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General Introduction 

Control of potato tuberization through day length 

Potato (Solanum tuberosum L.) is the largest non-grain food crop and grown across diverse 
regions (FAO, 2019). The tuber, which is the storage organ of potato, is a great source of 
carbohydrates and other essential nutrients. The formation of tubers underground (tuberization) 
is a critical process that significantly impacts the final yield of the potato crop. As a result, 
tuberization is considered one of the most critical traits in potato breeding programs. 

The potato originated in the Andes of South America, where it evolved to grow and form tubers 
under short day conditions, which is known as short day tuberization (Van der Plank, 1946; 
Spooner et al., 2005). However, in northern latitudes, where the growing season spans across 
summer and has long day conditions, tuberization can be negatively impacted. This can result 
in low yields, as seen when the first potato plants were introduced to Europe and tuberization 
likely occurred after the switch to short day length. Figure. 1 shows an interesting approach to 
imitate short-day conditions in northern latitudes, which was developed to improve potato 
yields in 1956. Day length-dependent tuberization regulation is undeniably crucial to obtaining 
optimal yields in northern latitudes. 

Cultivated varieties of potatoes are derived from Chilean landraces, only tuberize under long-
day conditions (Ewing & Struik, 1992; Spooner et al., 2005; Navarro et al., 2011). In modern 
potato breeding programs, capability of tuberization under long day condition, also known as 
“earliness”, is still one of the first traits in selective screening.  

Figure 1. An interesting approach to imitate short-day conditions in northern latitudes. 
These specialized boxes can be used to create artificial short-day conditions in Leningrad, 
which is beneficial for optimizing the yield of South American potato varieties (Hawkes, 1957). 
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The above-ground maturity of potato  

In addition to day-length dependence of tuber formation the earliness trait is closely linked to 
the length of canopy senescence, the trait known as maturity. Maturity is a critical factor in crop 
breeding programs, as it is used to estimate the optimal time for harvesting. Depending on the 
crop, maturity can refer to various stages of growth, such as flowering time, seed maturity, fruit 
ripening, or leaf senescence (TeKrony et al., 1979; Maul et al., 1998; Wang et al., 2020). In 
potatoes, phenotyping underground maturity is difficult. As a result, breeding efforts tend to 
prioritize the evaluation of above-ground leaf maturity rather than tuber maturity. The maturity 
of above-ground leaves is a measure of senescence, which is an essential stage in the life 
cycle of potato plants. During this stage, plants initiate a coordinated process that involves 
remobilization of nutrients from senescing leaves to sink tissues. This process involves 
breaking down structures and chemical compounds within the chloroplast, which allows for the 
efficient recycling and reallocation of nutrients to other parts of the plant for storage or further 
development (Guiboileau et al., 2010). The most apparent phenotype is the process is leaf 
yellowing. In various plant systems, numerous studies have demonstrated the significant 
impact of the senescence process on both yield and nutritional value (Woo et al., 2018). In 
potato breeding programs, the leaf senescence phenotype is also used to select for improved 
yield. 

The multi-faceted role of StCDF1 in potato plant development 

Quantitative Trait Locus (QTL) mapping is a powerful technique used in breeding programs to 
identify the genetic loci that control complex, quantitative traits such as crop yield, disease 
resistance. This technique involves analyzing the genetic variation in a population of 
individuals and correlating it with the variation in the trait of interest, allowing breeders to 
identify the specific genomic regions associated with the trait. Breeders can identify markers 
associated with these QTLs allowing rapid selection of the desired trait in breeding programs. 

The genetic control of underground earliness and above ground maturity in potato has been 
investigated using QTL mapping in many previous field studies, and the results suggest that 
both traits can be controlled by the same genetic loci (Visker, 2005; Massa et al., 2018). 
Specifically, both traits have been mapped to a specific region of the potato genome located 
on the top arm of chromosome 5 (Chr05) (Visker, 2005; Kloosterman, B. et al., 2013). Later, 
this identified genetic locus was functionally linked to a member of the DOF family (DNA-
binding with one finger) coding for a transcription factor (TF) named CYCLING DOF FACTOR 
1 (StCDF1)(Kloosterman, B. et al., 2013). During the afternoon under long day conditions, the 
StCDF1 (StCDF1.1) wild-type protein is subject to ubiquitin-dependent degradation that is 
facilitated by its interaction with two proteins, called GIGANTEA (StGI) and FLAVIN-BINDING 
KELCH REPEAT F-BOX PROTEIN 1 (StFKF1). Allelic variation at the 3′ end of the StCDF1 
gene can result in truncated allelic variants (StCDF1.2 and StCDF1.3; Figure. 2). The proteins 
produced by these truncated variants exhibit impaired binding to StFKF1 and maintain a 
constant abundance throughout the day. The plants carrying the truncated allelic  
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Figure. 2. The truncated allele of StCDF1 induces early tuberization and a shortened life 
cycle. The wild-type StCDF1 (StCDF1.1) undergoes degradation in response to long-day 
conditions through its interaction with StGI and StFKF1 proteins. Plants homozygous for 
StCDF1.1 exhibit a prolonged life cycle and delayed tuberization. Conversely, under short-day 
conditions, this interaction is inhibited, allowing StCDF1.1 to repress the expression of 
downstream genes, such as StCONSTANS-Like (StCOLs). On the other hand, the StCDF1.2 
and 1.3 alleles which carry insertions, resulting in premature stop codons and the production 
of a truncated protein. The StCDF1.2/3 alleles show enhanced protein stability, as a result of 
which, it exhibits inhibited binding to StFKF1 protein. Plants carrying the truncated StCDF1 
alleles show early tuberization and a shortened life cycle under long day conditions 
(Kloosterman, B. et al., 2013). 
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1 
  

variants tuberize independent of day length and have shorter life cycles. Moreover, 
overexpressing of StCDF1.2 in S. andigenum, a potato species that only tuberizes under short-
day conditions, can induce tuberization under long-day conditions and significantly shorten the 
potato plant's life cycle (Kloosterman, B. et al., 2013). Both genetic and molecular evidence 
suggest that the underground earliness and above ground maturity can be linked to the same 
gene, StCDF1.  

StCDF1 is a transcription factor belonging to the DOF (DNA binding with one finger) family, 
which regulates gene expression by binding to a specific DNA sequence (5’-T/AAAG-3’) in the 
promoter region of target genes(Gupta et al., 2015). This binding is mediated by the DOF 
domain located at the N-terminal end of StCDF1, which is a conserved motif found in most 
DOF transcription factors. Kloosterman, B. et al. (2013) were the first to describe the regulatory 
network of StCDF1 in regulating day-length depending tuberization. Similar to the 
photoperiodic-dependent flowering regulatory pathway in Arabidopsis, StCDF1 directly binds 
to the promoter of potato CONSTANS homologues (StCO-Like 1 and StCO-Like 2) and 
represses their expression. StCOL1&2 negatively regulate tuberization by directly upregulating 
the expression of a potato homologue of FLOWERING LOCUS T (FT), called SELF-PRUNING 
5G (StSP5G). Furthermore, StSP5G reduces the expression of its homologue, called StSP6A, 
by a yet unknown mechanism. StSP6A serves as a vital mobile signal, known as a 'tuberigen,' 
that is expressed and translated into protein in the leaf (Figure 3). It is then transported to the 
stolon, where it initiates the process of tuberization (Abelenda et al., 2014). The tuberization  

 
Figure. 3. Model for tuberization induction adapted from Abelenda et al. (2014) and 
Taoka et al. (2011). The potato leaf senses various environmental signals, including day length, 
which influences the stability of the StCDF1 protein. StCDF1 directly inhibits the expression of 
StCOLs, while StCOLs, in turn, negatively regulate the expression of StSP6A. This regulation 
can occur either through direct repression or indirectly by repressing the expression of StSP5G. 
Notably, StSP6A is expressed and translated into protein in the leaf and subsequently the 
protein is transported through the phloem to the stolons, where it plays a crucial role in 
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promoting tuberization. The arrival of StSP6A to the stolon results in the formation of TAC and 
further affects the expression of tuber identity genes.  
 
initiation involves a molecular process similar to that in florigen activation in the shoot apical 
meristem. Upon arrival in stolons, StSP6A interacts with bZIP-type transcription factors (such 
as StABI5 and FD homologs in potato) and forms a tuberigen activation complex (TAC) in 
conjunction with 14-3-3 proteins (Teo et al., 2017; Jing et al., 2022b)(Figure. 3). The TAC 
complex plays a crucial role in inducing tuberization by triggering the local expression of 
tuberization-related genes (Jing et al., 2022b). 

Hence, StCDF1 contributes to the promotion of tuberization by indirectly activating the 
expression of StSP6A, as it curtails the expression of StCOLs and StSP5G, as illustrated in 
Figure 3. The increased protein stability of StCDF1.2 and StCDF1.3 enables them to 
continuously inhibit the expression of StCOLs and StSP5G, resulting in early tuberization 
under long-day conditions. While the regulatory role of StCDF1 in controlling day length-
dependent tuberization has been extensively studied, it is still not clear how StCDF1 governs 
above-ground maturity/senescence, and how these two pathways are interconnected. In this 
thesis, we investigated the role of StCDF1 in regulating senescence (Chapter 2).  

StCDF1 influences potato plant response to abiotic stresses 

Potato yield is constantly threatened by environmental stresses (Dahal et al., 2019; Lehretz et 
al., 2019). Drought and heat-prone countries account for over 50% of global potato cultivation 
(FAOSTAT, 2021; Demirel, 2023). However, under conditions of restricted water availability, 
high temperatures, and elevated soil salinity, the yield of potato tubers is severely negatively 
affected (Levy et al., 2013; Monneveux et al., 2013). With rapid global climate change, the loss 
in total potato yield due to abiotic stress is expected to reach up to 32% by 2050 (Hijmans, 
2003; Raymundo et al., 2018).  

In recent years, various members of the CDF protein family across different plant species have 
been shown to play a role in regulating responses to abiotic stress (Corrales et al., 2014; 
Fornara et al., 2015; Xu & Dai, 2016; Corrales et al., 2017; Renau-Morata et al., 2017). Despite 
the well-known cyclic diurnal regulatory network, several new stress tolerance regulatory 
networks of CDFs have been uncovered. For instance, overexpression of AtCDF3 has been 
found to activate the expression of genes involved in cellular osmoprotection and ROS 
homeostasis, including heat shock proteins, peroxidases, and catalases (Corrales et al., 2017). 
The upregulation of these genes is associated with improved plant tolerance to drought, cold, 
and osmotic stress in 35S::AtCDF3 Arabidopsis plants (Corrales et al., 2017). Therefore, CDFs 
have been demonstrated to respond to a wide range of environmental changes, regulating 
downstream genes to facilitate adaptation. Recent research has highlighted the significance 
of AtCDF1 as one of the six early responder transcription factors in nitrogen level responses 
(Varala et al., 2018; Alvarez et al., 2020). These intriguing findings imply that StCDF1 may not 
only be regulated by photoperiod but also by various other environmental signals. However, 
the mechanisms underlying the process of environmental sensing by CDFs remain largely 
unclear. 
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In potato, StCDF1 has been link to regulating drought response. Anithakumari et al. (2012) 
reported that the QTLs for growth and yield under drought co-localized with the QTL for 
maturity on chromosome 5, which was later identified as the StCDF1 locus (Kloosterman, B. 
et al., 2013). Recently, a molecular study by Ramírez Gonzales et al. (2021) showed that 
StCDF1, along with its lncRNA counterpart StFLORE, regulates drought tolerance in potato. 
The physiological evidence suggests that StCDF1 is involved in regulating stomatal 
morphology and the opening and closing of stomata, which affects transpiration (Ramírez 
Gonzales et al., 2021). A similar module was previously found for AtCDF5/ FLORE in 
Arabidopsis (Henriques et al., 2017). Based on the antiphasic expression pattern and other 
phenotypic evidence, FLORE was proposed to be the natural antisense transcript (NAT) for 
AtCDF5 and to function in regulating flowering. In potato, StFLORE seems to have a more 
obvious function in response to abiotic stress, such as drought. The mutual inhibition between 
StCDF1 and StFLORE gives rise to a broad hypothesis suggesting that StFLORE may play a 
role in sensing environmental changes, such as in water availability. It is postulated that 
StFLORE might directly transmit this signal to StCDF1 at the transcriptional level. However, 
the molecular mechanism of StCDF1/StFLORE in regulating specific abiotic stress response 
remains elusive.   

Abscisic Acid (ABA) is a key phytohormone that mediates stomatal closure to reduce water 
loss by decreasing the transpiration rate (Muhammad Aslam et al., 2022). This primary role of 
ABA makes it critical for plant drought response. NCEDs (9-cis-epoxycarotenoid dioxygenase) 
encode rate-limiting enzymes in the ABA biosynthesis pathway (Sussmilch et al., 2017). 
Overexpression of NCEDs in various plant species has been shown to enhance ABA levels 
and improve drought tolerance (Qin & Zeevaart, 2002; Endo et al., 2008). Interestingly, the 
expression of NCEDs follows a diurnal oscillation pattern that aligns with ABA level fluctuations 
throughout the day (Lee et al., 2006; Pizzio, 2022). Numerous circadian rhythm regulators 
have been identified that regulate the expression of NCEDs, including PPR5, CCA1, LUX, LHY, 
and ELF3 (Adams et al., 2018; Pizzio, 2022). CDFs are known as clock-controlled factors and 
are involved in regulating multiple photoperiod-dependent pathways. In fact, recent research 
has shown that CDF4, a member of the CDF family, directly binds to the NCED2 and NCED3 
promoters, thereby activating their expression in Arabidopsis. Furthermore, DAP-seq analysis 
of StCDF1 (Gonzales, 2022) revealed potential binding between StCDF1 and the StNCED3 
promoter, suggesting a possible role for StCDF1 in regulating ABA biosynthesis. In Chapter 
3, we present molecular evidence that StCDF1 negatively regulates the expression of 
StNCED3 and StNCED4 to repress ABA biosynthesis. 

In addition to drought, potato is also sensitive to elevated temperatures (Ewing & Struik, 1992; 
Fahad et al., 2017; Lehretz et al., 2019). In fact, exposing potato plants to long periods of 
temperatures above 25 degrees Celsius can lead to reduced yields and poor-quality tubers. 
Previous studies suggest that heat stress negatively impacts various physiological processes 
in the plant, including tuberization, carbon fixation and photosynthesis (Ewing, 1981; Timlin et 
al., 2006; Dahal et al., 2019). Due to global warming, this issue is becoming more and more 
pressing for potato growers as rising temperatures and more frequent heatwaves pose a 
significant threat to potato production and food security. Lehretz et al. (2019) published a 
comprehensive study elucidating the molecular mechanism underlying the inhibition of 
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tuberization by heat. They discovered a novel micro-RNA called SES (Suppression of 
Expression of SP6A), which exhibited upregulated expression in response to heat treatment. 
Notably, StSES was found to target and reduce the transcripts of StSP6A. These findings shed 
light on the molecular basis of heat-induced inhibition of tuberization. Further exploration of the 
upstream regulators of StSES is crucial for enhancing potato heat tolerance. 

Although CDFs have not yet been directly linked to heat stress response, an interesting study 
conducted on 50 potato varieties under heat stress revealed that early maturing cultivars 
tended to be less affected by heat than their late maturing counterparts (Zhang, G et al., 2020). 
Considering that StCDF1 is the major locus for regulating potato maturity, it is reasonable to 
speculate that StCDF1 may also play a role in regulating potato heat stress response, given 
that both processes involve complex genetic and physiological mechanisms. In Chapter 3, we 
investigated the role of StCDF1 in regulating heat tolerance. 

The molecular basis of StCDF1 in regulating transcription 

Many important agronomic traits have been genetically linked to the StCDF1 locus (Visker, 
2005; Hoopes, G et al., 2022). StCDF1, as a transcription factor, was known to influence plant 
phenotypes by regulating transcription of downstream genes. The interactions within the gene 
regulatory networks downstream of StCDF1 underlie the association of different traits. 
Therefore, a better understanding of the molecular regulation of StCDF1 will provide insight 
into how different traits are coordinately regulated by this important transcription factor. 

Figure. 4. Modelled structure of StCDF1.1 protein. The arrows indicate the terminal ends 
and interaction site for the co-repressor TPL. The box on the right shows a zoom-in of the DOF 
DNA binding domain. The 3D model of StCDF1.1 was predicted by AlphaFold (Jumper et al., 
2021; Varadi et al., 2022). 
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StCDF1 is a transcription factor that belongs to the DOF family and contains a DOF domain, 
which typically includes a zinc finger motif consisting of 55 amino acid residues. As with most 
DOF transcription factors, the DOF domain is located at the N-terminal end of the protein  
(Figure 4). The DNA-binding activities of DOF family members have been studied through 
various in vitro and in vivo approaches (Renau-Morata et al., 2020). Notably, the DNA-binding 
activity of StCDF1 was tested, and a 9-bp consensus sequence, YWAAAGRYC, was found to 
be the StCDF1 binding motif (Ramírez Gonzales et al., 2021; Gonzales, 2022). Interestingly, 
in addition to its role in DNA binding, the DOF domain has been shown in several studies to 
have other functions, such as interaction with other transcription factors and cell-to-cell 
trafficking (Chen et al., 2013; Renau-Morata et al., 2020; Gao et al., 2022). 

It is worth noting that the transcriptional regulation function of CDF1 is not solely dependent 
on its DOF domain. Goralogia, Greg S et al. (2017) reported the existence of a conserved 
region in CDFs across different plant species, which is located at the N-terminal end of the 
protein and is required for interaction with the well-known co-repressor TOPLESS (TPL) 
protein. TOPLESS (TPL)/TOPLESS-RELATED (TPR) proteins belong to the Groucho 
(Gro)/Tup1 family and are conserved corepressors in plants (Plant et al., 2021). The current 
understanding of their role in gene repression is that they are recruited by specific transcription 
factors and recruit histone deacetylases (HDACs), which remove acetyl groups from histones 
(Zhu et al., 2010; Causier et al., 2012a; Krogan et al., 2012). This results in a more condensed 
chromatin structure, making it difficult for RNA polymerase to access the DNA and initiate 
transcription. In essence, TOPLESS proteins help to repress gene expression by altering the 
chromatin structure and preventing the transcriptional machinery from accessing the DNA 
(Kadosh & Struhl, 1998; Tanaka et al., 2008; Causier et al., 2012a). Based on current 
knowledge, it is hypothesized that StCDF1 is transcriptionally regulated by a mechanism 
involving the DOF domain, which recognizes a specific DNA motif, and subsequently recruits 
TPL and HDACs to induce a repressive chromatin state. 

Recently, a study was conducted using a combination of DAP-seq and RNA-seq to investigate 
the downstream targets of StCDF1 (Gonzales, 2022). The results revealed that StCDF1 
functions not only as a repressor but also as an activator in regulating gene expression. 
Interestingly, the study identified 330 genes that are negatively regulated by StCDF1, while 
over 575 genes were found to be upregulated by it (Gonzales, 2022). However, despite these 
findings, the precise mechanism through which StCDF1 activates gene expression remains 
largely unknown. The StCDF1 locus has been recognized for its profound influence on various 
aspects of potato plant development. Enhancing our understanding of this novel activation 
mechanism holds the potential to unveil important genes associated with StCDF1 in regulating 
potato plant development traits, thus providing valuable insights for breeding programs. 

