoding a K homology domain (KH) protein was found to be responsible 

for the ebss1 mutant phenotype. 

 

Material and methods  
Mutant screening and growth of plants 

The mutagenesis of the pGLDPAFt::TPRbcS-sGFP reporter line of A. thaliana (ecotype 

Columbia) with EMS, the screening and isolation of candidate mutants as well as 

conditions for growing Arabidopsis plants have been described by Döring et al. 2019. 

Preparation of CRISPR/Cas9 constructs 

For CRISPR/Cas9 constructs 20bp long single guide RNAs (sgRNAs) were designed 

from the gene of interest (GOI) containing PAM motif (GN19NGG) sequences. The 

sgRNAs were designed in such a way that they targeted an exon of GOI and 

preferably no off-target sequence with maximum mismatches number 3 

(http://www.rgenome.net/cas-offinder/). Primers (Suppl. Table S1. 1/2 and 3/4 for 

AT5G04940, 9/10 and 31/32 for At2g24610, 25/26 for At2g25220, and 11/12 for 

At2g25970) were annealed, and the annealed primers were ligated (50 ng PFH6, 1 l 

T4 ligase, 2 l T4 buffer, 1.16 ng sgRNA, and H2O up to 20 l) into Bbs1-digested 

plasmid PFH6 (GenBank accession number KY080689 (Hahn et al., 2017). After 

transformation into competent cell DH5α E. coli cells (ThermoFisher Scientific), 

colonies of recombinant bacteria were selected and the correct insertion of the guide 

RNA was confirmed by Sanger sequencing (LGC Genomics, Berlin, Germany). 

sgRNA, including the entire U6-26 promoter-sgRNA cassette was amplified from 

PFH6 using Phusion PCR polymerase (Suppl. Table S1, 42/44 and 43/45), and after 

purification on agarose gels, the sgRNA was cloned into KpnI/HindIII-digested vector 

pUB-Cas9 (GenBank accession number KY080691 (Hahn et al., 2017) through 

Gibson cloning (Gibson et al., 2009). Recombinant colonies were identified by PCR, 

and plasmid DNA was isolated from positive colonies by using the Qiagen MiniPrep 
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Kit and verified by sequencing (Hahn et al., 2017).  

Transformation of A. thaliana with CRISPR/Cas9 constructs and selection of 
positive transformants. 

The CRISPR/Cas9 constructs carrying the sgRNA of the At2g25970, At2g25220, 

At2g24610, and At5g04940 genes in vector pUB-Cas9 were transformed into 

Agrobacterium tumefaciens strain AGL1 by electroporation (Lazo et al., 1991). 

Positively transformed Agrobacterium cells were verified by colony PCR followed by 

digestion of the extracted plasmids by suitable restriction enzyme and transformed 

into the reporter line via the floral dipping method (Zhang et al., 2006). 

Surface-sterilized seeds of the CRISPR/Cas9- mutated reporter plants were sown on 

Petri dishes containing half-strength Murashige and Skoog medium containing 50 g 

ml–1 hygromycin B (H0654, Sigma Aldrich) and hygromycin resistant plants were 

finally transferred to soil as describe in Döring et al. 2019. Whole genomic DNA was 

isolated from five weeks old T1 plants mutated in At2g24610, At2g25220, 

At2g25970, or At5g04940, and the presence/absence of Cas9 was assessed with PCR 

amplification (Suppl. Table S1. 40/41). All T1 plants were self-pollinated and 

screened in the T2 and T3 generation to get homozygous mutant lines. The mutant 

screening was initially based on GFP signal followed by PCR amplification of the 

mutated gene and confirmation by Sanger sequencing. 

Mutant screening in the T2 generation and quantification of GFP signal 

The first leaf pairs of 17 days old T2 plants of At2g24610, At2g25220, At2g25970, 

and AT5G04940 were screened for aberrant GFP expression under a fluorescent 

binocular microscope (Axio Imager M2m Zeiss, Oberkochen, Germany). After that, 

leaf genomic DNA was isolated from T2 plants (ten plants for each line) and 

amplified with gene-specific primers (Suppl. Table S1. 13/14, 27/28, 33/34, 5/6) 

using Phusion High Fidelity DNA polymerase. PCR products were purified using the 

Qiagen PCR Purification Kit and then sequenced to detect Cas9-induced mutations. 

Selected homozygous mutant lines were screened again in T3 and T4 generations to 

confirm the aberrant GFP phenotype compared to the reporter line, ebss1, and fbss1. 

The GFP signal intensity was measured from whole leaves using Image J and 

normalized to the leaf area (Schneider et al., 2012, Döring et al., 2019). 
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Microscopic analysis of leaf tissue 

Leaf tissue was prepared for light microscopy according to Akhani and Khoshravesh 

(2013). Fully expanded second leaves of 25 days old plants were used, which were 

grown under optimal light conditions (16 h light and 8 h dark, by 22 °C). Leaf edges 

and the midvein were removed, and the remaining of the leaf was cut horizontally to 

use the mid area (3x5 mm) of the leaf. Leaf samples were immediately fixed in the 

solution containing 1 % glutaraldehyde, 1 paraformaldehyde, and 0.1 M sodium 

cacodylate. The fixed leaf tissues were washed twice with sodium cacodylate (30 min 

incubation each) followed by post-fixation in 1.5 % osmium tetraoxide (OsO4) for 3 

h. Leaf samples were then rinsed twice (each 30 min) with a fixative solution 

followed by dehydration in a gradient of ethanol starting from 10 % and ending at 

2x100 % (1 h incubation in each step).  Tissues were then infiltrated and embedded 

subsequently in Araldite resin: propylene oxide solutions (v/v 1:3, 1:1, 3:1, and 100 % 

Araldite) followed by final polymerization for 72 h at 60°C. The resin-embedded 

blocks were then cut with a microtome to obtain two micro-meter thick sections and 

stained with toluidine blue.   

RNA quantification by quantitative real-time PCR (qPCR)  

Total RNA was isolated using RNeasy Plant Mini Kit (Qiagen) from rosette leaf of 25 

days old plants grown under standard growth conditions. cDNA was synthesized from 

1 g RNA using the Quantitect Reverse Transcription Kit (Qiagen, Hilden, Germany), 

and the purity and integrity of the cDNA were verified by agarose gel electrophoresis. 

qPCR was performed with KAPA SYBR FAST qPCR Master Mix Universal (KAPA 

Biosystem, Roche Sequencing and Life Science) using the ABI7500 Fast Real-Time 

PCR system following the standard procedure. The gene-specific primers used in the 

qPCR amplified 120 to 150 bp coding region of the gene (Suppl. Table S1. 17/18, 

19/20, 21/22, 23/24, and 47/48). The abundance of actin primers was used as a 

reference (Suppl. Table S1. 49/50). 

Leaf size measurement  

The second leaf pairs of 24 days old mutant lines ebss1, At2g25970-1, At2g25970-2, 

At2g25970-3, and reporter line were photographed and measured the leaf area with 

image J (Version 2.0.0-rc-69/1.52p).  
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Results 
The EMS mutant lines ebss1 and fbss1 were isolated from the forward genetic 

screening of A. thaliana as explained in Döring et al. 2019. Mutant ebss1 showed an 

elevated level of signal intensity of the GFP reporter gene in bundle sheath and 

vascular tissue, whereas the fbss1 showed a remarkably reduced GFP signal compared 

to the reporter line (Figure 1A). Quantification of GFP signal intensity showed more 

than a 30 % increase (ebss1) or decrease (fbss1) expression of the reporter gene 

(Figure 1B). Applying an allele frequency > 0.9 in SHOREmapping three candidate 

genes each for ebss1 (At2g24610, At2g25220, and At2g25970) and fbss1 

(AT5G04940, At5g05930, and At5g03495) were identified that are located on 

chromosome 2 and 5, respectively. 

ELEVATED BUNDLE SHEATH CELLS SIGNAL 1 (ebss1) 

Location and effects of the mutations in the candidate genes At2g24610, 

At2g25220, and At2g25970 

All three genes identified as candidate genes responsible for the ebss1 mutant 

phenotype were mapped on chromosome II and further narrowed down to between 10 

Mb to 12 Mb (Figure 2). In each of the candidate genes, the EMS-induced mutations 

resulted in a single nucleotide polymorphism (SNP; G to A substitution) within the 

coding region. In At2g24610, the SNP was located in exon-3, changing the 716th 

codon from GGA to GAA and resulting in an amino acid substitution of Glycine to 

Glutamic acid. In At2g25220, the mutation was observed in exon-5, altering the 716th 

codon from CCT to CTT and causing an amino acid substitution of Proline by 

Leucine. In At2g25970, the SNP was identified in exon-6 within the codon 1456th 

codon, converting CAG, the codon for Glutamine into the stop codon UAG. 

Analysis of ebss1 candidate genes by CRISPR/Cas9 mutagenesis 

To identify the gene responsible for the ebss1 mutant phenotype, we generated 

CRISPR/Cas9-induced mutant lines for At2g24610, At2g25220, and At2g25970 as 

described in the Materials and methods. The CRISPR/Cas9 vector used in this study 

encoded sgRNAs that targeted exon-2 of At2g24610, exon-3 of the At2g25220, and 

exon-1 of At2g25970, respectively (Figure 3A).  

As a result, various mutant alleles were detected, ranging from one or two base pair 

indels to a large deletion. The information regarding the various types of mutations 

obtained and their effects is shown in figure 3B.  
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Screening of CRISPR/Cas9 induced mutant alleles of all three candidate genes for 

ebss1 in the T3 generation revealed that the GFP fluorescence signals of the mutant 

alleles At2g24610 and At2g25220 were similar to that of the reporter line, i.e., they 

did not show the enhanced fluorescence phenotype typical for ebss1. In contrast, the 

mutant alleles of the At2g25970 gene exhibited a high GFP signal phenotype (Figure 

4A). To corroborate the finding, first leaves from 50 T3 plants homozygous for 

mutant alleles of At2g25970-1/2/3 were harvested, and GFP fluorescence was 

quantified.  Figure 4B shows that the GFP signal intensity in the CRISPR/Cas9 

induced mutant lines (At2g25970-1, At2g25970-2, and At2g25970-3) is about 30% 

higher than the reporter line and like that of ebss1. We concluded from this finding 

that At2g25970 if mutated, leads to an increased GFP fluorescence and thus causes 

the ebss1 phenotype. 