Proximity labeling: a novel tool for investigating protein-protein interaction in 
vivo 

Exploring protein-protein interactions (PPIs) in crop plants, like potatoes, has always presented 
challenges. Our understanding of PPIs in these crops heavily relies on studies conducted in 
model plant systems, such as Arabidopsis. In fact, all three interactors of StCDF1 have been 
previously identified in Arabidopsis studies (Sawa et al., 2007; Kloosterman, B. et al., 2013; 



Chapter 1 
 

17 
 

Goralogia, Greg S et al., 2017). The recently discovered activation function of StCDF1 
suggests that it may recruit other transcription factors (TFs) to jointly activate downstream gene 
expression. However, very limited studies have been done and testing potential interactors 
individually is time-consuming. To investigate PPIs in plants, several methods have been used 
in previous studies like yeast two hybrid (Y2H), Co-immunoprecipitation (Co-IP), and 
immunoprecipitation or affinity purification combined with mass spectrometry (IP-MS/ AP-MS). 
Among these methods, Y2H has the advantages of being low in financial costs and easy to 
perform, but this method has a high labor cost, high false positive rate and is limited to a non-
native environment. The immunoprecipitation-based approaches can be performed in the 
native biological environment. However, these approaches have difficulty detecting weak or 
instantaneous interactions. 

Proximity labeling (PL) has been developed over the past decade to study PPIs in mammalian 
cells (Yang et al., 2021). This method is based on fusing engineered ascorbate peroxidase 
(APEX) or the mutant biotin ligase BirAR118G (BioID) with the protein of interest (POI). A 
significant advantage of this PL approach is its ability to biotinylate interactors of the fused POI 
within their native cellular environment. However, both enzymes have disadvantages, like 
requiring toxic hydrogen peroxide (H2O2), a high optimal working temperature or having a low 
efficiency in labelling, and these disadvantages make them difficult to use in plant research. 
Lately, a new engineered biotin ligase, TurboID, was described as a better candidate for PL in 
plants (Branon et al., 2018; Zhang, Y et al., 2020).  TurboID based PL protocols have been 
established for N. benthamiana, Arabidopsis and tomato hairy roots (Kim et al., 2019; Zhang, 
Y et al., 2019; Arora et al., 2020; Zhang, Y et al., 2020). Notably, when coupled with mass 
spectrometry (MS), TurboID based PL enables high-throughput analysis of PPIs and mapping 
of protein networks in vivo condition. Despite that, this novel method has not yet been widely 
applied in other crop plant studies. In Chapter 4, we utilized the current proximity labelling 
protocol for application on potato material in a transient approach. By applying this approach, 
we identified a novel regulatory partner of StCDF1(Chapter 5). These results improved our 
understanding of how StCDF1 cooperatively interacts with its partners in regulating 
downstream gene expression throughout the day.  

Scope of the thesis 

The main goal of this thesis is gaining knowledge of the later development stage in potato 
senescence and building knowledge of how developmental traits influence the final yield. This 
thesis presents a comprehensive investigation of StCDF1, the key gene that regulates multiple 
aspects of potato plant development. Our research provides valuable insights into the 
interconnections among various developmental processes in potatoes. 

In Chapter 2, we analyzed the StCDF1 DAP-seq data to identify a novel direct downstream 
target called StORE1S02, coding for a NAC transcription factor associated with senescence 
induction in A. thaliana. We revealed that StORE1S02 is involved in regulating leaf senescence 
in potato, especially the onset of senescence, by comparing overexpression and knockdown 
StORE1SO2 transgenic plants with non-transformed controls. We provide evidence that 
StCDF1 controls senescence onset separately from senescence progression and the total life 
cycle duration. Moreover, our study demonstrated that StORE1S02 regulates sugar transport 
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1 
during senescence, contributing to dry matter accumulation in tubers. In this work, by 
examining the role of the StCDF1 locus, we address the long-standing question on how potato 
tuberization and senescence are linked in S. tuberosum. We show here that StCDF1 promotes 
tuberization by not only inducing tuberization signals but also by regulating nutrient reallocation 
during senescence.  

In Chapter 3, we delve into the role of StCDF1 in regulating heat-induced premature 
senescence. Our findings reveal that StCDF1 not only enhances heat tolerance but also 
promotes tuberization across varying temperature conditions. Specifically, our experiments 
demonstrate that plants overexpressing StCDF1 or expressing a truncated StCDF1 allele 
exhibit reduced premature leaf senescence. Furthermore, these plants show a remarkable 
increase in yield (from 16 to 47%) when exposed to higher temperatures. Additionally, we 
observed that both StCDF1 overexpressing transgenic plants and plants carrying a truncated 
allele exhibited heightened transpiration rates, which were accompanied by reduced 
endogenous levels of ABA, under both experimental conditions. 

To further enhance our understanding of the regulatory mechanism of StCDF1, our research 
aims to identify novel interactors of StCDF1. TurboID based proximity labelling is considered 
to be the most suitable approach for our purpose. In Chapter 4, we focused on adapting the 
TurboID-based proximity labeling protocol for implementation in potato material. This 
modification enabled us to investigate the regulatory mechanism with improved precision. 

In Chapter 5, we present proximity labeling results of StCDF1. We successfully identified both 
known interactors, such as StFKF1 and StTPLs, as well as 7 novel interactors through the 
application of TurboID-based proximity labeling. These findings expand our understanding of 
the complex protein interaction network involving StCDF1.Furthermore, we provide compelling 
evidence that the activation regulatory mechanism of StCDF1 is dependent on the DOF DNA 
binding domain, rather than the TPL binding domain. Additionally, we present further evidence 
demonstrating that StCDF1 specifically regulates the progression of senescence without 
affecting its onset or the total life cycle length of the plant. Notably, we observed a delayed 
senescence progression and an over 50% increase in tuber mass weight in the case of 
overexpressing StCDF1.2 with a defective TPL binding site. These findings indicate that 
StCDF1 plays a multifaceted role in the regulation of senescence, highlighting its potential as 
a targeted modulator for selectively influencing specific aspects of this process. 

In Chapter 6, the major findings of this thesis are summarized and placed in the broader 
research context of the functions of StCDF1 and the intricate link between tuberization and 
senescence. 
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Summary 
• In potato, maturity is assessed by leaf senescence, which in turn affects yield and tuber 

quality traits. Previously, we showed that the CYCLING DOF FACTOR1 (StCDF1) 
locus controls leaf maturity in addition to the timing of tuberization. Here, we provide 
evidence that StCDF1 controls senescence onset separately from senescence 
progression and the total life cycle duration. 

• We used molecular–biological approaches (DAP-seq) to identify a direct downstream 
target of StCDF1, named ORESARA1 (StORE1S02), which is a NAC transcription 
factor acting as a positive senescence regulator. 

• By overexpressing StORE1S02 in the long life-cycle genotype, early onset of 
senescence was shown, but the total life cycle remained long. At the same time, 
StORE1S02 knockdown lines have a delayed senescence onset. Furthermore, we 
show that StORE1 proteins play an indirect role in sugar transport from source to sink 
by regulating expression of SWEET sugar efflux transporters during leaf senescence.  

• This study clarifies the important link between tuber formation and senescence and 
provides insight into the molecular regulatory network of potato leaf senescence onset. 
We propose a complex role of StCDF1 in the regulation of potato plant senescence. 

 

 

Keywords: Senescence, StCDF1, StORE1, Tuberization, Life cycle. 
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Introduction 
Plant senescence is the last stage of plant development. During this period, structures and 
chemical compounds in the chloroplast are broken down allowing nutrients to be recycled and 
reallocated to other parts of the plant for storage or further development (Guiboileau et al., 
2010). This process includes leaf senescence, which is characterized by a decrease in 
chlorophyll content of leaves, discontinuation of meristem development, and degradation of 
macromolecules such as proteins and nucleic acids (Hörtensteiner, 2009). The senescence 
process has been well studied in several plant systems as it is a critical trait which can influence 
yield and nutritional value (Woo et al., 2018). Potato (Solanum tuberosum L.) is a member of 
the Solanaceae family and the most important non-grain food crop (Zaheer & Akhtar, 2016). 
Despite a long history of potato cultivation, several aspects of potato development and life-
cycle regulation remain elusive. 

In many other crops, maturity refers to flowering time, seed maturity, fruit ripening and leaf 
senescence (TeKrony et al., 1979; Maul et al., 1998; Wang et al., 2020). In potato, phenotyping 
underground development is difficult. Therefore, breeders focus mainly on phenotyping the 
above ground leaf maturity, instead of tuber maturity. For potato, plant maturity is considered 
to be one of the most important genetically controlled, physiological components for 
phenotyping in breeding programs for predicted harvest timing and yield improvement 
(Wallace et al., 1993; Prat, 2006). Maturity is generally scored on an ordinal scale from 1-7 
with 1 being green plants and 7 being dead plants (Hurtado et al., 2011). Furthermore, potato 
maturity is frequently evaluated by scoring only once, at a time-point where the breeder 
observes the greatest variation in a population. Thus, the senescence onset, senescence 
progression speed and other senescence related factors remain less well characterized. 

Leaf maturity is affected by numerous internal and environmental cues. In potato, tuberization 
onset and leaf maturity are tightly linked physiologically and genetically. In fact, these two traits 
have often been mapped to the same genetic locus (Visker et al., 2003; Kloosterman, B. et al., 
2013; Jing et al., 2022a). A major-effect quantitative trait locus (QTL), located on chromosome 
5, is responsible for foliage maturity, tuberization onset, and final potato yield (Visker et al., 
2003; Kloosterman, B. et al., 2013; Li, J et al., 2019). This QTL was shown to be functionally 
linked to a DOF family gene (DNA-binding with one finger) coding for a transcription factor 
named CYCLING DOF FACTOR1 (StCDF1) that was found to regulate tuberization and plant 
life cycle length. In diploid potato, the genotypes with truncated variants have earlier leaf 
maturity. The truncated variants of StCDF1 exhibit enhanced protein stability caused by 
inability to bind to GIGANTEA (StGI) and FLAVIN-BINDING, KELCH REPEAT, F-BOX 
(StFKF1) (Kloosterman, B. et al., 2013). Overexpressing truncated StCDF1 (StCDF1.2) in the 
late tuberizing and late leaves maturing background (homozygous StCDF1.1) leads to both 
early tuberization and a short life cycle in potato (Kloosterman, B. et al., 2013). Furthermore, 
a study based on 6 tetraploid genomes demonstrated that the allelic variants of StCDF1 
correlate with leaf maturity in a dosage-dependent manner (Hoopes, G et al., 2022). Recently, 
Jing et al. (2022a) reported that the StABI5-like 1 gene (StABL1) codes for a transcription 
factor which also positively influences tuberization onset and leaf senescence. In these studies, 
early tuberization was linked to the FLOWERING LOCUS T-like (FT-like) gene SELF-
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PRUNING 6A (StSP6A). StSP6A is a small globular protein that acts as a mobile tuberigen 
and belongs to the phosphatidylethanolamine-binding protein (PEBP) family (Navarro et al., 
2011; Zhang, X et al., 2020). In stolon tips, StSP6A forms a tuberigen activation complex (TAC) 
with St14-3-3s and StFD-LIKE1 (StFDL1) to activate downstream tuberization related genes 
(Teo et al., 2017). Tuber formation requires assimilate translocation. StSP6A is also found to 
be involved in leaf to stolon sugar transport, by physically interacting with the sucrose efflux 
transporter Sugar Will Eventually be Exported Transporter 11 (StSWEET11) to promote 
symplasmic sucrose transport (Abelenda et al., 2019). While sugar transport is crucial for plant 
development throughout the life cycle, it plays a particularly important role during senescence, 
as it enables the mobilization of nutrients from senescing tissues to other parts of the plant for 
storage or further use (Wingler, 2018). A molecular link between both StCDF1 and StSP6A 
with plant senescence has not yet been demonstrated. 

To gain insight into how potato tuberization associates with leaf senescence, understanding 
the senescence regulatory network is important. The Arabidopsis NAC transcription factor 
ORESARA1 (ORE1) has been shown to act as a critical positive senescence regulator (Woo 
et al., 2004; Rauf et al., 2013; Qiu et al., 2015; Kim et al., 2018). ORE1 promotes senescence 
by directly binding to BIFUNCTIONAL NUCLEASE1 (BFN1), SENESCENCE-ASSOCIATED 
GENE 29 (SAG29) and other promoters of senescence-associated genes (Matallana-Ramirez 
et al., 2013). Arabidopis thaliana AtORE1 mutants display a stay-green phenotype (Kim et al., 
2018). In the early development stages of plants, AtORE1 is targeted and downregulated by 
the microRNA miR164 at the transcription level (Kim et al., 2009; Lira, B. S. et al., 2017). During 
leaf senescence, miR164 expression is downregulated while AtORE1 expression is enhanced 
(Pulido & Laufs, 2010). The balance between miR164 and AtORE1 transcripts is critical for 
leaf-stage transition. Moreover, a number of AtORE1 orthologues affecting leaf senescence 
and fruit quality traits have been identified in tomatoes, termed SlORE1S02, 3 and 6 according 
to their chromosomal position (Lira, B. S. et al., 2017).    

Despite all previous research, knowledge about the regulation of senescence in potatoes is 
limited. In previous studies, StCDF1 has been mapped as responsible for the onset of 
tuberization and senescence (Visker et al., 2003; Kloosterman, B. et al., 2013; Li, J et al., 2019). 
In this study, we show that potato plant’s senescence has several different aspects: onset of 
senescence, progression of senescence, and life cycle length. StCDF1 negatively affects the 
onset of senescence but accelerates the progression of senescence and shortens the life cycle. 
In addition, we identify the direct downstream target of StCDF1, StORE1S02 (named by 
analogy to tomato), which has been found to regulate the onset of senescence specifically in 
potatoes. We also found that StORE1s play a key role in sugar transportation throughout 
several leaf developmental stages. This study discovered a new connection between tuber 
formation and senescence and provides insight into the molecular regulatory network of potato 
leaf senescence onset. 
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Results 
StCDF1 represses senescence onset and shortens growing period 

Previously, we showed that overexpressing a truncated StCDF1(StCDF1.2) in a late tuberizing 
background (homozygous StCDF1.1), not only induced early tuberization but also shortened 
life cycle length (Kloosterman, B. et al., 2013; Hoopes, G et al., 2022). To study the function 
of StCDF1 in regulating senescence, we selected two offspring plants of the C x E population 
described previously (Kloosterman, B. et al., 2013; Ramírez Gonzales et al., 2021) with 
different StCDF1 allele combinations for observing senescence related traits in detail (Fig. 1A). 
To study the impact of StCDF1 in regulating senescence, we aimed at overexpressing StCDF1 
in a late background. Due to the better protein stability, StCDF1.2 was selected as backbone 
(Kloosterman, B. et al., 2013). Furthermore, to avoid negative regulation by the lncRNA 
StFLORE transcript (Ramírez Gonzales et al., 2021) and thereby ensuring high expression 
throughout the day, we edited the coding usage in the 35S:StCDF1.2 construct (Fig. S1) 
resulting in a construct named p35S:StCDF1.2 Coed. Strong expression of p35S:StCDF1.2 Coed 
was found in transgenic lines (Fig. S2). 

Interestingly, although a longer life cycle was observed in CE3027 (homozygous StCDF1.1), 
the lowest leaves have visible yellowing (50 days after planting, DAP) earlier than those in 
CE3130 (early tuberizing, containing two truncated StCDF1 variants: the StCDF1.2 and 
StCDF1.3 alleles) and OE StCDF1.2 Coed (Fig. 1A). The visible leaf yellowing in CE3130 started 
at 72 DAP and it rapidly completed its life cycle within one week. The weekly measurements 
of chlorophyll content consistently demonstrate a gradual decline in the lower leaves of 
CE3027 starting from 37 DAP. In contrast, the chlorophyll content in OE StCDF1.2 Coed and 
CE3130 plants appears to remain relatively stable until reaching 65 DAP (Fig. 1B). We 
observed a similar pattern in change of chlorophyll fluorescence (quantum yield of PSII) 
through the time (Fig. 1C). Together, the delayed senescence onset and shortened life cycle 
also were clearly visible in overexpressing StCDF1.2 Coed transgenics (Fig. 1A-C).  

These phenotypes suggest that senescence related traits, like senescence onset, speed of 
senescence progression and life cycle length are not positively correlated in potato. 
Overexpressing StCDF1.2 Coed in a late background or carrying a truncated StCDF1 allele 
(StCDF1.2/1.3) will shorten the life cycle, but delay senescence onset. In summary, StCDF1 
controls both senescence onset and total life cycle length separately.  
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Figure 1. StCDF1 represses senescence onset and shortens growing period.  
A. Phenotype of CE3027  (late maturity, homozygous for StCDF1.1) , CE3130 (early maturity, 
containing both the StCDF1.2 and StCDF1.3 alleles), OE StCDF1.2 

Coed
 1# at 50 and 79 DAP. 

B. Fold change of chlorophyll content (µmol of chlorophyll per m2, measured by Apogee MC-
100 Chlorophyll Meter) from 23-72 DAP in CE3027, CE3130, OE StCDF1.2 

Coed
 1#  and OE 

StCDF1.2 
Coed

 2# . The chlorophyll content of each line was standardized to a value of 1 at 23 
DAP. Error bars: means ± SE, with n = 12 technical replicates. C. Quantum yield of PSII (in 
light, measured by Licor-600) of the same samples from (B). Each measurement was plotted 
as one data point, n=12 technical replicates. The average of data points from the same time 
and plant line are connected with a line.  
 

StCDF1 binds to and represses the expression of a positive senescence 
regulator, StORE1S02 

To understand how StCDF1 is involved in the regulation of senescence, this study used the 
direct target genes of StCDF1. Recently, a DAP-seq of StCDF1 was performed by Gonzales 
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(2022) and this dataset revealed many novel direct downstream targets of StCDF1. By 
manually screening for well-known senescence regulators, we found that there are multiple 
binding sites for StCDF1 on the promoter of StORE1S02 (StORESARA1S02) (Fig. 2A), whose 
orthologues positively regulate senescence in Arabidopsis and tomato (Lira, B. S. et al., 2017). 
Based on the DAP-seq results, we hypothesized that StCDF1 might directly regulate the 
expression of StORE1S02. Therefore, we examined the expression of StORE1S02 in CE3130 
and OE StCDF1.2 Coed transgenics and the background of these transgenics (CE3027). The 
results show that during the morning, transcription levels of StORE1S02 in CE3130 and OE 
StCDF1.2 Coed transgenics were strongly downregulated compared to in CE3027 (Fig. 2B, 
Table.S1).  

This repression can also be found in the StORE1S02 expression profile during the 
development (23-57DAP; Fig. 2C) in CE3130 compared to CE3027. Although the StORE1S02 
transcript level reached its highest point at 37 DAP in both early and late backgrounds, the 
upregulated period of StORE1S02 is longer in CE3027 (30 DAP-50 DAP) than in CE3130 (30 
DAP-43 DAP). To further confirm that the reduced expression of StORE1S02 is linked to the 
repressing function of StCDF1, the 35S:StCDF1.1 construct was co-infiltrated into tobacco 
leaves with StORE1S02 promoter constructs driving expression of the firefly luciferase gene 
(Fig. 2D). The result shows that StCDF1 downregulates the expression of StORE1S02. 
Together, StCDF1 binding to the promoter of StORE1S02 and the co-expression study 
confirms that StCDF1 directly negatively regulates the expression of StORE1S02.  
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Figure 2.StCDF1 repress expression of StORE1S02 via directly binding to the promoter 
of StORE1S02. A. DAP-Seq binding peaks of StCDF1 in the promoter region of StORE1S02. 
Diagram description from the top: input library as negative control (black bar chart), experiment 
1 (red bar chart), experiment 2 (yellow bar chart), experiment 3 (green bar chart). The 
significant binding sites shows in below bar chart of each experiments. Gene model of 
StORE1S02 is represented in blue. In the right bottom corner, the scale represents 1 kb. B. 
Diurnal gene expression analysis of StORE1S02 in CE3027, CE3130 and OE StCDF1.2 

Coed
 

1# and OE StCDF1.2 
Coed

 2# . ZT: Zeitgeber time. Error bars: means ± SE, with n = 3 biological 
replicates. C. Transcript profiles of StORE1s throughout development in CE3130 and CE3027 
Error bars: means ± SE, with n = 3 biological replicates. D. Repression of pStORE1S02::iLUC 
luciferase activity by 35S::StCDF1.1 in N. benthamiana leaves. pStORE1S02 were used as a 
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negative control. Relative luminescence levels were measured at intervals of 0.5 h for 2 days. 
Error bars represent the standard error of 4 biological replicates. 