At2g25970 encodes a K homology (KH) domain-containing protein 

At2g25970 encodes an unknown protein that contains K homology (KH) domains.  

KH domains were first detected in the heterogeneous nuclear ribonucleoprotein K 

(hnRNP K) of metazoan (Siomi et al., 1993) and later in other organisms; among 

them are plants (Lorkovic and Barta, 2002). KH domains function as nucleic acid 

recognition motifs and are found as single or multiple copies within a protein 

(Valverde et al., 2008, Nicatro et al., 2015). The At2g25970 protein contains two KH 

type 1 domains and is closely related to the At1g33680 and At4g10070 proteins of 

Arabidopsis (see Figure 5) 

KH domains are considered as nucleic acid recognition motifs in proteins that 

perform various cellular functions. KH domains are found as single or multiple copies 

within a protein (Valverde et al., 2008). KH domains are grouped into four classes 

based on the presence of specific binding motifs, such as PCB-like KH (poly C 

binding protein), SF1-like KH (splicing factor 1 like), KH-1 superfamily, and KH 

type 1 (Karlsson et al., 2015, Buckner et al., 2008).  

Phenotypic analysis of At2g25970-1/2/3 

At2g25970 transcript level 

To determine whether mutations in At2g25970 affect transcript abundances of the 

gene, we performed quantitative RT-PCR analysis. As shown in figure 6B, the 

expression of the At2g25970 gene is highly reduced in the CRISPR/Cas9- induced 
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mutant lines (At2g25970-1, At2g25970-2, and At2g25970-3) as well as in the ebss1 

line compared to the reporter line.  

Growth characteristics 

Major differences in the plant growth and height were not observed in the mutant 

lines; however, in all mutants, the leaf area was found to be increased as compared to 

the reporter line (Figs. 7B/C). Though this difference in leaf area was not observed in 

ebss1 at an early stage of development (Figure 7A) but became prominent in later 

stages. Detailed examinations revealed that the increasing leaf area was due to an 

increase in both the length and width of the leaf blade (Figure 7D).  

The enlarged leaf area of the mutants At2g25970-1/2/3 and ebss1 as compared to the 

reporter line, raised the question of whether this increase is due to cell enlargement, 

cell numbers or, a combination of both. To determine the contribution of cell division 

and expansion to the At2g25970-1/2/3 mutants, transverse sections from leaf blades of 

the At2g25970-1, ebss1, and reporter line were analyzed by light microscopy. In both 

types of mutants, the vascular bundle was found to be expanded, and concomitantly 

the number of bundle sheath cells had increased by two to three more cells (Figure 8). 

These findings suggest that the overall increase in the leaf area is caused by a general 

increase in the leaf cell numbers due to the expansion of the vascular bundle and the 

bundle sheath. Since the GLDPA promoter-driven GFP gene is active only in the 

bundle sheath and the vascular bundle. The finding also explains the enhanced GFP 

fluorescence as compared to the original reporter line. 

Trichome density  

To investigate whether other leaf features have been altered in the At2g25970 mutant 

lines, we examined the leaf surface by fluorescent microscopy. Trichome number and 

leaf area were measured in At2g25970-1/2/3 and ebss1mutant plants as well as in the 

reporter line plants (Figure 9A), and trichome density was calculated. The results 

obtained revealed a two-fold increase in trichome density in all At2g25970 mutants, 

including ebss1 as compared to the reporter line (Figure 9B). 

Flowering time 

Visual inspection of the growth behavior of At2g25970-1/2/3 and ebss1 mutant plants 

revealed a delay in flowering time (Figure 10). Bolting started 5-7 days earlier in the 

plants of the reporter line, and flowering of the mutant plants began about 7-8 days 
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later (Table 1). The finding suggests that defects in At2g25970 function influence 

extend the period of growth and thereby causing a delay in floral induction. 

FAINT BUNDLE SHEATH CELLS SIGNAL 1 (fbss1) 

Location and effects of EMS mutation in the candidate genes At5g05930, 

AT5G04940 and At5g03495 

The candidate genes for fbss1 (At5g05930, AT5G04940, and At5g03495) are located 

on chromosome V (Figure 11). The EMS-induced mutations resulted in SNPs (C-T 

substitution) in the coding region of all three candidate genes. The AT5G04940 gene 

is intron-less, and the SNP was detected at the 788th codon GGA to GAA, resulting in 

the exchange of amino acid Glycine to Glutamic acid. In At5g05930, the SNP was 

observed at exon 2, altering the 260th codon TGC to TAC and causing the substitution 

of Cysteine by Tyrosine.  In At5g03495, the SNP was observed at exon 6 converting 

the 499th codon GGT to AGT, which leads to the substitution of Glycine to Serine. 

CRISPR/Cas9 mutagenesis of one of the candidate genes AT5G04940 

AT5G04940 encoded a SU (var)3-9 homologous protein named SUVH1 and was 

described as an anti-silencing factor because of its inhibitory activity on DNA 

methylation (Li et al., 2016). Since the fbss1 phenotype is due to a reduced expression 

of the GFP reporter gene, it was sensible to speculate that a mutation in AT5G04940 

is causing the low GFP signal in the bundle sheath of fbss1.  Therefore, we generated 

a CRISPR/Cas9-induced mutant line of AT5G04940 in the reporter line background 

as explained in Materials and methods. 

The three mutant alleles recovered i.e., At5g04940-1, At5g04940-2, and At5g04940-3, 

each had inserted one additional base pair. Mutant alleles At5g04940-1 showed a ‘T’ 

insertion, while At5g04940-2 and At5g04940-3 showed ‘A’ insertions three base pairs 

upstream of the PAM sequence at the 839 bp coding region (Figure 12A). The 

resulting one base pair insertion led to premature stop codons. All three mutant alleles 

showed a reduced GFP phenotype, which is typical for fbss1. We concluded, 

therefore, that the mutation in the AT5G04940 was responsible for the fbss1 

phenotype (Figure 12B) and did not pursue to further generate CRISPR/Cas9- 

induced mutation in At5g05930 and At5g03495.  

Discussion  
We aimed at identifying genes for bundle sheath anatomy by pursuing a forward 

genetic approach using A. thaliana as a genetic model system and ethyl 
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methanesulfonate as a mutagen. To easily recognize putative bundle sheath defective 

mutants, our genetic screen was based on a reporter line containing a chloroplast 

targeted GFP gene that was driven by a bundle sheath preferential promoter. Using 

deviations in GFP fluorescence as a proxy for alteration in bundle sheath size or 

photosynthetic activity, we were able to identify a number of stable mutants with an 

elevated or a faint GFP fluorescence phenotype, with many of them showing defects 

in bundle sheath anatomy (Döring et al., 2019). Pursuing a SHOREmap approach 

with nine selected mutants, we could map candidate genes in single genomic regions 

(Döring et al., 2019). For the study presented in this report, we have chosen the 

mutant lines ebss1 and fbss1 to demonstrate that the mutant candidate genes identified 

by SNP calling in the mapping intervals can be successfully scrutinized by using 

CRISPR/Cas9 technology, finally resulting in the molecular identification of the 

responsible genes. 

Mutant ebss1 exhibited a high GFP signal in the bundle sheath and vasculature, while 

fbss1 showed a low GFP signal in the bundle sheath compared to the reporter line 

(Figure1A). SHOREmapping revealed three candidate genes, each for ebss1 and 

fbss1.  To identify the mutated genes responsible for the GFP phenotype in ebss1 and 

fbss1, respectively, we analyzed three candidate genes for ebss1 (At2g24610, 

At2g25220, and At2g25970) and one candidate gene for fbss1 (At5g04940). The use 

of CRISPR/Cas9 technology allowed us to generate three independent mutant alleles 

for each candidate gene except for At2g24610, where only one mutant allele was 

obtained (Figs. 3B and 12A). By quantitative phenotyping of plants homozygous for 

the various mutant alleles, we identified At2g25970 as the causative gene for the high 

GFP fluorescence phenotype of ebss1 (Figure 4A) and At5g04940 for the low GFP 

fluorescence phenotype of fbss1 (Figure 12B). At2g25970 encodes a KH domain-

containing protein (Lorkovic and Barta, 2002), while At5g04940, named SUVH1, a 

SET domain protein involved in the epigenetic control of gene expression by 

regulating DNA methylation (Li et al., 2016). Transcripts from both At2g25970 and 

At5g04940 are found to accumulate ubiquitously in both time and space (Klepikova 

et al., 2016, CATd.b http://urgv.evry.inra.fr/cgi-

bin/projects/CATdb/catdb_projects_Ath.pl), suggesting that the two genes have a 

general function. 

At2g25970 -a KH domain protein and its putative target 
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At2g25970 encodes one of the 26 KH domain-containing proteins present in the A. 

thaliana genome. The protein is 80-90% conserved in Brassicacean species, a 

sequence conservation to homologues from monocot species is mainly restricted to 

the KH-domain (Figure 13) 

Five of the KH-domain proteins of A. thaliana, i.e., HEN4 (Cheng et al., 2003), 

BTR1 (Fujisaki and Ishikawa, 2008), PEPPER (Ripoll et al., 2006), FLK (Lim et al., 

2004) and RCF3 (Karlsson et al., 2015), have been functionally characterized, and all 

turned out to be multi-functional. Each of these proteins had multiple KH-domain, 

which may explain their multi-functionality. RCF3 (At5g53060) for example, has two 

PCBP-like KH-domian, two KH-1 superfamily KH-domains, and one KH type-1 KH-

domain, and is involved in jasmonate signaling (Thatcher et al., 2015), miRNA 

biogenesis (Karlsson et al., 2015), pre-mRNA splicing (Cheng et al. 2003), and 

regulation of abiotic signaling processes (Jeong et al., 2013).  

The presence of multiple domains for RNA binding and protein-protein interactions 

(Mackereth and Sattler, 2012, Gronland and Ramos, 2017, Ottoz and Berchowitz, 

2020) and the versatility of these proteins in recognizing both RNA and DNA 

(Hudson and Ortlund, 2014, Debaize and Troadec, 2019) make KH-domain proteins 

ideal candidates for integrators of and in regulatory networks (Pawson and Nash, 

2003, Csizmok et al., 2016, Alvariz et al., 2021). Similar to these five KH-domain 

proteins, At2g25970 turned out to be multi-functional. In At2g25970 mutants, the 

GLDPA promoter-driven GFP reporter gene is more strongly expressed, the sizes of 

leaves and the density of trichomes increase, and the flowering date is delayed. The 

rise in leaf area and concomitantly in GFP fluorescence appears to be caused by an 

increased cell number in the bundle sheath and the vasculature suggesting that 

At2g25970 is involved in the regulation of cell division and/or the cell cycle.  