 

ORE1 orthologs in potato   

ORESARA1 (ORE1) encodes a NAC transcription factor that positively regulates senescence 
by promoting nucleic acid degradation and inhibiting chloroplast maintenance (Matallana-
Ramirez et al., 2013; Rauf et al., 2013). In this study, we identified 3 ORE1 orthologs in potato 
by comparing protein sequences from AtORE1, SlORE1S02, SlORE1S03, and SlORE1S06 
against the potato reference genome DM 1-3 516 R44 v6.1. The identified homologues were 
named StORE1S02, StORE1S03 and StORE1S06 according to their chromosome localization, 
as with the tomato SlORE1 genes. The coding Sequences (CDS) of the genes were aligned 
and a phylogenetic representation including all ORE1 sequences from the different crops was 
created (Fig. 3A). Interestingly, unlike other plant families, all analyzed Solanaceae species 
had 3 copies of ORE1. 

By retrieving and analyzing the CDS of ORE1 from ten different crops, we found that all 
Solanaceae species carry an in-frame insertion of 24 bp in the ORE1S02 homologue (Fig. 3B). 
This insertion was suggested to disrupt the binding and the cleaving by miR164 (Lira, B. S. et 
al., 2017). We performed a diurnal gene expression analysis of StORE1 genes in the diploid 
potato genotype CE3027 and show that StORE1S02 has a much higher expression than the 
other two at four different time points (ZT0, ZT3, ZT6 and ZT12; Fig. 3C). The same pattern 
can also be found over the development period (Fig. 2C). Therefore, the transcript abundance 
of StORE1S02 is the highest among all three ORE1 orthologs in potato. 
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Figure 3. ORE1 orthologs in potato. A. Phylogenetic representation of the ORE1 genes 
obtained from the alignment of their protein sequences. The different species are clustered 
by family. Three AtORE1 orthologs were found for all Solanaceae species. All sequences are 
detailed in Table S3. In potato, they were named as follows: StORE1S02, StORE1S03, and 
StORE1S06. B. Alignment of AtORE1 and its orthologs in four Solanaceae species. The 
mir164 binding site in ORE1S02 genes is highlighted in yellow. The red arrowheads 
corresponds to the SlmiR164 cleavage sites detected by Lira et al., 2017, in StORE1S03 and 
StORE1S06. C. Analysis of StORE1 gene expression in CE3027 across the diel. Error bars: 
means ±SE, with n = 3 biological replicates. *P < 0.05, **P < 0.01; Compared to StORE1S02; 
t test. 

 

StORE1S02 positively regulates senescence onset  

Based on phylogenetic analysis and diurnal gene expression analysis, StORE1S02 is the 
closest ortholog to AtORE1 and has the highest expression among all three StORE1 genes 
(Fig. 3A&C). Therefore, for the p35S:StORE1S02, 3 transgenic lines were generated in the 
late senescent diploid potato genotype CE3027. The results show both selected transgenic 
lines (OE#11, OE #21) displayed higher expression of StORE1S02 (Fig. S3) and they all 
showed an early senescence phenotype (Fig. 4A). However, overexpressing StORE1S02 did 
not shorten the life cycle compared to the background CE3027 (Fig. 4B).  

Interestingly, in both overexpressing StORE1S02 transgenic lines the expression levels of 
StORE1SO3 and StORE1SO6 were upregulated. This result suggests StORE1S02 may 
positively regulate StORE1SO3 and StORE1SO6 expression (Fig. 4C). 

To further confirm the function of StORE1s in potato and avoid possible redundant effects of 
different homologs, we selected the region which is highly similar among all three StORE1s as 
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RNAi targeting region (Fig. S4). StORE1s knockdown plants were generated in CE3130, an 
early senescent background. Two lines (KD#3 and KD #4) were selected for use in this 
experiment. A delayed senescence phenotype was found in the StORE1s knockdown lines 
(Fig. 4D). The chlorophyll level also indicates that these transgenic lines contain more 
chlorophyll a and b compared with the background genotype (Fig. 4E). The life cycle length of 
KD lines is extended for an extra 3 weeks, but their life cycle still ended earlier than CE3027 
and both OE lines (Fig. 4F).  

BIFUNCTIONAL NUCLEASE1 (BFN1) has been reported to be positively regulated by ORE1 
in Arabidopsis (Matallana-Ramirez et al., 2013). In our transgenic lines, we found that StBFN1 
expression was significantly downregulated in KD#3 and KD#4 lines and upregulated in OE#11 
and OE#21 lines, compared to their background plants separately (CE3130 and CE3027; Fig. 
4G). Thus, we confirmed that this senescence associated gene StBFN1 is positively regulated 
by StORE1 transcription factors. By checking the senescence phenotype and senescence 
related gene expression of both OE and KD lines, we provide strong evidence that StORE1 
proteins act as positive regulator for senescence, especially the senescence onset timing, in 
potato.  
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Figure 4. StORE1S02 positively regulates senescence. A. From left to right, CE3027 and 
CE3027 transformed with 35S::StORE1S02 lines 21 and 11 (OE #21 and OE #11) at 43 days 
after planting (DAP). B. Same plants in (A), at 95 DAP. C. Relative expression of StORE1SO3 
and StORE1SO6 in CE3027 and CE3027 transformed with 35S::StORE1S02 lines 21 and 11 
(OE #21 and OE #11) at 23 DAP. Data are presented as the mean ± SE biological triplicates. 
*P < 0.05, **P < 0.01; t test. D. From left to right, CE3130 and StORE1S02 knock-down lines 
in the CE3130 background (KD #3 and KD #4) at 72 days after planting. E. Analysis of 
chlorophyll content in CE3027, OE #21 and OE #11 at 43 DAP. And chlorophyll content in 
CE3130, KD #3 and KD #4 at 72 DAP. Data are presented as the mean ± SE biological 
triplicates. *P < 0.05, **P < 0.01; t test.  Samples from each line were pooled (5 individuals) 
and measured. F. Fitted curves showing the senescence development. Senescence scoring 
according to the instructions from Hurtado, Schnabel et al. 2011, with minor modifications. 
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Briefly, 1 = green plant; 2 = upper leaves with the first signs of yellowing (light green); 
3 = yellow leaves; 4 = 25% of canopy brown; 5 = 50% of canopy brown; 6 = more than 75% 
canopy brown; 7 = dead plant. G. Relative expression of StBFN1. The gene expression results 
of CE3130 and StORE1S02 knock down lines in CE3130 background (KD #3 and KD #4) at 
37 DAP are shown in blue. The gene expression results of CE3027 and CE3027 transformed 
with 35S::StORE1S02 lines 21 and 11 (OE #21 and OE #11) at 23 DAP are shown in orange. 
Data are presented as the mean ± SE biological triplicates. *P < 0.05, **P < 0.01; t test. 

 

StORE1 genes do not affect tuberization initiation but affect sugar transportation 

To address whether StORE1S02 genes have an impact on tuberization, the tuberization 
phenotype was examined in the StORE1-RNAi lines and their background plants (CE3130) at 
35 days after planting (DAP). In previous experiments, CE3130 started tuberizing around 30-
35 DAP. Both KD lines produced tubers at 35 DAP, as did CE3130 (Fig. 5A). These results 
demonstrate that StORE1 proteins do not function as a trigger of tuberization.  

During the observation period, leaf thickening was found in KD lines (Fig. 5B). We speculated 
that leaf thickening and cell enlargement could be an indication of increased sugar 
accumulation. To test our hypothesis, we analyzed the sucrose and glucose content in the leaf 
at 4 different time points. In the KD lines, the sucrose content increased through time. In 
contrast, the sucrose content in CE3130 plants remained the same between these 4 time 
points (Fig. 5C). The glucose content remains relatively stable in all plant lines through these 
4 different time points (Fig. S5). We further checked the chlorophyll fluorescence and there 
was no significant difference between KD plants and their background plants (CE3130) among 
all the time points (Fig. 5E). Together, we observed that under the same photosynthesis rate, 
sucrose accumulated in the leaves of StORE1s knock down plants throughout development, 
but not in their background plant (CE3130).  
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Figure 5. StORE1S02 affects sugar transport. A. From left to right, underground 
phenotype of CE3130 and StORE1S02 knockdown lines in CE3130 background (KD #3 and 
KD #4) at 35 DAP. B. Light microscopy image of a leaf cross section of CE3130 and 
StORE1S02 knockdown lines (KD #3 and KD #4). The leaves were harvested at 30 DAP. C. 
Sucrose content in leaves of CE3130 and StORE1S02 knockdown lines in CE3130 
background (KD #3 and KD #4)  at different time points (23,30,37 and 43 day after plant, 
DAP). D. Relative expression of StSAG29/SWEET15 in the same samples as in (C). Data 
are presented as the mean ± SE biological triplicates. **P < 0.01; t test. E. Quantum yield of 
PSII (in light, measured by Licor-600) of CE3130 and StORE1 knockdown lines in CE3130 
background (KD #3 and KD #4)  at different time points (23,30,37 and 43 DAP). F. Relative 
expression of StSWEET11. The gene expression results of CE3130 and StORE1S02 
knockdown lines in CE3130 background (KD #3 and KD #4) at 37 DAP are shown in blue. 
The gene expression results of CE3027 and CE3027 transformed with 35S::StORE1S02 
lines 21 and 11 (OE #21 and OE #11) at 23 DAP are shown in orange. Data are presented 
as the mean ± SE biological triplicates. *P < 0.05, **P < 0.01; t test. G. Average of tuber 
weight per plant for knocked down plants and their background CE3130. *P < 0.05, **P < 
0.01; t test. H. Average of tuber weight per plant for overexpressed plants and their 
background CE3027. *P < 0.05, **P < 0.01; t test. I. A hypothetical model for the function of 
StCDF1 in regulating tuberization and senescence suggesting that StCDF1 represses the 
expression of StCO and StSP5G, indirectly promoting StSP6A expression to facilitate 
tuberization. Simultaneously, StCDF1 negatively regulates StORE1S02 at the transcriptional 
level. StORE1S02, when activated, promotes leaf senescence by enhancing the expression 
of genes involved in nucleic acid degradation (StBFN1) and sugar transportation processes 
(StSWEET11&15). 

Senescence-Associated Genes (SAGs) are a group of genes that have been found to be 
upregulated during senescence in various species (Lohman et al., 1994; Gepstein et al., 2003). 
SAGs are therefore used as molecular markers for detecting senescence (Gepstein et al., 
2003; Zhang et al., 2021). SAG29 has been found to be a direct transcriptional target of ORE1 
in Arabidopsis (Matallana-Ramirez et al., 2013) and the induced expression of SAG29 has 
been found to be associated with leaf yellowing (Kamranfar et al., 2018). Interestingly, SAG29 
is also known as a member of the clade III SWEET proteins (SWEET15). We show that the 
expression of StSAG29 was strongly repressed throughout different developmental stages 
(37DAP and 43DAP) in RNAi StORE1S02 lines compared with CE3130 (Fig. 5D). This is 
consistent with an increased sucrose content found in the leaves (Fig. 5C). In contrast, 
StSAG29 has a higher expression in OE lines than in CE3027 (Fig. S6). Beside 
StSAG29/SWEET15, the expression of StSWEET11 was also found to be increased in both 
StORE1S02 overexpressed lines and decreased in both StORE1 knockdown lines (Fig. 5F). 
We also investigated the expression of StHXK1, a well-known player in sugar signalling that 
regulates leaf senescence (Moore et al., 2003). However, no significant difference was found 
between the KD lines and CE3130 (Fig. S7). These results indicate that StSWEET11 and 
SAG29/SWEET15 expression are associated with senescence and regulated by the StORE1 
transcription factors. 

Compared to the extended life cycle of KD plants, the CE3130 plants finished their life cycle 3 
weeks earlier. We harvested all CE3130 and half of the KD plants and measured total tuber 
weight at 72 DAP. The other half of the KD plants was harvested at 95 DAP. In the first harvest, 
the total tuber weight of CE3130 was higher than all KD lines (Fig. 5G). In the second harvest, 
both KD lines achieved higher yield compared to the first harvest. However, the total yield of 
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KD lines in the second harvest showed no significant difference to the total yield of CE3130 
(Fig. 5G).  

We also compared the total yield from StORE1S02 overexpressing lines with their background 
CE3027. The yield of both OE #11 and OE #21 plants was significantly reduced compared to 
the background (CE3027; Fig. 5H). Among these transgenics, the higher expression of 
StORE1S02, the greater the reduction in yield. The OE #11 line, which has the highest 
expression of StORE1S02 (Fig. S1), failed to make any tubers. The OE #21 line has a lower 
expression level of StORE1S02 compared to line #11 and is able to make tubers but the yield 
is significantly reduced (Fig. 5H).  

These results together indicate that knocking down StORE1S02 expression may delay the 
sugar transport from leaf to tuber but has no significant impact on yield in practice. However, 
overexpressing StORE1S02 significantly reduced the yield. Thus, StORE1s play a key role in 
sugar transportation and premature senescence caused by overexpressing StORE1S02 will 
lead to severe yield loss.  

 

Discussion 
Potato above ground maturity is an important trait for potato production, especially regarding 
the final yield. In many other plants such as wheat, tomato, delayed senescence contributes 
to longer periods of photosynthesis and can increase final yield (Lira, B. S. et al., 2017; Joshi 
et al., 2019). However, in potato, previous field studies indicated this link between senescence 
and final yield is more complicated. A positive correlation between long life cycle and high yield 
is seen in commercial potato breeding programs (Stöckle et al., 2010; Kleinwechter et al., 2016; 
Yuan et al., 2016). However, the varieties used in these breeding programs have undergone 
selection for early tuberization and late senescence in order to achieve high yield and high 
starch content (Hoopes, G et al., 2022; Clot et al., 2023). Therefore, the genotypes from 
research populations that have not undergone this selection, could consequently show a 
different correlation. Because of this, research population materials could provide a better 
understanding of the correlation between leaf senescence and tuber formation.  

Allelic variation of StCDF1 has been found to influence various developmental traits including 
tuberization, senescence and yield (Kloosterman, B. et al., 2013). Having a truncated 
StCDF1(StCDF1.2/1.3) not only promotes early tuberization and shortens life cycle length but 
also has major impact on yield (Kloosterman, B. et al., 2013; Manrique‐Carpintero et al., 2015; 
Marand et al., 2019; Hoopes, G et al., 2022; Clot et al., 2023). Thus, it is apparent that StCDF1 
plays a complex role in regulating potato plant development.   

In this study, we demonstrated that StCDF1.2 has independent effects on three senescence 
related traits. Our data indicate that plant senescence is not a single quantitative trait, but a 
combination of several morphological traits including senescence onset, senescence 
progression speed and total life cycle length. Constitutive overexpression of StCDF1 delays 
senescence onset but promotes more rapid senescence progression and shortened life-cycle 
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length (Fig. 1A). This result indicates that these senescence related traits are not associated 
with each other but regulated separately. 

We identified a direct downstream target of StCDF1, which has been known to act as a positive 
senescence regulator in other crops, StORE1S02. In potato (Solanum tuberosum), three 
ORESARA1 homologues are present; StORE1S02, StORE1S03, and StORE1S06. Among 
these three homologues, StORE1S02 is the closest to SlORE1S02 and shares the feature of 
an insertion near the binding sites of the microRNA miR164 (Lira, B. S. et al., 2017). This is 
the case also for eggplant (S. melongena) and Capsicum (C. annuum), which also belong to 
the Solanaceae family of plants.  

In this study, we confirmed that StORE1S02 acts as a positive leaf senescence regulator in 
potato, as has been seen in other plant species (Rauf et al., 2013; Lira, B. S. et al., 2017), 
specifically regulating senescence onset. Overexpressing StORE1S02 in CE3027, which has 
a late tuberization time and a long life-cycle, induced early yellowing in the lower leaves, but 
life-cycle length was not affected. In the young/top leaves, overexpressing StORE1S02 
interestingly failed to induce cell death and leaf yellowing. Other than post-transcriptional 
regulation by miRNA164, a kinase based post-translational mechanism was reported by 
Durian et al. (2020). Their results suggest that ORE1 has to be properly phosphorylated to 
activate downstream genes to induce senescence. Therefore, we propose that the lack of 
impact on the top/young leaves when overexpressing StORE1S02 may be attributed to distinct 
post-translational modifications within various tissues, such as phosphorylation. This result 
further supports that the onset of plant senescence is regulated separately from life-cycle 
length of the whole potato plant and more experimentation is required to fully understand the 
molecular mechanism. 

Previous studies in other crops reported that early leaf senescence has a large negative impact 
on final yield (Xujun et al., 2005; Ma et al., 2018; Yang et al., 2020). In this study, we 
demonstrate the reduction in final yield, by inducing early senescence in potatoes. In addition, 
we found that the lower fully expanded leaves play an essential role as source leaves for 
tuberization and final yield accumulation, while the upper sink leaves do not. This result 
provides insight into the interesting negative correlation between long life cycle length and low 
yield in potato genotypes like CE3027. This genotype has a long life-cycle due to apical 
meristem maintenance keeping young top leaves green. However, the photosynthesis in these 
top young leaves does not contribute to final yield. Therefore, for late maturing genotypes 
which already have long growing period, delaying the senescence onset timing or slowing 
down the senescence progression speed might be the route to improve the final yield. 

The increased sucrose content in leaves and reduced expression of StSWEET11&15, together 
with the delayed tuber growth, suggest sugar transport from leaves to tuber was negatively 
regulated in KD lines. Sugar signalling has a significant impact on leaf senescence 
(Hoeberichts et al., 2007; van Doorn, 2008; Li, W et al., 2019). However, whether leaf 
senescence is promoted by sugar accumulation or by sugar deficiency remains unresolved 
(Pourtau et al., 2006; van Doorn, 2008; Horacio & Martinez-Noel, 2013; Zhaowei et al., 2020; 
Asim et al., 2022). Here, we found that plants with low StORE1S02 transcript display enhanced 
sugar accumulation in leaves and delayed leaf yellowing. This suggests that internal sugar 
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accumulation is not the decisive factor for promoting early leaf senescence. Furthermore, our 
work provides a new mechanism for ORESARA1 in inducing senescence, namely that 
StORE1s activate the expression of downstream sucrose efflux transporters to promote 
efficient phloem loading by SUC/SUT transporters. As such, we provide new evidence that leaf 
senescence contributes to tuber formation through nutrient release and rearrangement. 
Together, we propose that StORE1 transcription factors induce leaf senescence that 
contributes to tuber formation, especially as a stimulator for tuber bulking, but not as a 
tuberization inducer.   