In humans, the KH-domain protein FUBP1 (Debaize and Troadec, 2019) has been 

shown to be involved in cell proliferation by activating c-Myc gene expression 

(Duncan et al., 1994). In plants, Myc-like, i.e., basic helix-loop-helix (bHLH) proteins 

do not seem to play a major role in regulating cell division and /or cell cycle. In 

contrast, Myb proteins, their frequent interaction partners (Millard et al., 2019, 2021), 

are involved in cell cycle regulation (Xie et al., 2010, Verkruysse et al., 2020). 

Interestingly a Myc/Myb regulatory module has been shown to be involved in bundle 

sheath specific gene expression in Arabidopsis (Dickinson et al., 2020).  
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Co-expression analyses of transcriptome data (https://www.michalopoulos.net/act/; 

https://atted.jp) support a possible role of At2g25970 in cell cycle regulation. 

Fluctuation in the expression of At2g25970 transcript has been observed during the 

G1 phase of the cell cycle (Menges et al., 2002), and in addition, they co-accumulate 

with CDKC;2 at RNA levels. CDKC;2 is a cyclin-dependent protein kinase that 

phosphorylates the carboxyterminal domain of large subunit of RNA polymerase II 

and is part of the so-called transcript elongation factor P-TEFb (Antosz et al., 2017). 

These transcript elongation factors attached to the carboxyterminal domain and are 

required for transcript elongation but are also involved in co-transcriptional pre-

mRNA processing (Harlen and Churchman, 2017).  Zhao et al. (2017) found that the 

loss of CDKC;2 function leads to an increase in lateral organ size due to a rise in cell 

division activity, indicating that CDKC;2 acts as a negative regulator of cell division. 

A similar phenotype, i.e., broader leaves and an increased number of bundle sheath 

and vascular cells, is also true for At2g250970 mutant lines, suggesting that the 

At2g25970 protein is functionally associated with CDKC;2 activity. Along these 

lines, CDKC;2 transcript abundance was found to be substantially reduced in the 

At2g25970 mutants as compared to the reporter line (Fig 14B). 

CDKC;2 as the target of At2g25970 action may also explain the floral retardation 

observed for the mutant lines. Floral induction is a major developmental transition in 

plants and is regulated by various external and internal cues (Amasino, 2010). The 

floral repressor FLOWERING LOCUS C (FLC) plays a central role in floral induction 

and is the hub on which the autonomous and the vernalization pathways converge 

(Whittakar and Dean, 2017). The autonomous pathway is comprised of a variety of 

factors involved in RNA processing, among them the KH-domain protein FLK and 

chromatin modification that together repress FLC activity. A long antisense RNAs 

transcribed from the 3' end into the FLC locus is processed, with the help of RNA 

processing components of the autonomous pathway, to various alternatively spliced 

and polyadenylated FLC antisense RNA, which are collectively called COOLAIR and 

that are involved in repressing FLC transcription by chromatin silencing (Wu et al., 

2020). 

COOLAIR transcription is promoted by CDKC;2 activity (Wang et al., 2014), and the 

loss of CDKC;2 function, therefore, leads to a delay in flowering (Cui et al., 2007, 

Zhao et al., 2017) (Figure 14A). Quantification of transcript amounts from both 
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CDKC;2 and FLK revealed that both transcript levels were significantly reduced in 

At2g25970 mutants (Figure 14B and C). In contrast, but as to expected, FLC 

transcript abundance was higher in the mutants as compared to the reporter line 

(Figure 14D). 

Taken together, the available evidence suggests that the mutant phenotypes are 

brought about via CDKC;2, which in turn is functionally connected to At2g25970 

activity. It is completely unclear at present how this functional connection could be 

achieved mechanistically. Quite recently, another KH-domain protein encoded by 

FLOWERING LOCUS Y (At1g33680) has been reported of delaying flowering when 

mutated (Dai et al., 2020) suggesting redundancy and overlapping functions in this 

family of RNA-binding proteins.  

SUVH1- an anti-silencing factor of the GLDPA promotor 

SUVH1 (AT5G04940) is one of the ten genes in the Arabidopsis genome encoding 

homologue of Drosophila SU(var) 3-9 (Baumbusch et al., 2001). The Arabidopsis 

gene was functionally discovered forward genetic EMS screen as a factor promoting 

the expression of a luciferase reporter gene driven by 35S promoter. It was found that 

the luciferase expression was remarkably reduced in a suvh1 mutant line, and it was 

further shown that genes whose promoter regions are subject to DNA methylation 

were also affected. This study adds the GLDPA promoter of F. trinervia when 

inserted into the Arabidopsis genome to the list of promoters that can undergo DNA 

methylation. It should be noted in this context that the GLDPA promoter is not a 

simple promoter but consists of two tandem promoters. These tandem promoters 

interact with each other in a complex manner and, moreover, post-transcriptional 

processes via nonsense-mediated mRNA decay are intimately intertwined with the 

transcriptional output of this double promoter (Wiludda et al., 2012). SUVH1 and 

three DNAJ homologs (SDJ1, SDJ2, and SDJ3) form a complex that is required for 

the expression of a subset of promoter-methylated genes (Zhao et al., 2019). 