In potato, StCDF1 regulates day length dependent tuberization onset by indirectly inducing the 
expression of StSP6A (Kloosterman, B. et al., 2013). StSP6A interacts with StSWEET11 to 
block sucrose leakage, promoting symplastic transport of sucrose and tuber formation 
(Abelenda et al., 2019). The fine balance between StSP6A and StSWEET11 in expression 
level has a great impact on final yield (Abelenda et al., 2019). In this study, we uncovered that 
StCDF1 represses senescence onset by directly repressing the expression of StORE1S02. 
StORE1S02, as an activator of StSWEET genes, bridges the gap between StCDF1 and 
StSWEETs. Therefore, in the photoperiod dependent tuberization regulation, StCDF1 
promotes tuberization onset by keeping the expression balance of StSP6A and StSWEETs 
(Fig. 5I).  

This study sheds new light on the mechanisms underlying potato development and yield 
potential, with important implications for potato breeding, particularly hybrid breeding. Our 
findings highlight the significant impact of StCDF1 on regulating potato plant development and 
reproductive progress. To uncover additional genetic loci that regulate development, StCDF1 
allelic variation should be considered in future breeding programs and incorporated into 
population designs. 
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Materials and Methods 

Plant Materials, Growth Conditions, and Sampling 

In this experiment two non-transgenic potato lines were used: CE3130 and CE3027, which 
were offspring plants from the diploid  C x E population (Celis-Gamboa, 2002; Ramírez 
Gonzales et al., 2021). All plants were propagated in tissue culture by cutting.  

The sequences of StCDF1.2 Coed was synthesized by Genscript and cloned. Then it was cloned 
into the pENTR™/D-TOPO vector (Invitrogen™; K240020) and then PK7GW2 by LR reaction 
(Invitrogen™; 11791020). The destination vector was transformed into the late tuberizing and 
senescence background potato CE3027 by Agrobacterium-mediated gene transformation 
(Visser et al., 1989) 

To knockdown all StORE1s, a 174bp fragment targeted to all three StORE1 genes was 
generated by using VIGS tool (https://vigs.solgenomics.net/). The fragment was cloned into 
pK7GWIWG2(II) to obtain the intron-spliced hairpin RNA(RNAi) construct and introduced into 
CE3130 (early senescence genotype) plants by Agrobacterium tumefaciens-mediated 
transformation. The full length StORE1S02 gene was cloned from CE3027 then insert into the 
pK7GW2 vector. The plant transformation was done in the same process to CE3027 
background.  

Tissue culture plants (two week old) were transferred into 19cm diameter pot filled with soil 
and grown in a controlled-environment chamber at LD condition (16h of light and 8h of dark, 
22°C during the daytime and 18°C during the night-time). The plants were regularly watered 
and received fertilizer as needed. The pots were sorted into lines of 5. At least 10-20cm 
distance was left in between lines to avoid shading.  

Leaf samples for RNA isolation, chlorophyll isolation and sugar analysis were harvested from 
the mid part of source leaves (fully expanded leaves, normally the 3-4th branch of leaves from 
the bottom, 1-2 cm up from leaf tip) and then frozen in liquid N2, powdered, and stored at −80°C.  

RNA isolation and quantitative PCR  

To quantify expression level of relative genes, RNA was isolated from fully expanded leaves 
using the MagMAX™ Plant RNA Isolation Kit (A33899) with the KingFisher™ Flex Purification 
System (5400610). 1µg of total RNA was reverse transcribed in 20 µl mixture with the iScript 
cDNA Synthesis Kit (Bio-Rad). The cDNA was diluted to a volume of 200 µl with Milli-Q Water. 
Aliquots (2 µl) were then used as templates for subsequent real-time PCR experiments. 
StELF3e was used as a house keeping control (Kloosterman, B. et al., 2013; Ramírez 
Gonzales et al., 2021), and primers of relative genes are listed in Supplemental Table S2.  The 
gene expressions were calculated using the delta CT method, normalized against StELF3e 
expression. 

Sugar content analysis  

80 mg of leaf power sample was taken to which 500 µl of MilliQ water was added. The samples 
were then incubated at 80°C for 20 min at 500 rpm. The tubes were centrifuged for 5 min at 
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10 000 rpm and the supernatant was kept. 500 µl of MiliQ water was again added to the pellet 
and the steps were repeated 5 more times. To measure the sugar content, the Sucrose Assay 
Kit (Sigma-Aldrich; SCA20-1KT) was used. The absorbance was measured at 570 nm with 
TECAN infinite m plex plate reader. 

Phylogenetic Analysis 

All sequences for phylogenetic analysis were retrieved from Spud DB potato genomic resource 
(http://spuddb.uga.edu/), The Arabidopsis Information Resource (TAIR, 
https://www.arabidopsis.org/) and Solanaceae Genomics Network 
(https://solgenomics.net/)(Table.S3). The CDS were aligned by MUSCLE in the DNASTAR 
Lasergene software. The phylogenetic tree was made in the software using the default settings.  

Chlorophyll extraction and analysis 

In figure 3E, the total chlorophyll content was measured following the Lightenthaler (1987) 
protocol. First, the plant tissue was frozen, grinded, and weighed. Then, it was solubilized in 1 
ml of 95% ethanol and heated at 80°C for 20 min. The solution was centrifuged for 5 min at 
5000 rpm and the pellet was extracted. This step was repeated two more times with 1 ml 
ethanol 95 %, and the amount of fresh biomass was calculated. All the supernatants were 
finally collected to constitute the extract. 200 µl of the extract was diluted in 1800 µl of 95% 
ethanol and measured at 648.6 and 664.2 nm using a spectrophotometer. Chlorophyll a and b 
were calculated using the following formulae (Guzzo et al., 2021):  

Chlorophyll a = 13.36*(absorbance at 664.2 nm) – 5.19*(absorbance at 648.6 nm) Chlorophyll 
b = 27.43*(absorbance at 648.6 nm) – 8.12*(absorbance at 664.2 nm). 

Chlorophyll measurement by Chlorophyll Meter 

The chlorophyll content was measured using the Apogee MC-100 Chlorophyll Meter 
(https://www.apogeeinstruments.com/chlorophyll-meter-support/), following the 
manufacturer's guidelines and utilizing the generic settings. The sampling was done with the 
mid part of source leaves (fully expanded leaves, normally the 3-4th branch of leaves from the 
bottom, 1-2 cm up from leaf tip).   

Chlorophyll fluorescence measurement 

The parameters of chlorophyll fluorescence were measured by LI-600 porometer/fluorometer 
(https://www.licor.com/env/products/LI-600) at ZT3, following the manufacturer's guidelines. 
The sampling of leaf tissue was performed the same as in the chlorophyll measurement. 

Transient dual-luciferase reporter system 

The putative promoter regions for StORE1S02 was amplified from CE3027 using primers 
designed based on the DM1-3-56-R44 v4.04 genome sequence, as specified in Table S2. The 
StORE1S02 promoter region was designed 4 kb upstream the transcription start site which 
included the sequence bound by StCDF1 obtained from the DAP-Seq analysis (Fig. 1B). The  
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The PCR amplification products of the promoters was cloned into GATEWAY cloning vector 
pDONR221 and later inserted into pGWB435-iLUC destination by LR Clonase reaction 
(Invitrogen).  
These reporter constructs were transformed in Agrobacterium tumefaciens strain (AGL1) and 
co-infiltrated into Nicotiana benthamiana (rdr6i) leaves with 35S::StCDF1.1 (full length) 
constructs. Agrobacterium strains resuspended in MMAi buffer (10 mM MES (pH 5.8), 10 mM 
MgSO4 and 150 µM acetosyringone). A final concentration of 0.2 OD600 for all constructs was 
used for infiltration. Two days’ post-infiltration leaf discs were incubated in 2MS plant medium 
supplemented with 0.02 mg/mL D-luciferin (Promega). Luciferase activity was recorded every 
30 mins in Centro LB-960 microplate luminometer (Berthold technologies), using Mikrowin 
2000 (version 4.29) software.  
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Figure S1. DNA and protein sequences alignments of StCDF1.2 and StCDF1.2 Coed  .  
The sequences of StCDF1.2 are retrieved from Solanaceae Genomics Resource 
(http://spuddb.uga.edu/). The StCDF1.2 Coed  is synthesised by GenScript 
(https://www.genscript.com).The multiple-alignment was done using Multiple sequence 
alignment by Florence Corpet (http://multalin.toulouse.inra.fr/multalin/).  
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Figure S2. Characterization of transgenic potato plants overexpressing StCDF1.2 Coed.  
A&B. The relative expression of StCDF1 and StCDF1.2Coed in in four-week-old long day (LD) 
grown CE3027, OE StCDF1.2 Coed 1# and OE StCDF1.2 Coed 2# at ZT 9. Error bars: means ± 
SE, with n = 3 biological replicates. 
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Figure S3. Log scale of the relative expression of StORE1S02 for the first three weeks 
of sample harvesting. A, Expression levels of StORE1S02 for CE3027 and OE lines. The 
values gradually increase with time for CE3027 plants, in all OE lines the values stay 
consistently high. B, The graph represents the values for CE3130 and all the StORE1s 
knocked down lines. Expression levels of StORE1S02 generally increase with time for all 
the lines and stay significantly lower for KD lines compared to their background, CE3130. 
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Figure S4. Alignments of StORE1 genes and the RNAi targeting region.  
The sequences of StORE1 are retrieved from Solanaceae Genomics Resource 
(http://spuddb.uga.edu/). The multiple-alignment was done using Multiple sequence alignment 
by Florence Corpet (http://multalin.toulouse.inra.fr/multalin/). The RNAi targeting region was 
designed by using SGN VIGS Tool (https://vigs.solgenomics.net/).  
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Figure S6. Relative expression of the StSAG29/SWEET15 in the same samples as in 
(Fig 2D).  
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Figure S5. Glucose content in leaves of CE3130 and StORE1S02 knockdown lines in 
CE3130 background (KD #3 and KD #4).  The same samples used in Figure 4C were 
used in this experiment. 4 different time points (23,30,37 and 43 day after plant, DAP) are 
included. 
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Figure S7. Relative expression of the StHXK1 in the same samples as in CE3130 and 
StORE1S02 knockdown lines in CE3130 background (KD #3 and KD #4) at 37 DAP 
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Table S2. Specific primer pairs for qRT-PCR reaction.  
Name primer sequence Discrption Gene ID 
qStORE1SO6 F ATGTACCCCAAGAAACAGGGG
qStORE1SO6 R ACCATACCTGCTGATGGCAC
qStORE1SO3 F ACCTGGAACCAAAATGTCCCT
qStORE1SO3 R GCAATCAAGATCCTGTTGAGCTG
qStORE1SO2 F CGAATCGATGGCGTACATGG
qStORE1SO2 R TGGGCCAGTTGAAGTGATATTGA
qStELF-F GGAGCACAGGAGAAGATGAGGAG
qStELF-R CGTTGGTGAATGCGGCAGTAGG
qStBFN1 F CATGGAGCAAAGAGGGGCAT
qStBFN1 R CACACACAGAGGGCCGATAA
qStSAG29 F TAGCTCCAGTGCCAGCATTC
qStSAG29 R AAACACCCACTGCTACGGTT
qStSWEET11 F GTGATGCATGTGCATGTTTG
qStSWEET11 R CAACGGCCAATCTCCTCTAA
qStCDF1.2Coed   F GAGGCTGCTCATGGTAT
qStCDF1.2Coed   R AGCTGGCATCCTTCTTTCAGA
qStCDF1 F CGAAGAATGCCTGCAATCGG
qStCDF1 R CCAGTACGGTGTTGCTGGAT
qStHXK1 F TGCTGCTGTAGTATGTGGGG
qStHXK1 R GGATTCGCCTCTGTGGACTG
StORE1SO2  RNAi F CACCATTCATAATCTCCCAAAAACTGCCA Cloning
StORE1SO2  RNAi R ATGGAGACATGTCCATTAATGGTGG Cloning
StORE1SO2 35s F CACCATGGAAAGTGTGTGTGGATTTGG Cloning
StORE1SO2 35s R TCAATAATTCCATAGACAATCGATGTCC Cloning
StORE1SO2 prR ggggaccactttgtacaagaaagctgggtgCTGTGGCTCTGTTTGTCloning
StORE1SO2 prF ggggacaagtttgtacaaaaaagcaggctggGAAAGGCACCAATAACloning
StCDF1.2Coed   F CACCATGAGTGAAGTGAGAGAT
StCDF1.2Coed   R TCACTCCTGATACCTTGTCACCA

qpcr

qpcr Soltu.DM.05G005140

Cloning

Soltu.DM.02G031550.1

Soltu.DM.02G031550.1

qpcr Soltu.DM.12G025470

Soltu.DM.03G019570.1	

qpcr

qpcr

qpcr

qpcr

qpcr

qpcr

qpcr

Soltu.DM.06G025800.1

Soltu.DM.03G029980.1

Soltu.DM.02G031550.1

Soltu.DM.10G027530.1

Soltu.DM.02G018270.1

Soltu.DM.05G012430.1

Table S1. Statistical analysis for Fig1 E. 

Sig CE3027 vs OE StCDF1.2 Coed  1# CE0327 vs OE StCDF1.2 Coed  2# CE0327 vs CE3130
zt0 ** ** **
zt3 ** ** **
zt6 ** ** **
zt9 ** **
zt12 ** ** **
zt15 ** ** **
zt18 ** **
zt21 ** *
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Species name Gene name Gene ID Source of the gene ID 
Arabidopsis 
thaliana 

AtORE1 AT5G39610.1 https://www.arabidopsis.org/ 

Solanum 
tuberosum 

StORE1S02 Soltu.DM.02G031550.1 http://spuddb.uga.edu/index.shtml 
https://solgenomics.net/tools/blast StORE1S03 Soltu.DM.03G029980.1 

StORE1S06 Soltu.DM.06G025800.1 
Solanum 
lycopersicum 

SlORE1S02 Solyc02g088180.2 https://solgenomics.net/tools/blast 
SlORE1S03 Solyc03g115850.2 
SlORE1S06 Solyc06g069710.2 

Capsicum annuum CaORE1S02 CA02g28070 https://solgenomics.net/tools/blast 
CaORE1S03 CA12g13470 
CaORE1S06 CA06g18770 

Solanum 
melongena 

SmeORE1S02 Sme2.5_00161.1_g00008.1 https://solgenomics.net/tools/blast 
SmeORE1S03 Sme2.5_00136.1_g00021.1 
SmeORE1S06 Sme2.5_00298.1_g00016.1 

Lactuca sativa LsatORE1 Lsat_1_v5_gn_4_109600.1 https://lgr.genomecenter.ucdavis.e
du/ 

Oryza sativa OsORE1 LOC_Os04g38720.1 http://rice.uga.edu/ 
Hordeum vulgare BarORE1 BART1_0-u12809.010 https://ics.hutton.ac.uk/barleyrtd/i

ndex.html 
Triticum aestivum TaORE1.1 TaORE1.1 MN747242.1 https://academic.oup.com/plphys

/article/180/3/1740/6117747#su
pplementay-data 

TaORE1.2 TaORE1.1 CM022216.1 
TaORE1.3 TaORE1.3 CM022214.1 

Brassica oleraceae BolORE1 BolC04g044910.2J http://brassicadb.cn/ 
Brassica rapa BraORE1 BraA07g020590.3.5C http://brassicadb.cn/ 
Brassica juncea BjuORE1 BjuVA04G12730 http://brassicadb.cn/ 
Raphanus sativus RsaORE1 Rsa10035257 http://brassicadb.cn/ 
 

 

 

  

Table S3. ORE1 homologues in 13 plant species. 

http://www.arabidopsis.org/
http://www.arabidopsis.org/
http://spuddb.uga.edu/index.shtml
https://solgenomics.net/tools/blast
https://solgenomics.net/tools/blast
https://solgenomics.net/tools/blast
https://solgenomics.net/tools/blast
http://rice.uga.edu/
http://brassicadb.cn/
http://brassicadb.cn/
http://brassicadb.cn/
http://brassicadb.cn/
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Abstract  
Potato tuberization, a crucial developmental process, is greatly influenced by various 
environmental factors. The growth of potato tubers is significantly impacted by temperature, 
and tuberization can be suppressed by high temperatures, making it a major environmental 
factor to consider. In this study, two individuals of a potato population with different StCDF1 
allele combinations, as well as two transgenic lines overexpressing StCDF1 were grown 
under normal and high temperature conditions. Results showed that StCDF1 promotes heat 
tolerance and promotes tuberization under different temperatures. Specifically, plants 
overexpressing StCDF1 or expressing a truncated StCDF1 allele showed less premature leaf 
senescence and gained 16-47% yield increase by exposing to higher temperatures. 
Moreover, high transpiration associated with low endogenous levels of ABA was found in 
StCDF1 overexpressing transgenic plants and plants carrying a truncated allele under both 
conditions. This study provides insight into the mechanisms of potato heat tolerance and 
suggests a potential target for improving potato yield under adverse temperature conditions. 
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Introduction 
Potato is one of the most important non grain food crops in the word (FAO, 2019). The origin 
of the potato lies in the Andes of South America, which has a relatively cool climate and thus 
characterizes the potato crop as a relatively cool climate crop (Spooner et al., 2005; Lehretz 
et al., 2019). The susceptibility of potato to elevated temperatures has been reported in several 
studies (Ewing, 1981; Hijmans, 2003; Struik, 2007; Park et al., 2022). High temperature, 
typically above 25°C, stimulates shoot growth, while negatively affects many aspects of potato 
plant physiology, including carbon synthesis and tuberization signalling. Eventually these 
negative impacts lead to yield losses (Ewing, 1981; Timlin et al., 2006; Struik, 2007; Dahal et 
al., 2019). Due to a rise in temperature in most potato growing regions due to climate change, 
yield losses due to heat stress will become more prominent.  

Recently, an interesting study of 50 potato varieties tested under heat revealed that early 
maturing cultivars are usually less affected by heat than late cultivars (Zhang, G et al., 2020). 
Moreover, several previous studies in different years and regions demonstrated the same 
correlation (Marinus & Bodlaender, 1975; Khedher & Ewing, 1985; Levy, 1986). In potato 
breeding programs, maturity has long been recognized as an important genetically controlled 
trait. Phenotyping maturity provides an estimation for proper harvest time and impact on yield 
(Wallace et al., 1993; Prat, 2006). Previous studies have found a major locus for foliage 
maturity on chromosome 5, by using quantitative trait locus mapping (Visker et al., 2003; 
Kloosterman, B. et al., 2013; Li, J et al., 2019). Later, this locus was identified as CYCLING 
DOF FACTOR1 (StCDF1), which has a decisive influence on foliage maturity and daylength 
dependent tuberization (Kloosterman, B. et al., 2013). Allelic variation at the 3′ end of the 
StCDF1 gene can result in truncated allelic variants (StCDF1.2 and StCDF1.3). The protein 
produced by the wild type StCDF1 (StCDF1.1) is destabilized by binding to StGIGANTEA (StGI) 
and FLAVIN-BINDING KELCH REPEAT F-BOX PROTEIN 1 (StFKF1) in the afternoon under 
long-day conditions (Kloosterman, B. et al., 2013; Hoopes, GM et al., 2022). However, 
StCDF1.2 and StCDF1.3 protein levels remain constant throughout the day as they are 
unaffected by this post-translational degradation (Kloosterman, B. et al., 2013). Under long 
day conditions, the plants that carry the StCDF1 mutant alleles (StCDF1.2 or StCDF1.3) 
display an early maturing and early tuberizing phenotype (Kloosterman, B. et al., 2013). 
Recently we showed that StCDF1 has a long non-coding counterpart, called StFLORE thought 
to act as a natural antisense transcript (Ramírez Gonzales et al. (2021). Both transcripts 
function in regulating drought stress responses by affecting stomatal density, size and diurnal 
movement (Ramírez Gonzales et al., 2021). Although the StCDF1 locus has been implicated 
in controlling maturity and regulating responses to drought, its involvement in other abiotic 
stresses such as heat stress remains to be determined. 