Outlook and conclusion 

This study was undertaken as part of an endeavor to identify novel regulators of 

bundle sheath anatomy (Döring et al., 2019). The two mutant candidates selected after 

SHOREmapping (Schneeberger et al., 2009) could be identified and verified at the 

gene level by systematically scrutinizing mutant gene candidates in the mapping 

interval. From the technical point of view our strategy was therefore successful. 
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However, the two genes identified as being responsible for the ebss1 and fbss1 mutant 

phenotype i.e., At2g25970 and At5g04940, cannot be considered as novel regulators 

of bundle sheath anatomy, reinforcing our conclusions based on the phenotypic 

analysis of all the mutants recovered in the screen (Döring et al., 2019). This raises 

the question of whether the reporter gene designed was specific enough for the 

intended goal. The GLDPA promoter of F. trinervia driving the gene encoding a 

chloroplast- targeted GFP is active in the bundle sheath cells but also in the 

vasculature, i.e., the promoter lacks the desired specificity necessary for a proxy-

based screen. Consequently, the majority of the mutants identified have an increased 

bundle sheath volume because of an enlargement of the vasculature, including ebss1. 

The second lesson learned concerns the architecture of the promoter. As discussed 

above, the GLDPA promoter is complex in its regulatory properties, and the fbss1 

mutant and the underlying gene may be indicative of this fact. It is therefore 

imperative to use the most simple promoter with respect to its regulatory wiring that 

is available. To conclude, reporter gene-based forward genetic screens using chemical 

mutagenesis with Arabidopsis thaliana may be powerful tools (Page and 

Grossniklaus, 2002), they are technically relatively easy, and the mutated genes can 

be identified and verified via CRISPR/Cas9 technology. However, the basis of such a 

genetic screen, the specificity of the reporter gene in relation to the biological process 

to be studied, is of paramount importance and has to be reflected on with the greatest 

care possible.  
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Figure 1. Fluorescent characteristics of ebss1 and fbss1 

(A) GFP fluorescence images of first leaf of 3 weeks old EMS lines ebss1, fbss1, and 

reporter line.  (B) Relative changes of the GFP signal intensity in EMS lines ebss1 

and fbss1 compared to the reporter line.  The relative signal intensity was measured 

from the whole leaves of 15 plants and normalized with the leaf area. The data shows 

mean ±SD from 15 individuals, * *indicates t-test P< .001 
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Figure 2. Mapping locus of candidate genes for EMS mutant line ebss1 on 

chromosome II. 

Location of ebss1 candidate genes on the chromosome. Red triangle denoted SNP 

region. Allelic frequencies (AF) for all SNP were isolated from whole genomic 

sequencing of the reporter line and backcrossed F2 mutants. Gene showing AF > 0.9 

were selected as candidate genes. 

 

 
 

Figure 3. EMS and CRISPR/Cas9 induced mutation in the ebss1 candidate genes 

(A) Location of the EMS and CRISPR/Cas9-induced mutation in At2g24610, 

At2g25220, and At2g25970. The red triangle indicates the EMS target region, and the 

black triangle indicates CRISPR/Cas9 target region. (B) CRISPR/Cas9-induced 

sequence changes and their effects on protein level in ebss1 candidate genes. Cas9 

target region is marked with the arrow and PAM motif in light blue; deletions are 

indicated by dashes and insertions by red letters 

 

 



Manuscript 2                                                                                                              93 
_____________________________________________________________________ 

 
 

 Figure 4. GFP fluorescent phenotype of CRISPR/Cas9-induced mutation in 

At2g24610, At2g25220 and At2g25970 

(A) Leaf images of GFP fluorescence of reporter line, ebss1 and Cas9-induced mutant 

alleles of At2g24610, At2g25220, and At2g25970. (B) Quantification of GFP 

fluorescence of reporter line, ebss1 and various mutant alleles of AT2g25970. The 

relative signal intensity was measured from the first leaves of 17 days old plants, 

normalized with the leaf area, and compared with the reporter line. The data are 

shown as mean± standard deviation from 50 plants with standard t-test ** indicate P< 

.001.  
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Figure 5. Cladogram of 26 KH domain-containing proteins in A. thaliana 

Gene IDs of KH domain-containing proteins were taken from Lorkovic and Barta, 

2002 and used these IDs to get amino acid sequences from the tair website. Full-

length amino acid sequences were aligned using an online tool for multiple sequence 

alignment, MUSCLE (https://www.ebi.ac.uk/Tools/msa/muscle/). The ClustalW 

formatted alignments were loaded into Seasaw version 5 to generate a phylogenetic 

tree using Parsimony and bootstrapping (100X). The functional domains were 

analyzed using National Center for Biotechnology Information (NCBI) conserved 

domain search engine (www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).  
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Figure 6. Characterization of At2g25970 gene 