StCDF1 plays an important role in regulating photoperiod-dependent tuberization by indirectly 
promoting expression of a homolog of FLOWERING LOCUS T (FT) in potato, namely SELF-
PRUNING 6A (StSP6A) (Navarro et al., 2011; Abelenda et al., 2014). StSP6A, as a mobile 
signal, is produced in the leaves and then transported to the stolons to initiate tuber formation 
(Navarro et al., 2011), while at the same time repressing flower development (Plantenga et al., 
2019a). The photoperiod-dependent expression of StSP6A is controlled by another FT 
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homolog, called SELF-PRUNING 5G (StSP5G). StSP5G negatively regulates the expression 
of StSP6A after activation by CONSTANS-LIKE 1 (StCOL1) (Abelenda et al., 2016), whose 
expression is determined by the length of the dark period (Plantenga et al., 2019b). Previous 
studies show that StCDF1 directly binds to the promotor of StCOLs and represses the 
expression of all StCOLs (Kloosterman, B. et al., 2013; Ramírez Gonzales et al., 2021). 
Therefore, StCDF1 indirectly activates the expression of StSP6A to promote tuberization by 
repressing expression of StCOLs and StSP5G.  

The expression of StSP6A is not only under the regulation of photoperiod, but also of 
environmental temperature (Hancock et al., 2014; Hannapel et al., 2017; Lehretz et al., 2021). 
Many studies have reported that high temperature negatively affects the expression of StSP6A. 
Moreover, this reduction correlates with delayed tuberization and yield loss (Lehretz et al., 
2019; Park et al., 2022). Recently, Lehretz et al. (2019) uncovered a novel negative post-
transcriptional regulator of StSP6A, a microRNA (miRNA) named SUPPRESSING 
EXPRESSION OF SP6A (StSES) (Lehretz et al., 2019; Park et al., 2022). Interestingly, the 
expression of StSES is stimulated by elevated temperatures (Lehretz et al., 2019; Park et al., 
2022).  Tuberization can be achieved by overexpressing a special variant of StSP6A, which is 
codon edited to prevent post-transcriptional regulation, whereas this cannot be achieved by 
simply overexpressing the unmodified StSP6A gene (Lehretz et al., 2019; Park et al., 2022). 
These studies uncovered a post-transcriptional regulation of StSP6A at elevated temperature. 
However, how elevated temperature influences the photoperiod regulation of StSP6A remains 
unclear.  

Abscisic acid (ABA) is a crucial phytohormone that regulates plant development and response 
to abiotic stress factors such as drought and heat (Suzuki et al., 2016). ABA-deficient mutant 
Arabidopsis plants have reduced heat tolerance, and this phenotype can be rescued by 
exogenous addition of ABA (Larkindale & Knight, 2002). However, a study in rice suggests 
applying exogenous ABA on different rice genotypes leads to an opposite response to heat 
stress (Li et al., 2020). These studies show that both ABA biosynthetic and signaling pathways 
are involved in heat stress response. A member of the CDF family in Arabidopsis, namely 
CDF4, controls the expression of ABA biosynthesis genes NCED2 and NCED3 (9-cis-
epoxycarotenoid dioxygenase 2, 3), leading to increased production of ABA (Xu et al., 2020). 
Recently, Gonzales (2022) reported that StNCED3, which encodes a key enzyme in the final 
step of ABA biosynthesis, is one of the direct downstream targets of StCDF1. This result 
indicates that StCDF1 may play a role in regulating abiotic stress response by influencing ABA 
biosynthesis.  

In plants, the CDF family of proteins plays a role in various developmental processes, including 
flowering time regulation, light response, secondary metabolism, response to nitrate and root 
growth (Kloosterman, B. et al., 2013; Corrales et al., 2017; Goralogia, G. S. et al., 2017). In 
this study, we show that StCDF1 regulates plant response to high temperature. Our analysis 
revealed that StCDF1 is a positive regulator for both plant maturity and heat tolerance. 
Constitutive overexpression of StCDF1.2 in a heat-sensitive, late-maturing genotype, rescues 
its heat-sensitive phenotype and improved its yield after heat treatment. Moreover, we show 
that StCDF1 negatively affects ABA biosynthesis by repressing the expression of several key 
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enzymes, such as β-carotene hydroxylase (StBCH), 9-cis-epoxycarotenoid dioxygenase 3 
(StNCED3) and 9-cis-epoxycarotenoid dioxygenase 4 (StNCED4). This study sheds new light 
on the role of StCDF1 in regulating abiotic stress by impacting endogenous ABA levels. 

 

Results 
StCDF1 promotes a heat tolerant phenotype 

To study the effect of StCDF1 regulation under moderate heat and the effects on downstream 
genes, we used an early diploid genotype (CE3130; StCDF1.2/1.3, Supplemental Table S1) 
and a contrasting late diploid genotype (CE3027; StCDF1.1/1.1, Supplemental Table S1). To 
eliminate post-transcriptional regulation on StCDF1 by ubiquitination or cis-NAT regulation by 
StFLORE (Ramírez Gonzales et al., 2021), we over expressed a synthetic codon edited 
StCDF1.2 variant that we called StCDF1.2 Coed using the 35S CaMV promoter in the CE3027 
background. In this study, two transgenic lines (OE StCDF1.2 Coed 1#& 2#) resulting from two 
independent transgenic events of the same construct were sampled and tested separately, the 
data were considered as a single set for statistical analysis. All the plants were propagated by 
tissue culture, 2-week old tissue culture plantlets were transferred to soil in pots. In the first 
four weeks, all plants were grown under control conditions (22 °C light, 18°C dark) under long 
days (LD; 16h light:8h dark). From 35 days after planting (DAP), half of the plants were 
exposed to heat (Heat; 30 °C light: 28°C dark) with LD light conditions for 14 days. Then, plants 
were moved back to control conditions for 5 more weeks until most of the plants had completed 
their life cycle (Fig. 1A). In this experiment, Zeitgeber Time (ZT) is used to indicate the light 
period. ZT is a timekeeping system that is based on the timing of environmental cues, such as 
the light-dark cycle. ZT0 represents the time when the light period begins, and each 
subsequent hour is represented by the next sequential number (e.g., ZT1 represents one hour 
after the start of the light period).  

Interestingly, the CE3027 plants lost most of their lower source leaves during the heat 
treatment (Fig.1B).  Overexpressing StCDF1.2 Coed in CE3027 or carrying a truncated StCDF1 
allele (StCDF1.2/1.3) like CE3130 prevented premature leaf senescence caused by exposure 
to heat. In addition, the early maturing genotypes (OE StCDF1.2 Coed transgenic lines and 
CE3130) showed repressed development phenotypes due to heat exposure, such as 
suppressed elongation of stems and decreased canopy size (Fig. 1B). However, these 
phenotypes were not found in the late maturing genotype (CE3027). 

During the heat treatment, the total conductance to water vapor (gtw) (Buckley et al., 1999) 
and Photosystem II efficiency (PhiPS2) were measured at 3 hours after light start (ZT3; 
Zeitgeber Time 3) in 3 days and 8 days after exposure to heat. Both CE3027 and CE3130 
exhibited increased total conductance under heat treatment in both measurements (Fig.1C & 
D). However, the heat treatment had no significant impact on the gtw of OE StCDF1.2 Coed..  
Interestingly, under control conditions, the gtw of OE StCDF1.2 Coed and CE3130 were 
significantly higher than that of CE3027 in both measurements (Fig.1C & D). The PhiPS2 were 
not altered by high temperature treatment in all lines (Fig.1E & F).    
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Figure 1. StCDF1 promotes heat tolerant phenotype.  
A. Potato plantlets were prepared as follows: 2-week-old tissue culture plantlets were 
transferred to soil in pots. In the first 35 days after planting (DAP), all plants were grown under 
control conditions (Control; 22 °C light: 18°C dark) with long days (LD; 16h light:8h dark). From 
35 DAP, half of the plants were exposed to heat (Heat; 30 °C light: 28°C dark) with LD light 
condition for 14 days. Two independent transgenic lines were sampled separately, with the 
data combined into one for statistical analysis. B. Phenotype of CE3027 (late maturing, 
homozygous for StCDF1.1) OE StCDF1.2 

Coed 
1# & 2#, and CE3130 (early maturing, containing 

both the StCDF1.2 and StCDF1.3 allele), at 52 DAP (3 days after the end of heat treatment). 
C&D. Measurement of transpiration using total conductance (gtw). Plants were grown at 
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different temperatures for 3 (C) and 8 days (D). Error bars: means ± SD, with n = 9 replicates. 
Letters indicate groups that are statistically significantly different from each other (t-test, *p < 
0.05).  E&F. Measurement of photosynthetic performance using Photosystem II efficiency 
(PhiPS2). Same sampling as in C&D. 
 

StCDF1 regulates tuberization at different temperatures 

Previous studies suggested that StCDF1 positively regulates StSP6A expression to induce 
tuberization (Kloosterman, B. et al., 2013). However, high temperature has a negative impact 
on the expression of StSP6A (Lehretz et al., 2019; Park et al., 2022). To study the function of 
StCDF1 in regulating tuberization under high temperature, we tested the expression of key 
tuberization regulators in CE3130 and OE StCDF1.2 Coed transgenic lines and the background 
of these transgenic lines (CE3027) under different temperatures.  

Without heat treatment, we found that CE3130 and OE StCDF1.2 Coed transgenic lines 
displayed reduced expression of StSP5G and increased expression of StSP6A compared to 
CE3027 (Fig. 2A & B). These results are consistent with our previous findings (Kloosterman, 
B. et al., 2013). Under heat treatment, StSP6A expression was significantly downregulated in 
CE3130 and OE StCDF1.2 Coed transgenic lines, but vice versa in CE3027 (Fig.2A). Notably, 
the reduction of StSP6A expression in CE3130 and OE StCDF1.2 Coed  transgenic lines didn’t 
bring the StSP6A expression down to the same level of expression as that observed in CE3027. 
In fact, the early maturing lines (CE3130 and OE StCDF1.2 Coed  transgenic lines) still had an 
over 100 fold higher expression of StSP6A compared to the late maturing CE3027 under heat 
treatment. 

In addition, we analyzed the expression of StSP5G in our plants at different temperatures as 
it is known as one of the key negative regulators of StSP6A (Navarro et al., 2011; Abelenda et 
al., 2014). The expression of StSP5G in CE3130 and OE StCDF1.2 Coed  transgenic lines was 
significantly increased by heat treatment, whereas this was not the case in CE3027 (Fig. 2B). 
Together, we found that heat treatment increased expression of StSP5G while decreasing 
expression of StSP6A in early maturing plants. 

While StCDF1 is a well-known regulator for StSP5G and StSP6A expression, very little is 
known about the way that StCDF1 expression is affected by high temperature. To study this, 
we examined the expression of StCDF1 and its long non-coding counterpart StFLORE under 
different temperatures. Considering the fact that StCDF1 is mainly expressed when the light 
starts (ZT0), we chose ZT0, ZT3 and ZT6 to harvest samples and examine gene expression. 
Without the heat treatment, the highest expression of StCDF1 was found in OE StCDF1.2 Coed 

transgenic lines, which confirmed the genotypes were overexpressing StCDF1.2, followed by 
CE3130 and CE3027 (Fig. 2C). A significant decrease in expression of StCDF1 was found at 
ZT0 in all lines under heat treatment. Interestingly, heat induced expression of StFLORE was 
observed in all lines at ZT0 (Fig. 2D), and this induction was most pronounced from ZT0 to 
ZT3 (Supplemental Fig. S1). These results suggest that high temperature has an impact on 
the expression of genes which are involved in regulating photoperiod-dependent tuberization.  
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To gain knowledge on how StCDF1 influences tuberization at different temperatures, two 
harvests were performed at 43DAP and 95DAP (Fig. 1A). The results indicate that exposing 
plants to high temperature had no effect on tuber number (Fig. 2E & F), except for a significant 
difference in CE3130 at 8 days post-heat (Fig. 2E), but this difference was no longer significant 
after 6 weeks under control conditions (Fig. 2F). A slight decrease in final yield under heat was 
observed in CE3027 (Fig. 2F). Interestingly, both OE StCDF1.2Coed transgenic plants and 
CE3130 plants exposed to heat showed significantly higher yield by 16-47% compared to the 
control plants (Fig. 2F). Consistent with the above ground heat tolerance phenotype, 
tuberization in OE StCDF1.2Coed transgenic plants and CE3130 was not negatively affected by 
exposure to heat.  

Figure 2. StCDF1 regulates tuberization at different temperatures.  
A. Expression of StSP6A at different temperatures. Leaf samples were harvested at ZT3, 3 
days after heat treatment started (38DAP). Data are presented as the mean ± SE with n = 3 
replicates (t test, *P < 0.05, **P < 0.01, compared to control).  B. Relative expression of StSP5G 
in the same samples as in (A). C. Relative expression of StCDF1 (unmodified) and Codon 
edited StCDF1 at different temperatures. Leaf samples were harvested at ZT0, 3 days after 
heat treatment started. Data are presented as the mean± SE with n = 3 replicates (t test, *P < 
0.05, **P < 0.01, compared to control).  D. Relative expression of StFLORE in the same 
samples as in (C). E. Measurement of tuber of tuber number and of tuber mass weight at 
43DAP. The number of tubers (including very small tubers and or swelling stolons) and tuber 
mass weight were recorded at 8 days (F) after heat treatment started (43DAP). .Error bars: 
means ± SD, with n = 3 replicates. (t test, *p < 0.05 compared to control). F. Measurement of 
tuber number and of tuber mass weight at final harvest. The final harvest was conducted at 
95DAP when almost all of the plants had finished their lifecycle. Error bars: means ± SE, with 
n = 5 replicates. (t test, *p < 0.05,**p < 0.01 compared with Control). 
 

StCDF1 is involved in regulating ABA biosynthesis by directly repressing the 
transcription of ABA synthesis related genes  

Our data shows that, overexpressing StCDF1.2 Coed in a late maturing background (CE3027) 
or carrying a truncated StCDF1 allele (CE3130) significantly promoted gtw (Fig.1B & C). The 
gtw can be divided into stomatal conductance (gsw) and boundary layer conductance (gbw). 
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By analyzing in more detail, we found the change caused by StCDF1 mainly happened in 
stomatal conductance (gsw) (Fig. 3A & B), rather than boundary layer conductance (gbw) (Fig. 
3C & D). Stomatal conductance can be affected by diverse causes and ABA has been known 
as one of the most important regulators for stomatal opening and closure (Yari Kamrani et al., 
2022). Moreover, StCDF1 has been reported to directly repress the expression of StNCED3, 
which is a key enzyme in the biosynthesis of ABA (Gonzales, 2022). These results led us to 
hypothesize that StCDF1 promotes stomatal opening by repressing ABA biosynthesis.  

To understand how StCDF1 regulates ABA biosynthesis, this study used the direct target 
genes of StCDF1, identified by DAP-seq and RNA-seq (Gonzales, 2022) (Fig. 3E & F). Notably, 
several ABA biosynthesis related genes are significantly down regulated by overexpressing 
StCDF1.2 (Fig. 3E). Moreover, we found StCDF1 has predicted binding sites on the promoters 
of 3 specific ABA biosynthesis related genes encoding β-carotene hydroxylase (StBCH-2: 
PGSC0003DMG400028897), 9-cis-epoxycarotenoid dioxygenase 3 (StNCED3-2: 
PGSC0003DMG400027633) and 9-cis-epoxycarotenoid dioxygenase 4 (StNCED4: 
PGSC0003DMG400001969) (Fig. 3F).  

To verify the direct regulation between StCDF1 and these ABA biosynthesis related genes, we 
selected the following ABA biosynthesis related genes based on expression level for analyzing 
expression: StBCH-2, StZEP, StNCED3-2, StNCED4, StABA2-2 and StABA3. The diurnal 
gene expression of these selected genes in OE StCDF1.2 Coed transgenic plants and the 
untransformed control plants (CE3027) was analyzed. The results show that the expression of 
all these six genes in CE3027 reached the highest level within 6 hours (ZT0-6) after the lights 
were turned on. Moreover, the level of transcription of these genes is differentially reduced in 
OE StCDF1.2 Coed transgenic plants compared to CE3027, especially in the early daytime (ZT0-
6) (Fig. 3G).  To further test the transcriptional regulatory link between StCDF1 and these ABA 
biosynthesis related genes, a transient assay was performed by co-infiltrating the 35S::StCDF1 
construct and StNCED3 and StNCED4 promotor constructs driving expression of the firefly 
luciferase gene into tobacco leaves. The results indicated that StCDF1 directly suppresses the 
expression of both StNCED3 and StNCED4 (Fig. 3H).  
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Figure 3. StCDF1 is involved in ABA biosynthesis by directly repressing the 
transcription of  ABA synthesis related genes. A&B. Measurement of stomatal 
conductance (gsw). Plants were grown at different temperatures for 3 (A) and 8 days (B). Error 
bars: means ± SD, with n = 9 replicates. Letters indicate groups that are statistically 
significantly different from each other (t-test, p < 0.05).  C&D. Measurement of boundary layer 
conductance (gbw). Same sampling as in A&B. E. Expression of the candidate genes for the 
ABA biosynthesis related genes (Gonzales, 2022). Genes were selected based on annotation. 
Fold changes in gene expression were visualized using a heatmap. The color scale represents 
log2 fold changes. WT: CE3027, OE: overexpressing StCDF1.2 in CE3027. F. DAP-Seq 
binding peaks of StCDF1 in the promoter region of StBCH-2, StNCED3-2, StNCED4. Diagram 
description from the top: input library as negative control (black bar chart), experiment 1 (red 
bar chart), experiment 2 (orange bar chart), experiment 3 (green bar chart). The significant 
binding sites are shown below the bar chart of each experiment. Gene models are represented 
in blue. In the right bottom corner, the scale represents 1 kb. G. Gene expression analysis 
of CE3027 wild type and transgenic plants carrying the StCDF1.2 overexpression construct 
(35S::StCDF1.2 Coed). Expression of selected ABA biosynthesis related genes, mRNA levels 
were measured in long-day control conditions. Leaf samples were harvest at 32 DAP. ZT: 
Zeitgeber time. Error bars: mean ± SE with n = 3 replicates. H. Repression of pStNCED3::iLUC 
and pStNCED4::iLUC luciferase activity by 35S::StCDF1.1 and  35S::StCDF1.2 
in N. benthamiana leaves. Relative luminescence levels were measured at intervals of 0.5 h 
for 2-3 days. Error bars represent the standard error of 24 biological replicates. I. Measurement 
of free ABA levels. Error bars: means ± SE, with n = 3 replicates. Letters indicate groups that 
are statistically significantly different from each other (t-test, *p < 0.05). 

 

Furthermore, we isolated and measured the ABA concentration within the same leaf samples 
we used for RNA isolation, which were harvested at ZT3 (38DAP). Exposure to heat resulted 
in a slight but non-significant increase in the endogenous levels of ABA in CE3027 plants. 
Moreover, it was observed that the ABA concentration in CE3130 and OE StCDF1.2 Coed 
transgenic plants experienced significant decreases ranging from 10% to 41% compared to 
CE3027, under both conditions (Fig. 3I). The expression of ABA biosynthesis related genes 
was also altered by exposure to heat (Supplemental  Fig. S2). Of the selected genes related 
to ABA biosynthesis, only StNCED3 expression showed continuous repression under heat 
conditions in CE3130 and OE StCDF1.2 Coed transgenic plants, compared to CE3027 
(Supplemental Fig. S2B). Together, we conclude that StCDF1 plays a critical role in regulating 
endogenous levels of ABA under different temperature conditions and its repression of 
StNCED3 is the most constant repression across different temperatures. This regulation may 
ultimately lead to improved plant performance under heat stress and increased yield. 

 

Discussion  
In this study, we investigated the effect of StCDF1, a central regulator of daylength-dependent 
potato tuberization, on heat stress response. Our results uncovered a novel connection 
between two pathways: photoperiod-dependent tuberization and heat stress response. 

CDF family members have been known to be involved in regulating different aspects of plant 
growth and development like photoperiodic flowering/tuberizing-time control or root and shoot 
growth in different plant species. In the last decade, several studies have suggested the genes 
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of this family are also involved in regulating abiotic stress (Renau-Morata et al., 2020). In 
Arabidopsis, the expression of all 5 CDF members can be altered by different abiotic stresses 
(Renau-Morata et al., 2020). Moreover, both AtCDF3 and SlCDF3 have been reported to play 
a positive role in response to different abiotic stresses, such as drought, low temperature, 
osmotic stress and salt tolerance (Corrales et al., 2017; Renau-Morata et al., 2017). 

In Arabidopsis, only the quadruple mutant (cdf1, cdf2, cdf3, and cdf5) shows a substantial 
change in flowering timing (Fornara et al., 2009). In potatoes however, the suppression of 
StCDF1 alone leads to a significant delay in the onset of tuberization (Ramírez Gonzales et 
al., 2021), suggesting StCDF1 is the major regulator of tuberization regulation among all 
StCDF members. Our previous work has shown that StCDF1 has a negative effect on potato 
drought tolerance, resulting in increased water loss during stress conditions (Ramírez 
Gonzales et al., 2021). We found here that StCDF1 has the opposite role in regulating heat 
stress response compared to drought stress response. Our data revealed that overexpressing 
StCDF1 in the heat stress sensitive background (CE3027) restored the phenotype to heat 
tolerant and produced more yield than the heat-sensitive background under both heat and 
control conditions. Therefore, our study provides definitive evidence to demonstrate that 
StCDF1 positively influences potato heat tolerance. 

In this study, we tested the expression of genes which are involved in photoperiod-dependent 
tuberization regulation under different temperatures. Our results agree with previous studies 
that StSP6A expression is decreased under high temperatures (Fig. 2A). However, this 
reduction was only found in the early maturing genotypes (OE StCDF1.2 Coed transgenic plants 
and CE3130). In a previous study, it was observed that high temperature did not alter the 
expression of StSP5G, the repressor of StSP6A, leading to the conclusion that the 
temperature-dependent regulatory mechanisms of tuberization are distinct from those related 
to photoperiod (Park et al., 2022). However, we found here an increase in StSP5G expression 
in early maturing genotypes under heat treatment, which was associated with a decrease in 
StSP6A expression (Fig. 2A & B). These different observations may result from the different 
leaf sample harvesting time. Based on previous data, Zeitgeber Time 3 (ZT3) was selected for 
sampling in this experiment, as it is the time that StSP5G reaches the highest expression under 
long day conditions (Fig. S3). Any changes caused by external factors, like high temperature, 
were expected to be most visible at this time point, making it an ideal choice for analysis. On 
the other hand, the different high temperature treatments could also contribute to this 
difference in expression pattern of StSP5G. For instance, in this study, StSP5G expression 
was analyzed after subjecting the plants to a high temperature treatment of 30/28°C. In another 
experiment where no change in StSP5G expression was observed, the plants were exposed 
to an even higher temperature treatment of 35/29°C (Park et al., 2022). Furthermore, the 
expression of further upstream regulators of StSP6A in the photoperiod pathway, like StCDF1 
and StFLORE, are also influenced by exposure to high temperature. Altogether, our data 
suggests that high temperature influences the expression of several genes in the photoperiod-
dependent tuberization pathway. 

In many potato farming regions, drought and heat waves often coincide and both stresses can 
significantly impact the final yield. Interestingly, we found that StCDF1 plays a different role in 
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response to these two stresses. StCDF1 was found to have a negative impact on drought 
tolerance by affecting stomatal density, size and diurnal opening, leading to increased water 
loss (Ramírez Gonzales et al., 2021). In this study, we provide supporting evidence that 
overexpressing StCDF1 leads to increased transpiration under control conditions (Fig. 1C & 
D). Notably, transpiration in plants provides the necessary components for photosynthesis, 
such as carbon dioxide and water, by regulating transpiration pull (von Caemmerer & Baker, 
2007). It is reasonable to postulate that high transpiration promoted by StCDF1 may contribute 
to promoting carbon fixation and eventually leads to promoting better yield under non-stress 
conditions.  

A previous study suggests that StCDF1 promotes early tuberization under long day condition 
through indirectly promoting the expression of the tuberigen, StSP6A (Kloosterman, B. et al., 
2013). Moreover, StCDF1 was found to regulate the expression balance between StSP6A and 
StSWEETs, which is important for nutrient release and rearrangement at the tuber formation 
stage (chapter 2). Here we find that StCDF1 also promotes transpiration, which likely 
contributes to improving photosynthesis and carbohydrate synthesis. Together, these findings 
suggest that StCDF1 plays a critical role in inducing early tuberization by coordinating several 
critical steps. 

In response to high temperatures, plants often exhibit increased transpiration. We found here 
that all genotypes showed increased transpiration when exposed to high temperature, except 
the OE StCDF1.2 Coed  transgenic plants (Fig. 1C & D). This increase in transpiration is 
considered a cooling strategy for leaves, and previous research has shown that enhancing leaf 
cooling through increased transpiration can improve heat tolerance in several crops 
(Zandalinas et al., 2016; Deva et al., 2020; Rajametov et al., 2021). Under heat conditions, the 
transpiration of CE3027 increased to the same level as in the OE StCDF1.2 Coed  transgenic 
plants. However, CE3027 still lost most of its lower source leaves during the heat treatment 
and can be regarded as heat susceptible (Fig. 1B). It is likely that StCDF1 affects heat 
tolerance through pathways other than just transpiration. Campbell et al. (2023) recently 
identified a candidate gene, HEAT SHOCK COGNATE 70 (StHsc70), which regulates potato 
heat tolerance by protecting PSII against photooxidative damage induced by environmental 
stress. To investigate whether StCDF1 also regulates heat tolerance by modulating StHsc70 
expression, we examined the expression of StHsc70 in transgenic and wild-type plants under 
both heat and control conditions (Fig. S4). Our results indicate that StCDF1 is unlikely to be 
involved in the same pathway as StHsc70 in regulating heat tolerance. However, combining 
both heat tolerance alleles of StCDF1 and StHsc70 may further improve potato's heat 
tolerance.  

Plant transpiration is largely regulated by the opening and closing of stomata. StCDF1 has 
been speculated to regulate stomatal movement (Ramírez Gonzales et al., 2021), but the exact 
mechanism remains unknown. In this study, we discovered that StCDF1 represses the 
biosynthesis of abscisic acid (ABA), which is a key phytohormone for regulating the opening 
and closing of stomata. This reduced endogenous ABA level correlates with the high 
transpiration in OE StCDF1.2 Coed  transgenic plants and CE3130. StCDF1 has been known to 
be one of the most important circadian regulators (Kloosterman, B. et al., 2013). Our findings 
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suggest that StCDF1 may play an important role in regulating circadian control of ABA 
biosynthesis and stomatal movement, especially in the morning time (ZT0-ZT6).  

ABA has always been considered one of the most important plant hormones for abiotic stress 
responses. However, whether ABA promotes or represses heat tolerance is not clear. Current 
research suggests that the effect of ABA on regulating heat stress response varies among 
different plant species and even among different genotypes within a single species (Zandalinas 
et al., 2016; Li et al., 2020; Li, Ning et al., 2021; Zhu et al., 2022). In this study, we found that 
the reduced endogenous ABA level is associated with enhanced heat tolerance in early 
maturing genotypes, like OE StCDF1.2 Coed  transgenic plants and CE3130. Further research 
is necessary to fully understand the link between ABA and heat tolerance.     

Interestingly, AtCDF4 has been shown to promote ABA biosynthesis by activating the 
expression of the same key ABA biosynthesis genes that are repressed by StCDF1, including 
NCED3 (Xu et al., 2020). The activation function was found to be independent from the dof 
DNA binding domain (Xu et al., 2020). Recently, Gonzales (2022) reported that StCDF1 could 
also function as an activator. However, our 24h time course results only show the repressing 
effect of StCDF1 on genes involved in regulating ABA biosynthesis. To understand the 
intriguing difference between StCDF1 and AtCDF4 in function, more research is required in 
the future.  

Previous studies have established StCDF1 as a regulator of several processes, including 
maturity, yield, drought stress response, and biotic resistance. This study has expanded on 
this understanding by highlighting StCDF1's role in regulating heat tolerance and ABA 
biosynthesis, demonstrating its capacity to serve as a central hub that coordinates various 
pathways. Consequently, investigating this locus can significantly enhance our comprehension 
of how plants balance different pathways. In breeding programs, markers used to distinguish 
between early and late alleles of StCDF1 could also be employed to predict heat tolerance. 
Additionally, because of the distinct mechanism of StCDF1 in regulating heat response, it could 
be combined with other known loci to further improve heat tolerance, particularly in hybrid 
breeding programs. 

Materials and Methods 
Plant materials, growth conditions, sampling and phenotyping 

For this experiment, we used two non-transgenic potato plants, CE3130 and CE3027, which 
are progeny of the diploid C x E population (Celis-Gamboa, 2002; Ramírez Gonzales et al., 
2021). The Condon edited StCDF1.2 was synthesized by Genscript and cloned into into the 
pENTR™/D-TOPO vector (Invitrogen™; K240020) and then PK7GW2 by LR reaction 
(Invitrogen™; 11791020). Then, performed Agrobacterium-mediated gene transformation to 
introduce the destination vector into the late-tuberizing and senescence background potato, 
CE3027. Two transgenic lines (OE StCDF1.2 Coed 1#& 2#) from independent transformation 
even were used in this study.  

The plants were propagated in tissue culture with Murashige and Skoog medium 20 (MS20) 
by cutting (Murashige & Skoog, 1962). Two weeks after subculture, in vitro plantlets were 
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transferred to 19 cm pots containing compost and grown in a climate chamber, under control 
conditions of 16 h light (22 °C) and 8 h dark (18 °C)(LD, long day condition). After growing for 
4 weeks, half of the plants were transferred to the second climate chamber, which provided a 
different temperature treatment, 30° C/28 °C LD and were watered daily. The heat treatment 
was continued for 14 days. Then, all plants were grown under control conditions for another 6 
weeks (95DAP) until most of the plants had finished their life cycle (Fig. 1A).  

On the third day of heat treatment, source leaves were harvested for RNA isolation and ABA 
content analysis. The leaf samples were quickly frozen in liquid nitrogen, ground into powder, 
and stored at -80°C for preservation. Eight days into the heat treatment, three plants from each 
genotype were harvested to observe the underground developmental phenotype. At 3 and 8 
days after heat treatment started, the parameters of leaf photosynthesis were measured by LI-
600 porometer/ fluorometer (https://www.licor.com/env/products/LI-600) at ZT3. The final 
harvest was done at 95DAP, the tuber number and weight were recorded (Fig. 1A).  

RNA isolation and quantitative PCR  

The RNA was isolated using MagMAX™ Plant RNA Isolation Kit (A33899) with the 
KingFisher™ Flex Purification System (5400610). The cDNA synthesis was done as described 
previously (Ramírez Gonzales et al., 2021). StELF3e was used as a house keeping control, 
and primers for qPCR are listed in Supplemental Table 2. 

Determination of endogenous ABA concentration 

Leaf samples were collected at 3 days after heat treatment started (43DAP) and immediately 
frozen in liquid nitrogen. Frozen leaves were ground, and ABA was extracted as described 
previously (Gühl et al., 2021; Larsen et al., 2023).  Briefly, the samples were weighed at 20 ± 
2 mg in 2mL Eppendorf tube. After adding 1 mL of methanol and briefly vortexing, the samples 
were incubated at 4°C overnight with gentle shaking. The following day, the samples were 
centrifuged for 10 minutes at 13000 rpm, and the supernatant was transferred to a 4.5mL 
brown glass vial. All supernatant-containing vials were placed in a speed vacuum system 
(SPD121P, ThermoSavant, Hastings, UK) for 1 hour to evaporate. 1mL of formic acid (40mL 
98% FA + 960ML pure H2O) was added to the pellets and briefly vortexed. Next, an Oasis 
MCX 1CC extraction cartridge was placed on a solid phase extraction manifold pre-washed 
with 1mL of absolute methanol. Each sample was then pipetted into the cartridge and run 
through, followed by a wash with 1mL of formic acid. The collection tube was placed 
underneath the cartridge, and the sample was eluted with 1mL methanol. Quantification of 
ABA levels was performed using Thermo Scientific GC-MS systems with 3 replicates (each 20 

± 2 mg of frozen tissue) as described elsewhere (López‐Ráez et al., 2010; Gühl et al., 2021).  

Chlorophyll fluorescence and respiration measurement 

The parameters of chlorophyll fluorescence and transpiration were measured by LI-600 
porometer/fluorometer (https://www.licor.com/env/products/LI-600) at ZT3, following the 
manufacturer's guidelines. The sampling of leaf tissue was performed the on the source leaves. 

Transient dual-luciferase reporter system 
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The putative promoter regions of StNCED3-2 and StNCED4 were amplified from CE3027 by 
using primers using primers designed based on the DM1-3-56-R44 v4.04 genome sequence, 
as specified in Table S2. The regions 4 kb and 2 kb upstream of the transcription start sites of 
StNCED3-2 and StNCED4 respectively were cloned out, which included the putative binding 
sites of StCDF1, as obtained from the DAP-Seq analysis (Fig. 3F). The cloning processes, 
Agrobacterium infiltration and luciferase activity screening followed the same steps as 
described in Chapter 2. 
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Supplementary Material 

Figure S1. Expression of StFLORE under control and heat conditions.  
Plants were grown as described in Figure 1. ZT0,ZT3 and ZT6 were selected for harvesting 
leaves. Error bars: means ± SE, with n = 3 biological replicates. 
 
 

Figure S2. Expression of ABA biosynthesis related genes under control and heat 
conditions. A-C. Same sampling as in Figure2 A-D. Error bars: means ± SE, with n = 3 
biological replicates. 
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Figure S3. Time course expression of the StSP5G under LD condition.  
Same sampling as in Figure 3G. Error bars: means ± SE, with n = 3 biological replicates. 
 
 

Figure S4. Expression of StHsc70 under control and heat conditions. Same sampling as 
in Figure2 A-D. Error bars: means ± SE, with n = 3 biological replicates. 
 

Table S1. Plants used in the experiment with description. 
Line GMO StCDF1 alleles 

(background) 
Ploidy  Tuberization 

CE3027 No 1.1/1.1 Diploid Late tuberization 

CE3130 No 1.2/1.3 Diploid Early tuberization 

OE StCDF1.2 Coed 1# Yes 1.1/1.1 Diploid Early tuberization 

OE StCDF1.2 Coed 2# yes 1.1/1.1 Diploid Early tuberization 
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Table S2. Specific primer pairs in this experiment. 

Primer name Sequence（5'--->3') Gene identifier 

StELF_F GGAGCACAGGAGAAGATGAGGAG Sotub10g021590.1.1 

StELF_R  CGTTGGTGAATGCGGCAGTAGG  

StBCH-2_F GCACGAGTCACACCACAAAC Soltu.DM.06G013450.1 

StBCH-2_R CAGGTCCAACCGGGAATCTC 

StNECD3-2_F TGAATGTGATGAAGGACTAAAAGCG  Soltu.DM.07G022620.1 

StNECD3-2_R GCCATGGTTCAGCAATAGCC 

StNECD4_F ACTTTTCGCCCTCGGTGAAT  Soltu.DM.08G020370.1 

StNECD4_R AAGCCTCGTTAGTTTCGGGG 

StHSc70_F GGAACACCACGATTCCGACT Soltu.DM.04G007430.1 

StHSc70_R CTGGAGGAATGCCAGTGAGT 

StFLORE_F TGCAGACTCGTCGATTGAAC   

StFLORE_R GAGTGCCTTTTCCTCACTCG 

StCDF1_F CGAAGAATGCCTGCAATCGG Soltu.DM.05G005140.1 

StCDF1_R CCAGTACGGTGTTGCTGGAT 

StSP5G_F  GGTGTGTAGACTTTGGTGTGGTTT Soltu.DM.05G024030.1 

StSP5G_R  GGCCTCAAGGCACATCCAT  

StSP6A_F GACGATCTTCGCAACTTTTACA Soltu.DM.05G026370.1 

StSP6A_R  CCTCAAGTTAGGGTCGCTTG  

qStZEP F ACATGGCACCTGGGTTACAG Soltu.DM.02G028820.1 

qStZEP R TGCTCAATGTCTGATGTTTGC 

qStABA2-2 F GGAGAGAGCATTGTACGCTGT Soltu.DM.04G027720.1 

qStABA2-2 R AACACGCGCTCTCTTCATCA 

qStABA3 F GCAGAAACAGTTGCGTAGATGG Soltu.DM.07G028460.2 

qStABA3 R GGGGCTTTCTGATTCACCCA 

qStCDF1.2Coed F GAGGCTGCTGCTCATGGTAT   

qStCDF1.2Coed R AGCTGGCATCCTTCTTTCAGA 

pNCED4 F ggggacaagtttgtacaaaaaagcaggctggATTGTTTTCTTATACTTT
ACGCCATC 

 

pNCED4 R ggggaccactttgtacaagaaagctgggtgATAGGTTTTCTTGAGGGTA
TTGGTTC 

 

pNCED3 F ggggacaagtttgtacaaaaaagcaggctggTGGTAGTGCAAATTTTAT
GTTATGTC 

 

pNCED3 R ggggaccactttgtacaagaaagctgggtgTTTGTAGCATGTGAAGTAG
TAGTGGC 
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Summary 
 

Protein-protein interactions (PPIs) in crop plants remain largely unexplored. Here, we provide 
a protocol for identifying PPIs in potato (Solanum tuberosum) using TurboID-mediated 
Proximity Labelling (PL). We evaluated the use of the nucleus-located transcription factor 
CYCLING DOF FACTOR1 (StCDF1) of potato, and the plasma membrane-localized receptor-
like kinase SOBIR1 (NbSOBIR1) of Nicotiana benthamiana fused to TurboID. The constructs 
were transiently expressed as baits in potato leaves to identify PPIs. We describe the plant 
material that was used, agroinfiltration, biotin treatment, protein isolation, free biotin removal, 
and enrichment of biotinylated proteins. This study provides a protocol for applying PL in potato 
for the analysis of protein complexes involved in plant development and disease resistance. 