(A) Schematic diagram of At2g25970 gene with EMS (red triangle) and Cas9 target 

sites (black triangle). Filled boxes represent exons. The red arrows on exon-6 note the 

forward (F) and reverse (R) primers used to detect At2g25970 transcript level in 

reporter and mutant lines. The KH1 and KH2 in the diagram depicting K-homology 

domain region in the At2g25970 encoded protein (B) Transcript abundance of 

At2g25970 in the reporter and mutant lines from 25 days old seedlings.  
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Figure 7. Growth phenotype of reporter and mutant lines (ebss1, At2g25970-

1/2/3) at various ages  

(A) Morphology of 28 days old Arabidopsis rosette (B) Morphology of the first, 

second and third leaf pairs of the reference line, ebss1 and At2g25970-1/2/3.  (C) 

Morphology of second to the sixth leaf of 36 days old plants. (D) The differences 

between leaf area of 24 days old reference and mutant lines. The leaf area was 

measured from 10 individuals each. Data are shown as a mean± standard deviation 

(SD) for each genotype, t-test: *P < .05 ** P< .001 

 

 
Figure 8. Anatomical analysis of bundle sheath cells in the third vein order of 25 

days old plant   

Microscopic images of (A) reference line (B) EMS line (ebss1) and (C) CRISPR/Cas9 

induced mutant lines (At2g25970-1). The data showed a mean value of five 

individuals each. The mean value ± SD of bundle sheath numbers is depicted in the 

upper right corner of the respective line.  Scale bar 10um.  
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Figure 9. Analysis of trichomes density in ebss1 and At2g25970-1 compared to 

the reporter line 

(A) Trichome numbers in the first leaf of 17 days old reference and mutant lines, 

ebss1 and At2g25970-1. (B) Quantification of trichome numbers from the first leaf 

pairs of reference and mutant lines. Trichomes were counted from 20 individuals. ** 

Indicate t-test P < .001 

 
Figure 10. Analysis of flowering time control of EMS line (ebss1) and Cas9 

induced mutant lines (At2g25970-1/2/3) in comparison with the reporter line. 
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The flowering phenotype of 36 days old mutant lines (ebss1, At2g25970-1/2/3) as 

compared to the reporter line 

 

 
Figure 11. Mapping locus of candidate genes for fbss1 mutant lines on 

chromosome V. 

Location of candidate genes for fbss1 on chromosome V with SNP region (red 

triangle). Allelic frequencies (AF) for all SNP were isolated from whole genomic 

sequencing of reference line and backcrossed F2 mutants. Gene showing AF >.9 were 

selected as candidate genes. 

 
Figure 12. The target site of Cas9 in fbss1 candidate gene At5g04940 and the 

GFP fluorescent phenotype of the resulting mutant line 

 (A) CRISPR/Cas9-induced sequence changes in fbss1 candidate genes. Cas9 target 

region is marked with the arrow and PAM motif in light blue, and red letters indicates 

A�

B�

Reporter line   GATTTATACTGGTCAGGGTGGTAATGCTGATAAAGATAAGCAATCTTCTGACCA  

At5g04940-1    GATTTATACTGGTCATGGGTGGTAATGCTGATAAAGATAAGCAATCTTCTGACCA    1bp insertion 

At5g04940-2    GATTTATACTGGTCAAGGGTGGTAATGCTGATAAAGATAAGCAATCTTCTGACCA    1bp insertion 

At5g04940-3    GATTTATACTGGTCAAGGGTGGTAATGCTGATAAAGATAAGCAATCTTCTGACCA    1bp insertion 

��
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nucleotide insertions. (B) Leaf images of GFP fluorescence of reporter line, fbss1 and 

Cas9-induced mutant alleles of At5g04940-1, At5g04940-2, and At5g04940-3.  

 

 
Figure 13. Sequence conservation of KH domain-containing protein (At2g25970) 

and its orthologs in selected plant species 

Sequence alignment illustrating the evolutionary conservation of amino acid 

sequences of KH domain-containing protein of Arabidopsis and its orthologous in 

other plant species. The sequence conservation was mainly observed in the KH 

domain region (red box). Amino acid residue in green colors showed 100% sequence 

similarity, while in black and gray color showed greater than 80% and 60%, 

respectively. We got orthologs sequence from protein blast in NCBI and confirm the 

orthologs with reciprocal blasts. 
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Figure 14. Impact of At2g25970 mutation on CDKC;2 transcript level and 

CDKC;2 regulated flowering genes  

 (A) Schematic pathway of genes controlling flowering time in A. thaliana. This 

pathway is modified from Wang et al. (2014) and Henderson and Dean (2004). (B) 

Relative quantification of transcript abundance of CDKC;2 from 25 days old rosette 

leaf of At2g25970 mutant alleles. (C) Transcript abundance of flowering regulator 

gene FLK and (D) floral repressor gene FLC in mutant lines ebss1 and At22g25970-

1/2/3 compared to the reporter line. 
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Supplementary data  

 
 
Figure S1. Allelic frequency of mutant line ebss1 

Allelic frequencies (AF) for all SNP were isolated from whole genomic sequencing of 

reference line and backcrossed F2 mutants. Gene showing AF >.9 were selected as 

candidate genes and genomic region with AF>0.9 are highlighted with arrow in the 

diagram 

 
Figure S2. Allelic frequency of mutant line fbss1 

Allelic frequencies (AF) for all SNP were isolated from whole genomic sequencing of 

reference line and backcrossed F2 mutants. Gene showing AF >.9 were selected as 

candidate genes and genomic region with AF>0.9 are highlighted with arrow in the 

diagram. 