 
Graphical abstract 
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Before you begin 
Experimental design considerations 
Selection of genotypes: This protocol describes the procedure for transient TurboID-based 
proximity labelling of the transcription factor StCDF1 in CE3027 and the receptor-like kinase 
NbSOBIR1 in MCD-321. CE3027 is an offspring plant of the diploid C x E population and it 
was selected to study the role of StCDF1 in tuberization in previous research (Kloosterman, B. 
et al., 2013; Ramirez Gonzales et al., 2021). MCD-321 is an offspring plant of a cross between 
the wild potato plants Solanum microdontum subsp. microdontum and an F1 clone from a S. 
microdontum subsp. gigantophyllum x S. verrucosum cross (Lin et al., 2022). S. microdontum 
is a source of resistance against the oomycete pathogen Phytophthora infestans (van den 
Berg & Spooner, 1992; Domazakis et al., 2018; Meade et al., 2020). SOBIR1 is widely 
conserved across species and a common co-receptor of receptor-like proteins involved in 
immunity (Liebrand et al., 2014; van der Burgh et al., 2019).  

Selection of experimental controls: Design the control TurboID-construct based on the 
localization of your protein bait of interest. The proteins used in this study are localized either 
in the nucleus (StCDF1) or in the plasma membrane (NbSOBIR1). As a control, the fusion 
protein YFP-YFP-TurboID (Kim et al., 2019; Kim et al., 2023) was used. The YFP-YFP-TurboID 
located at both nucleus and cytoplasm, which has been previously reported by Kim et al. (2019). 

Experimental test: Before starting the procedure of the potato PL-mass spectrometry (MS) 
protocol, we recommend testing the TurboID fusion constructs by transient expression in N. 
benthamiana, as it is an easy plant model to work with. Once it has been verified that the 
TurboID fusion constructs is able to biotinylate proximal proteins in the leaves of N. 
benthamiana, we suggest testing them by transient expression in the potato genotype of 
interest. Additionally, we suggest to co-express the labelled bait with a known interactor to 
confirm that this interactor is being biotinylated. The selected interactor protein should also be 
tagged with a different label than the bait protein, to allow its specific detection on western 
blots. In potato, it is advisable to infiltrate biotin and to collect leaf samples at different time 
points (e.g. at 1, 3 and 6 hours post biotin infiltration (hpi)), as well as including a sample 
without biotin treatment. Both N. benthamiana and potato tests can be performed with 2 g of 
leaf tissue following the same steps as for MS sample preparation. Check test option in 
protocol steps 13-43.  Per test sample, only one PD10 column for desalting and 50 µL of 
streptavidin bead suspension is needed. After the last wash of beads with 
Radioimmunoprecipitation assay (RIPA) buffer (step 29), proteins are eluted with 80 µL 4x 
Laemmli Sample Buffer® (Bio-Rad) diluted in RIPA and checked on western blot with the 
appropriate antibodies (steps 32-43).   

Identification of biotinylated proteins: After the pull down with streptavidin beads, the 
biotinylated proteins are pre-processed depending on the approach that is going to be used. 
In most cases, peptides are obtained from an on-bead digestion using trypsin. Peptides are 
subsequently separated by liquid chromatography (LC) prior to identification by MS. We do not 
describe these steps in detail as they differ for each MS facility. 

 

1. Plasmid construction 



Chapter 4 
 
 

71 
 

The cloning is performed by amplifying the DNA sequence of the gene that encodes the protein 
of interest (POI), gel extraction or PCR product purification, Gateway cloning, transformation 
of Escherichia coli, and plasmid purification. 

a. Design primers to build the plasmids for Gateway cloning.  
NOTE: The stop codons of the DNA sequence of the genes were removed from the reverse 
oligonucleotide used for PCR. The PCR fragment is cloned in a pEG101-TurboID (TurboID) 
vector for C-terminal tagging with YFP::V5::TurboID::HA(Kim et al., 2023). If the gene under 
investigation is known to have its protein binding domain at the C-terminal end, consider 
tagging the gene at the N-terminal end. Generating such a vector  based on the ImpGWB 
series should be unproblematic. 

NOTE: In this protocol we used primers with attB ends to perform a BP reaction to the Entry 
vector pDONR221 (attP). After BP reaction, the pDONR221 construct contains the gene 
flanked with attL sites that will allow the LR reaction to pEG101-TurboID (attR). 

NOTE: The Destination vector used in this study was generated by Kim et al. (2019); (Kim et 
al., 2023) with CaMV 35S promoter (p35S). To improve the biotinylation efficiency, it may be 
beneficial to consider changing the promoter in the Destination vector based on the POI's 
expression pattern, timing, and tissue. For example, replacing the p35S with a SUC2 promoter 
to study phloem specific PPIs. If the protein is naturally well expressed and accumulated in 
potato plants, consider the use of the native promotor. 

b. Prepare the PCR reaction mix to generate a Gateway-compatible PCR product with 
attB ends.  

c. Visualize the PCR products by performing 1% agarose gel electrophoresis. When there 
are bands in addition to the target-sized DNA fragments, perform gel purification of the 
desired fragment using the QIAquick Gel Extraction Kit, according to the 
manufacturer’s instructions. Otherwise, perform a PCR product purification using Zymo 
DNA Clean & Concentrator Kit.  

d. Perform a 'BP' reaction (Invitrogen™ Gateway™ BP Clonase™ II Enzyme mix) to 
facilitate recombination between the PCR product and the pDONR221 vector 
(Invitrogen™ Gateway™ pDONR™221 Vector), resulting in the creation of an Entry 
vector. 

e. Perform E. coli transformation by using One Shot™ TOP10 Chemically Competent E. 
coli cells, according to manufacturer’s instructions. 

f. Pick three single colonies into LB medium containing 50 µg/mL Kanamycin, and culture 
overnight at 37⁰C in the shaker at 200 rpm. 

g. Purify plasmids from the transformed cells using the QIAprep Spin Miniprep Kit 
following the manufacturer’s recommendation. 

h. Verify the sequence of Entry vectors using the primers M13-Fw and M13-Rv for Sanger 
sequencing. 

i. Allow recombination of the Entry vector from the last step with the Destination vector 
via an “LR” reaction (Invitrogen™ Gateway™ LR Clonase™ II Enzyme mix), to create 
an Expression vector. Perform an E. coli transformation and selection as described 
above (steps e through g). Verify the sequence of the Expression vector with the 
primers P35S-CaMV-Fw and YFP-Rv. 

j. Store the Expression vector in MQ water or the QIAprep Spin Miniprep Kit elution 
buffer at −20 °C until further use.  
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Key resources table 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies and conjugated proteins 
anti-rabbit IgG, HRP Agrisera AS09-602 
BirA (mutated/TurboID) Agrisera AS20-4440 
Streptavidin Protein, HRP Thermofisher 21124 
Anti-GFP, HRP Invitrogen A10260 
Antibiotics 
Chloramphenicol (Cm) Duchefa 4800-94-6 
Carbenicillin (Cb) Duchefa 56-75-7 
Kanamycin (Kn) Duchefa 25389-94-0 
Tetracycline (Tet) Duchefa 64-75-5 
Rifampicin (Ra) Duchefa 13292-46-1 
Chemicals and commercial resources 
Acetosyringone (3′,5′-Dimethoxy-4′-
hydroxyacetophenone) 

Sigma Aldrich D134406 

MES MONOHYDRATE (2-(N-morpholino)-ethane 
sulfonic acid) 

Duchefa Biochemie 145224-94-8 

Murashige and Skoog medium including vitamins Duchefa Biochemie M0222 
Murashige and Skoog medium basal mixture Duchefa Biochemie M0221 
Thermo Scientific™ Pierce™ Streptavidin 
Magnetic Beads 

Thermo Scientific 10615204 

Disposable PD 10 Desalting Columns Sigma Aldrich GE17-0851-01 
Trans-Blot Turbo Mini 0.2 µm PVDF Transfer 
Packs 

Bio-Rad 1704156 

10x Tris/Glycine/SDS  Bio-Rad 1610772 
StartingBlock™ (TBS) Blocking Buffer Thermo Scientific 37542 
Precision Plus Protein™ WesternC™ Blotting 
Standards 

Bio-Rad 1610376 

4x Laemmli Sample Buffer Bio-Rad 1610747 
Biotin  Merck B4639-100MG 
Pierce™ Protease Inhibitor Tablets, EDTA-free Thermo Scientific A32965 
MG-132, proteasome inhibitor Sigma Aldrich M7449-1ML 
SuperSignal West Dura Substrate ThermoFisher 34076 
Experimental models: Organisms/strains 
AGL1 (CbR, CmR) Petti et al. (2009) N/A 
C58C1 (TeR, RaR) N/A N/A 
Constructs 
pEG101--YFP::V5::TurboID::HA (KnR) Kim et al. (2019); 

(Kim et al., 2023) 
N/A 

YFP-YFP::V5::TurboID::HA (KnR) Kim et al. (2019); 
(Kim et al., 2023) 

N/A 

NbSOBIR1-YFP::V5::TurboID::HA (KnR)  This paper N/A 
StCDF1-YFP::V5::TurboID::HA (KnR) This paper N/A 
Oligonucleotides    
M13-Fw: GTAAAACGACGGCCAG This paper N/A 
M13-Rv: CAGGAAACAGCTATGAC This paper N/A 
P35S-CaMV-Fw: CTATCCTTCGCAAGACCCTTC This paper N/A 
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YFP-Rv: AAGAAGATGGTGCGCTCCTG This paper N/A 
Other   
Screw cap tube, 15 ml, (LxØ): 120 x 17 mm, PP, 
with print (V-shaped 15 mL tubes) 

Sarstedt 62.554.502 

Eppendorf® Protein LoBind tubes 2ml (2 mL 
LoBind tubes) 

Eppendorf EP0030108132-
100EA 

Eppendorf® Safe-Lock Tubes 1,5 mL Eppendorf 0030120086 
Gene Pulser/MicroPulser Electroporation 
Cuvettes, 0.1 cm gap 

Bio-rad 1652089 

MicroPulser Electroporator Bio-rad 1652100 
 

Materials and equipment 
 

• Chloramphenicol (Cm) 50 mg/mL: dissolve 500 mg of Cm in 10 mL of ethyl alcohol 
pure. Store at -20 °C in 1 mL aliquots. Dilute stock to 25 µL/mL in specified culture 
media. 

• Carbenicillin (Cb) 50 mg/mL: dissolve 500 mg of Cb in 10 mL of milliQ water and filter 
sterilize through 0,2 µm filter. Store at -20 °C in 1 mL aliquots. Dilute stock to 50 µL/mL 
in specified culture media. 

• Kanamycin (Kn) 50 mg/mL: dissolve 500 mg of Cm in 10 mL of milliQ water and filter 
sterilize through 0,2 µm filter. Store at -20 °C in 1 mL aliquots. Dilute stock to 50 µL/mL 
in specified culture media. 

• Tetracycline (Te) 15 mg/mL: dissolve 150 mg of Cm in 10 mL of methanol. Store at -
20 °C in 1 mL aliquots. Dilute stock to 15 µL/mL in specified culture media. 

• Rifampicin (Ra) 50 mg/mL: dissolve 500 mg of Cm in 10 mL of DMSO. Store at -20 °C 
in 1 mL aliquots. Dilute stock to 50 µL/mL in specified culture media. 

• Streptavidin Protein, HRP 1 mg/mL: add 2 mL of milliQ water to the tube that contains 
2 mg of protein. Store at -20 °C in  50 µL aliquots. 

• Acetosyringone (4-Hydroxy3,5-dimethoxyacetophenone) 200 mM: dissolve 196 mg of 
acetosyringone in 5mL of DMSO. Store at -20 °C in 0.5 mL aliquots. Dilute stock to 200 
µM in the specified culture media. 
NOTE: Store at -20 °C in 0,5 mL aliquots. 

• MES solution 1: (2-(N-morpholino)-ethane sulfonic acid) 1 M, pH 5,6: dissolve 4,265 
g of MES in 20 mL of milliQ water, adjust with NaOH to pH 5,6. 
NOTE: MES is difficult to dissolve. First add 10 mL of milliQ, adjust with NaOH to pH 
5,6 and then adjust the final volume to 20 mL. Filter sterilize through 0,2 µm filter. Store 
at -20 °C in 2 mL aliquots. 

• MES solution 2: (2-(N-morpholino)-ethane sulfonic acid) 10 mM, pH 8: dissolve 32 mg 
of MES in 15 mL of milliQ water, adjust with NaOH to pH 8. 
NOTE: 10mM MES for dissolving biotin should be prepared before use. Keep MES in 
the dark by covering the bottle or tube with aluminum foil.  

• MG-132 10 mM: MG-132 (M7449-1ML) is a ready-made solution at 10 mM in DMSO. 
Dilute to 40 µM in specified buffer. 

• Biotin 10 µM: dissolve 0,37 mg of biotin in 150 mL of MES solution 2 (10 mM). 
NOTE: Prepare fresh on the day of use. This volume (150 mL) is calculated for a set 
of 15 plants, using 3 leaves per plant and a surface area of each of the leaves of about 
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30 cm2. MCD-321 has leaves with a surface area of 30 cm2 approximately each and 
CE3027 has leaves of approximately 15 cm2 each. 

OPTIONAL: Add proteasome inhibitor MG-132 40 μM to biotin 10 µM solution to 
reduce  the degradation of ubiquitin-conjugated proteins before collection of samples.  

MS20 plant propagation media 
Reagent Final 

concentration 
Murashige and Skoog medium including vitamins 4,4 g/L 
Sucrose 20 g/L 
Adjust to pH 5,8 with 1 M NaOH 
Micro agar 8 g/L 
Autoclave at 121ºC for 20 min 

NOTE: Pour media immediately after autoclaving. Keep MS20 agar for max. 6 months at room 
temperature. Grow plants in MS20 for max. 6 months. 

LB (Lysogeny broth) media 
Reagent Final 

concentration 
Tryptone 10 g/L 
Yeast extract  5 g/L 
NaCl 10 g/L 
Autoclave at 121 ºC for 20 min 

NOTE: Keep LB media for max. 1 year at room temperature. 

YEB (yeast extract beef) media 
Reagent Final 

concentration 
beef extract 5 g/L 
bacteriological peptone 5 g/L 
Sucrose 5 g/L 
yeast extract 1 g/L 
MgSO4∙7H2O 0.492 g/L 
Autoclave at 121 ºC for 20 min 

NOTE: Keep YEB media for max. 1 year at room temperature. 

MMA buffer 
Reagent Final 

concentration 
Sucrose 20 g/L 
Murashige and Skoog basal salts 5 g/L 
MES  1,95 g/L 
Adjust to pH 5,6 with 1M NaOH 
Acetosyringone 200 µM 

NOTE: Make fresh in ddH2O or milliQ on the day of use. 

RIPA (Radioimmunoprecipitation assay) buffer 
Reagent Final concentration 
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Tris-HCl pH 7.6 25 mM 
NaCl 150 mM 
Sodium deoxycholate 1% (w/v) 
SDS 0,1% (w/v) 
NP-40 1% (v/v) 

NOTE: RIPA can be stored at 4 °C for a month without protease and proteasome inhibitors. 
Add 1 tablet of protease inhibitor cocktail and MG-132 (40 µM) per 50 mL of RIPA the day of 
use when specified in the protocol. 

NP-40 free RIPA buffer 
Reagent Final 

concentration 
Tris-HCl, pH 7.6 25 mM 
NaCl 150 mM 
Sodium deoxycholate 1% (w/v) 
SDS 0,1% (w/v) 

NOTE: NP-40 free RIPA can be stored at 4 °C for a month without protease and proteasome 
inhibitors. Add 1 tablet of protease inhibitor cocktail per 50 mL of NP-40 free RIPA the day of 
use when specified in the protocol. 

TBS 10X 
Reagent Final 

concentration 
Tris-HCl pH 7.5 20 mM 
NaCl 150 mM 

NOTE: TBS 10X can be stored at 4 °C for 3 months. Make TBS 1X with ddH2O on the day of 
use and add 0,1% Tween20 to make TBS-T. TBS-T 1X can be stored at 4 °C for 1 month. 

 
Step-by-step method details 

Propagating plant material  
  

 Timing: 30-35 days 
  

1. Grow fresh cuttings of potato plants on MS20 in vitro at 24 °C in a climate chamber, 
under long day conditions (16 h/8 h day/night), for 2 weeks. 

2. Grow for 1 week in 4x4cm square pots containing sterilized potting soil, in climate-
regulated greenhouse compartments, within a temperature range of 18–22 °C and 
under natural light conditions. 

3. Transfer to 12x12 cm square pots or to 14 cm diameter round pots and grow for 3-
5 weeks under the same conditions. 

 
NOTE: Some potato genotypes grow better in round pots. Check 
TROUBLESHOOTING – Problem 2. 

NOTE: Number of plants to grow depends on setting of the experiment. Samples 
for MS are sent in triplicate for statistical analysis. One replicate consist of a set of 
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three plants and per plant, 3-5 leaves are infiltrated with the construct. Therefore, 
9 plants in total per set of TurboID construct (3x3). 

Agrobacterium tumefaciens preparation and agroinfiltration 
 

 Timing:  1-2 weeks 
 

4. Transform 100 ng of the plasmids containing the TurboID fusion constructs to 20 
µL of electro-competent Agrobacterium tumefaciens (in 1.5 mL Eppendorf tube). 
Pipette Agrobacterium cells with DNA into a prechilled 0.2 cm electroporation 
cuvette. Pulse cells at 1.4 kV with MicroPulser Electroporator. Add 0.25 mL of YEB 
(or LB) media to the cuvette, mix, and immediately transfer cells into a clean 1.5 
mL Eppendorf tube. Grow for 2 hours in 0.5 mL of LB at 28 °C and 200 rpm. Plate 
20-50 µL on LB agar plates (diameter 90 mm) with the appropriate antibiotics. 
 
NOTE: In this protocol, YFP-TurboID and SOBIR1-TurboID constructs were 
transformed into Agrobacterium strain C58C1 and CDF1-TurboID into AGL1. The 
antibiotics for C58C1 are Ra and Te, and for AGL1 are Cm and Cb. In addition, Kn 
antibiotic is added for selection of Agrobacterium colonies transformed with 
TurboID construct. Working concentrations are specified in “Material and 
equipment”.  
NOTE: A. tumefaciens transformation by electroporation has high efficiency and 
usually produces 30-60 colonies using this set-up. Longer incubation times (up to 
4 hours) in LB will increase efficiency. 
OPTIONAL: Test different A. tumefaciens strains to check the accumulation of the 
fusion protein of interest upon transient expression. Check TROUBLESHOOTING 
– Problem 1 & 5. 

 
5. Pick a single transformed A. tumefaciens colony and transfer to 10mL of LB media 

with the appropriate antibiotics and incubate for 2 days with continuous shaking at 
200 rpm at 28 °C. 

6. Transfer the cultures to a 250 mL flask containing YEB media with the appropriate 
antibiotics and supplemented with acetosyringone (final concentration 200 µM) and 
MES solution 1 (final concentration 10 mM) and incubate while shaking for 1 day at 
28 °C, at 200 rpm. 

7. Collect the cells by centrifugation at 3,000 x g for 10 min. 
8. Resuspend the pelleted cells in freshly prepared MMA buffer to an OD600 of 0.3-

0.4. For co-infiltration of two constructs, mix the A. tumefaciens cultures in a 1:1 
ratio.  
 
NOTE: 30-50 mL of A. tumefaciens culture is usually enough for infiltrating 3-5 
leaves per set of triplicates. Potato leaf size varies a lot and different genotypes 
have different structure, such as trichome density etc., which results in different 
requirements for A. tumefaciens infiltrate. On average, 1ml is sufficient for 1 potato 
leaf.   
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9. Incubate the A. tumefaciens suspensions in MMA for 1-2 hours at room 
temperature without rolling or shaking before infiltration.  