 

 

Chr1� Chr2�

Chr3� Chr4�

Chr5�

AF�>�0.9�

Chr1�
Chr2�

Chr3� Chr4�

Chr5�
AF�>�0.9�
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Table S1. List of oligonucleotide used in this study   

 

 

Sr.  Primer name            Sequence 5´ 3´ Orientation  

 

 

 

 

1 

ZB1  At5g04940 

ZB2  At2g25970 

ZB3  At2g25220 

ZB4  At2g24610 

ZB1-sgRNA1-F 

 

 

 

 

 TTCGTTGATTTATACTGGTCAGGG 

 

 

 

 

F 

2 ZB1-sgRNA-1-R AAACCCCTGACCAGTATAAATCAA R 

3 ZB1-sgRNA-2-F TTCGTGTGCCAACTTATGCAAACC F 

4 ZB1-sgRNA-2-R AAACGGTTTGCATAAGTTGGCACA R 

5 ZB1-sgRNA-amp-F TCCTCCTGGGTTCTCATCGT    F 

6 ZB1-sgRNA-amp-R ATAGCATCCCATGACCGCAA R 

7 ZB1-sgRNA-1-seq TGGTGTTGAGTGTTCTTATG  

8 ZB1-sgRNA-1-seq  AATAAGGGGCTTGAAAGAGGCT  

9 ZB2-sgRNA-1-F TTCGAGACCTACCGGCTTCTCTTC F 

10 ZB2-sgRNA-1-R AAACGAAGAGAAGCCGGTAGGTCT R 

11 ZB2-sgRNA-2-F TTCGGTTGATCCCACCGCACCTAC F 

12 ZB2-sgRNA-2-R AAACGTAGGTGCGGTGGGATCAAC R 

13 ZB2-sgRNA-amp-F CTTGATGGAGAAGATCAAGAGAAT F 

14 ZB2-sgRNA-amp-R CTGAATCTTAGCTCCAGACTGA R 

15 ZB2-EMS-F CGCGCAAGGTGAGTATGATTAT F 

16 ZB2-EMS-R CAGCACTCTGTGAAGCTGGT R 

17 ZB2-qPCR-F CAAGCAGTGGTGGTAGCTCA F 

18 ZB2-qPCR-R CCATATCCCGATTGCTGCGA R 

19 CDKC;2-qPCR-F TCCAGGTCGAGATAGGGATGA F 

20 CDKC;2-qPCR-R CTCAGTCCAGGACGATCAGC R 

21 SF1-qPCR-F GAACGGTGTTAGCAAGACGC F 

22 SF1-qPCR-R CCTTCGGCGCTAGGGTTATT R 

23 FLK-qPCR-F CAGTTGCAGGACCAGGCTAA F 

24 FLK-qPCR-R TTGTACATCACCTTGCGCCT   R 

25 ZB3-sgRNA-F TTCGACCCTCGAGAAAGCGACAGG F �
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Sr.  Primer name            Sequence 5´ 3´ Orientation  

26 ZB3-sgRNA-R AAACCCTGTCGCTTTCTCGAGGGT R 

27 ZB3-sgRNA-amp-F TATCGCAAGAACCAATCTCCAA                   F 

28 ZB3-sgRNA-amp-R CGACAATGCTCATGGAGATACTC R 

29 ZB3-EMS-F TGTGTTGATCTTGGTGCAATGT F 

30 ZB3-EMS-R CGACAATGCTCATGGAGATACTC R 

31 ZB4-sgRNA-F TTCGACTTCTAGAGTGTTTGGTCG F 

32 ZB4-sgRNA-R AAACCGACCAAACACTCTAGAAGT R 

33 ZB4-sgRNA-amp-F CAAATCAACAACGGCTCCATTTATG      F 

34 ZB4-sgRNA-amp-R ATACCTTAGATTCTGCAGTCCAA           R 

35 ZB4-sgRNA-seq TCTGGTGTCTCGTTGCACTT                

36 ZB4-EMS-F TCTGGTGTCTCGTTGCACTT               F 

37 ZB4-EMS-R ATACCTTAGATTCTGCAGTCCAA    R 

38 M13-F  TGTAAAACGACGGCCAGT    F 

39 M13-R CAGGAAACAGCTATGACCATG R 

40 Cas9-F CAGCTGGTGCAGACCTACAA F 

41 Cas9-R CGTAGTAGGGGATGCGGAAC R 

42 FH41 AAACGACGGCCAGTGCCAGAATTGGGC

CCGACGTCG 

 

43 FH42 TACTGACTCGTCGGGTACCAAGCTATGC

ATCCAACGCG 

 

44 FH254 GCCCAATTCCAAGCTATGCATCCAACGC

G 

 

45 FH255 CATAGCTTGGAATTGGGCCCGACGTCG  

46 FH179 TATTACTGACTCGTCGGGTA  

47 FLC-qPCR-F CGGCGATAACCTGGTCAAGA F 

48 FLC-qPCR-R TCCCACAAGCTTGCTATCCA     R 

49 Actin-qPCR-F TCAGATGCCCAGAAGTCTTGTTCC F 

50 Actin-qPCR-R 

 

 CCGTAAGATCCTTCCTGATATCC          R 

�
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