10. Fully infiltrate 3-5 leaves of each potato plant with the suspension from the lower 
side of the leaves with a 1 mL needleless syringe.  
 
OPTIONAL: Water the potato plants 1-2 hours before agroinfiltration to facilitate 
the infiltration of the suspension, as the stomata will open. Make a scratch on the 
lower epidermis of the leaves to be infiltrated with a needle or scalpel to facilitate 
the infiltration. Check TROUBLESHOOTING – Problem 3. 

NOTE: Choose young, healthy, and just fully expanded leaves for the 
agroinfiltrations. 
NOTE: We recommend to change gloves between each set of constructs to avoid 
possible contamination between different constructs. 

NOTE: Infiltrated plants are maintained in the greenhouse within a temperature 
range of 18–22 °C and under natural light conditions till samples are collected. 

 
Leaf sample collection 
 

 Timing:  2 days 
 

OPTIONAL: Test with and without the addition of biotin. Check 
TROUBLESHOOTING – Problem 4. 

OPTIONAL: Infiltrate a freshly prepared solution of 10 µM biotin in 10 mM MES pH 
8, after 36-48 hpi, and collect leaf samples at 1-3 hpi after the infiltration of biotin.  

OPTIONAL: To reduce the degradation of ubiquitin-conjugated proteins,  additional 
MG-132 can be supply together with biotin solution (MG-132 40 μM to biotin 10 µM 
solution).  

NOTE: The concentration and incubation time of biotin treatment was determined 
based on previous studies in Arabidopsis and N. benthamiana(Kim et al., 2019; Kim 
et al., 2023) (Zhang, Yongliang et al., 2019). 

 

11. After 36-48 hpi, cut the leaves off, remove the petiole and middle vein from the base 
with scissors. Place in a 50 mL tube with V-shaped bottom and immediately place 
into liquid nitrogen. 
 
NOTE: We recommend cleaning the scissors used for removing the petiole and 
middle vein with ethanol 70% between different treatments.  
PAUSE POINT: Keep leaves at -80 °C, either the intact leaves or ground, in tubes.  

 

12. Grind samples in liquid nitrogen using a mortar and pestle to a fine powder and 
weigh. 
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NOTE: Make sure that the triplicates are all approximately of the same weight; 3-5 
g ± 0.5g. 

 

Protein extraction   
 

 Timing:  2-3 hours 
 

13. Add 2 mL of RIPA buffer, supplemented with protease inhibitor cocktail and MG-
132, per gram of ground leaf.  
 
NOTE: MG-132 is a proteome inhibitor and blocks the activity of proteasomes. It 
targets protein degradation differently from the protease inhibitor. For some 
proteins, such as DELLA(Wang et al., 2009), MG-132 is crucial for its stability. 
Therefore, we recommended to supply MG-132 in with RIPA buffer. 
 

14. Keep samples on ice, while vortex-mixing for 15 min. (vortex-mixing each sample, 
while keeping samples cold by placing the samples on ice during the rest time). 

15. Pellet the debris by centrifugation at maximum speed (RCF: 17,000 x g) for 30 min 
at 4 °C. Make sure that the supernatant is clear, without remaining particles. 

16. Transfer the supernatant to a pre-cooled V-shaped 15mL tube and adjust all 
samples to 10 mL with RIPA buffer, supplemented with protease inhibitor cocktail 
and MG132. 

 
NOTE: LoBind tubes are preferred for all steps. 
NOTE: The total volume of the samples should be around 10mL.  
NOTE: Each Cytiva Life Sciences PD-10 desalting column can only hold 2.5 mL 
per column. Per sample, approx. 10 mL of isolated protein solution is obtained, so 
4 columns are needed.  

 

Removal of free biotin from the protein extracts with Cytiva Life 
Sciences PD-10 desalting columns 
 

 Timing:  1-2 hours   
 

NOTE: The following steps should be performed in 4 °C room.   
 

17. Equilibration of the PD-10 desalting columns. 
a. Place the column in the provided rack and place a container below to collect 

the flow-through. 
b. Remove the top cap. 
c. Cut the sealed end and allow the storage solution to drain away. 
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d. Wash the column 3x with 4mL of RIPA without protease inhibitor cocktail and 
without MG132. 

e. Wash the column 1x with 4mL of RIPA with protease inhibitor cocktail and with 
MG132. 
 

18. Add 2.5 mL of the protein extract to the equilibrated PD-10 desalting column and 
discard the flow-through. 

19. Transfer the columns to another rack, containing V-shaped 50 mL tubes. 
20. Elute the columns with 3,5 mL of RIPA, supplemented with protease inhibitor 

cocktail and MG132. 
21. Combine the eluates from each triplicate in one tube. 

 

 
Pull down of the biotinylated proteins with Thermo Scientific Pierce 
Streptavidin Magnetic Beads 
 

 Timing:  3 hours 
 

NOTE: The following steps should be performed at 4 °C   
NOTE: In parallel, perform a test for checking the protein extract on a western blot. 

 

22. Equilibration of the streptavidin beads. 
a. Resuspend the beads by pipetting and stirring before use. 
b. Pipette 200 µL of streptavidin beads (50% slurry) per sample in a 2 mL LoBind 

tube. 
 

NOTE: For the test sample, use 100 µL of streptavidin beads per sample (50% 
slurry). 
NOTE: To estimate the total volume of beads necessary to process all the samples, 
including an extra volume of 5% to account for pipetting errors, follow this 
calculation: 
Total volume of beads = (Number of samples × Volume of beads per sample) + (5% 
of total volume of beads). 
For example, if there are 5 samples, and each sample requires 200 µL of beads: 
Total volume of beads = (5 × 200 µL) + (0.05 × (5 × 200 µL)) = 1050 µL. 

 
c. Place the tube into a magnetic stand for 3 min to collect the beads. 
d. Discard the supernatant. 
e. Wash the beads 3x with 1 mL of RIPA, supplemented with protease inhibitor 

cocktail and MG-132. For each washing step, add the buffer and mix by 
inversion until the beads are completely resuspended, and let the tube stand 
for 3 min in the magnetic rack, after which the supernatant is discarded.  
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23. After the last wash add 100 µL of RIPA per sample, supplemented with protease 
inhibitor cocktail, to the equilibrated beads and transfer the 100 µL resuspended 
beads to each of the V-shaped 15 mL tubes containing the desalted protein 
extracts.  

 
NOTE: For the test sample, add 50 µL of RIPA per sample, supplemented with 
protease inhibitor cocktail. 

 
24. Incubate the samples in a rotator for 1 hour at 4 °C, at 10 rpm.   

 
NOTE: The incubation can be extended up to 12h (overnight) with continuous 
gentle shaking (10 rpm) at 4 °C.  
 

25. Wash the beads. 
a. Place the tubes into a magnetic stand for 3 min to collect the beads. 
b. Discard the supernatants. 
 
NOTE: The supernatants can be collected (20-50 µL) and stored at -20 °C for 
testing the binding efficiency at a later timepoint.  

 

26. Add 1 mL of NP40-free RIPA, supplemented with protease inhibitor cocktail, and 
mix by inversion of the tubes.   

27. Transfer the mixture to a 2 mL LoBind tube. 
28. Place the tubes into a magnetic stand for 3 min to collect the beads. 
29. Wash the beads 3x with 1 mL of NP40-free RIPA, supplemented with protease 

inhibitor cocktail. Follow the same procedure as indicated in step 25 to wash the 
beads. 

30. The samples are now ready for MS pre-processing. Go to step 44.  
31. The sample test can be processed for western blot following step 32. 

 
PAUSE POINT: The enriched biotinylated proteins can be stored at -20 °C for months 
before further processing for MS. 

 

 Identification of biotinylated proteins by western blotting  

 

 Timing:  4-5 hours 
 

NOTE: This step is only performed for the protein samples that will NOT be 
processed for MS   

32. Resuspend the streptavidin beads to which the biotinylated proteins are bound in 
60 µL of RIPA. 

33. Add 20 µL of 4x Laemmli Sample Buffer® (Bio-rad), previously mixed 1:9 with β-
mercaptoethanol as the manufacturer’s recommendation.  

34. Incubate in a shaker at 95 °C for 10 min, at 300 rpm. 
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35. Place the tubes on ice for 2 min and spin the beads down at top speed in a 
microcentrifuge. 

36. Load 25 µL of the supernatant on an SDS-PAGE gel. To avoid pipetting the beads, 
leave the tubes in the magnetic rack, Load 5 µL of the ladder Precision Plus 
Protein™ WesternC™ Blotting Standards. 

37. Run the gel in an electrophoresis cell with 1x Tris/Glycine/SDS buffer.  
38. Transfer the proteins to a Trans-Blot Turbo Mini 0.2 µm PVDF membrane in the 

Trans-Blot Turbo system at 25 V at 1,3 A for 7 min. 
39. Block the membrane with 10 mL of StartingBlock (TBS) Blocking Buffer, 

supplemented with 0,5% (v/v) of Tween20 for 30 min. 
 

NOTE: The standard blocking buffer, which consists of 5% of fat-free milk powder in 
1x TBS-T, contains biotin that potentially interferes with the incubation of the blot with 
the streptavidin-HRP protein and subsequent detection steps. As an alternative, use 
BSA at a concentration of 3% in 1x TBS-T, or a commercial (biotin-free) blocking buffer 
as described in this protocol.  

 

40. Add the appropriate antibody to the blocking buffer and incubate for 1 hour at RT 
or follow the manufacturer’s instructions.  

a. Use a BirA (mutated/TurboID) antibody diluted 1:5000 in StartingBlock (TBS) 
Blocking Buffer to determine the accumulation of the Turbo-ID fusion protein 
in planta. 

b. Use a Streptavidin-HRP protein diluted 1:50000 in StartingBlock (TBS) 
Blocking Buffer to check for the presence of biotinylated proteins purified 
from the pull down using the streptavidin beads. 

c. Use an α-HA, α-GFP or α-V5 antibody to detect the accumulation of fusion 
proteins carrying these tags in planta. In this protocol, we used α-GFP 
diluted 1:1000 in StartingBlock (TBS) Blocking Buffer. 

d. Use appropriate antibody(ies) when checking for the presence of additional 
differently labelled interactor(s) after the pull down e. g. to verify the 
biotinylation of a tagged known interactor. 

 
NOTE: The dilutions of antibodies are based on specifications for Western blotting 
detection substrate used. In this protocol, we used SuperSignal West Dura. 
 

41. If a secondary antibody is needed, as is the case for the BirA (mutated/TurboID) 
antibodies, wash the membrane 3 times with TBS-T buffer and dilute the 
conjugated secondary antibody. In this protocol, we used α-rabbit IgG, HRP diluted 
1:10000 in TBS-T buffer. Incubate with the secondary antibody for 1 hour. 

42. Wash the membrane 3 times with TBS-T buffer. 
43. Develop the blot with the ECL substrate of choice (Figure 1). 

 

Identification of the biotinylated proteins by mass spectrometry  
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 Timing:  1-4 weeks 
44. Send the samples from step 30 to the MS facility. 
 

NOTE: It might be required to store the sample in a specific buffer at a determined 
temperature before the samples are pre-processed for MS.  

NOTE: We sent our samples to MS facility in Biochemistry Department at WUR for LC-
MS analysis. 

NOTE: MS facility in Biochemistry Department at WUR pre-process the samples to 
perform LC-MS(van Mourik et al., 2023). The pre-processing involves cysteine 
reduction, tryptic digestion, and clean-up of the peptides. These steps can vary 
depending on the facility service. 

 

45. Use the appropriate software for statistical analysis of the results from the LC-MS. 

46. Select the proteins of interest for further studies. 

 

 

Expected outcomes  
 

To evaluate the efficacy of the transient TurboID-based proximity-dependent labelling method 
in S. tuberosum, several criteria can be assessed. First, the fused POI should be detected in 
transformed leaves. In this protocol, the POI is fused with YFP and TurboID. The YPF tag 
allows performing a confocal study to check the subcellular localization of POI. For instance, 
StCDF1 is known to accumulate in the nucleus (Goralogia, Greg S et al., 2017), while 
NbSOBIR1 is found at the plasma membrane(Li, YH et al., 2021)-(Postma et al., 2016). 
Potential candidate interactors could be also filtered out by the localization of POI after 
statistical filtering. Secondly, the tagged POI should be produced and accumulate in potato 
leaves and be able to biotinylate proximal proteins. Abundance of POI-YFP-TurboID can be 
checked in WB using YFP and TurboID antibodies in step 43. Our previous observations 
suggest that overexpressing tagged protein in potato always leads to the issue of the tag being 
cleaved off. The POI-YFP-TurboID can be degraded and leads to no full-size POI-YFP-
TurboID present from immunoblot (IB), but only partials (Figure 1). The absence of the full-
size band in IB does not necessarily mean no accumulation or experimental failure. Figure 2A 
provides an overview of the proximity labelling MS results for StCDF1-YFP-TbID. Our analysis 
reveals the identification of more than 10 proteins located within the nucleus based on the MS 
dataset, showing positive enrichment in StCDF1 samples (Figure 2B). Notably, among these 
proteins are StCDF1 itself, as well as another well-known interactor, StFKF1 . Moreover, by 
comparing the MS results between applying extra biotin and without, it is obvious that there 
are 2 nucleus located proteins that were enriched only when extra biotin was supplied. 
However, the extra biotin application also increased the total amount of labelled proteins 
(Figure 2A).  
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Figure 1: Immunoblot analysis of protein extracts obtained in step 43.  
Immunoblot (IB) analysis following streptavidin affinity purification of potato (CE3027) leaf 
material transiently transfected with StCDF1-YFP-TurboID and YFP-YFP-TurboID, which 
was infiltrated with 10 μM of exogenous biotin 2 hours before harvest, as well as an 
untreated control sample. Biotinylated proteins were immunoprecipitated by Streptavidin-
HRP (left). StCDF1-YFP-TurboID and YFP-YFP-TurboID was immunoprecipitated by anti-
TurboID antibody (right). The red arrows represent target proteins. Expected sizes of 
StCDF1-YFP-TurboID and YFP-YFP-TurboID proteins are 122.4 and 99.6 kDa, respectively. 
In addition to full length or partial bait protein, YFP (27 kDa) and TurboID (35 kDa) free tags 
should be also visualized by using corresponding antibodies. In this context, partial proteins 
due to degradation could also be present in the WB. Partial proteins are: YFP-V5 (27 kDa), 
YFP-V5-TurboID (63 kDa), V5-TurboID (36 kDa), V5-TurboID-HA (37 kDa) and TurboID-HA 
(36 kDa).  
 

Western blotting can also be used to determine the efficiency of the enrichment of the 
biotinylated proteins, including the protein of interest (POI) that is used as a bait fused to the 
TurboID enzyme, and control proteins fused to TurboID, such as YFP, GFP or GUS. The 
specificity of the labelling with biotin can be demonstrated using Streptavidin-HRP. The 
intensity of the signals can be used to estimate the labelling efficiency, which should be 
relatively high when the fusion protein accumulates in sufficient amounts in planta. It is worth 
noting that a low protein level of the bait can also be desirable in other plant systems such as 
N. benthamiana, as using a proper negative control will help avoiding background labelling. 
However, we find that tagged protein yield in potato transient transformation experiments is 
generally lower. Furthermore, we need to consider that potato tends to cleave the tagged 
protein. Consequently, the enrichment of biotinylated proximal proteins from low protein level 
POI-YFP-TurboID is rather poor in potato transient experiments. Therefore, getting a good 
production of POI-YFP-TurboID in potato is a key step for a successful TurboID-based PL 
approach.  
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Finally, the MS output comprises a plot of intensity that enables the identification of the 
biotinylated proteins in the sample. Intensities of proteins identified in the transiently expressed 
POI-TurboID samples are compared to the samples carrying the negative TurboID controls. 
Proteins that are significantly enriched in the POI-containing sample, when compared to the 
negative control, can be considered putative interactors of the POI. The identification of these 
proteins as interactors can be further validated by other methods, e. g. in vivo interaction 
assays such as yeast two-hybrid, in vitro assays such as co-immunoprecipitation or silencing 
studies (VIGS, CRISPR) followed by screening of the response (change in phenotype, loss-
of-function phenotype). Moreover, the biological relevance of the putative interactors for POI 
functioning can be assessed by gene ontology analysis, which can reveal the biological 
processes or pathways in which they are involved.  
Overall, the expected outcome of the transient TurboID-based proximity-dependent labelling 
method is a comprehensive and specific characterization of the protein interactome of the POI 
in S. tuberosum. This method has the potential to uncover novel interactors and protein 
complexes, thereby shedding light on the biological functions and mechanisms of action of the 
POI. 

Figure 2: Overview of mass spectrometry results of StCDF1-YFP-TbID. 
A. The Venn diagram illustrates the overlaps of enriched proteins in StCDF1 samples among 
protein sets under different treatments, including with and without extra biotin supply, with extra 
biotin supply and nucleus located, and without extra biotin supply and nucleus located proteins. 
B. Protein enrichment of StCDF1 and StFKF1 was analyzed in YFP-YFP-TbID and StCDF1-
YFP-TbID samples (with extra biotin treatment) using mass spectrometry (MS). The data is 
presented as the mean of logarithm-based label-free quantification (LFQ) values ± standard 
error (n = 3). Statistical significance was determined using a Student's t-test (*P < 0.05). 
Notably, both proteins were not detected in the YFP-YFP-TbID samples. To address this, 
missing values were imputed using imputation methods based on the normal distribution. 
 
 
Limitations  
 

There are several limitations to this transient TurboID proximity-dependent labelling protocol 
for identifying PPIs in S. tuberosum. First, the approach of transient expression by 
agroinfiltration limits the experimental tissue to only leaves of potato. For detecting certain 
tissue-specific PPIs, stable transformed plants should be considered. Second, with the same 
amount of input leaf material and the same PL approach, the protein yield from potato leaf 
material is generally lower than that from N. benthamiana. For the MS analysis, this lower 
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protein yield will not pose a major problem. However, this low protein yield could cause some 
difficulties concerning the western blots, for example in detecting the POI which has been fused 
with the TurboID enzyme. Longer exposure times for the blots, combined with using high 
sensitivity ECL and/or decreasing antibody dilutions should be considered to solve this 
problem. Third, it is important to keep in mind that this PL method allows covalent labelling 
with biotin of any proteins that are in the proximity of the bait protein of interest at a particular 
moment. In vivo analysis still needs to be performed to verify an actual direct or indirect 
interaction between the two proteins (Zhang, Y et al., 2020). Moreover, the labelling radius of 
TurboID is estimated to be around 35 nm and the labelling ability depends on the available 
lysines in the proximal proteins and the availability of biotin (Kim et al., 2014; Branon et al., 
2018; May et al., 2020; Sanchez & Feldman, 2021).  
 

Troubleshooting 
 
Problem 1: 
The potato genotype of interest is not amenable to A. tumefaciens infiltration, or the bait protein 
does not accumulate in the selected potato genotype. 

Potential solution 

• Reduce the OD600 of the A. tumefaciens cell suspension to 0.3 or lower.  
• Screen several genotypes from the same species. 
• Screen additional A. tumefaciens strains that have a lower virulence. 
• Consider stable transformation of the potato genotype of interest.  

 

Problem 2: 
The potato genotype fails to produce sufficient leaves and exhibits poor growth after four weeks 
of growth in the pots. 

Potential solution 

• Optimize the different growth conditions for the various potato genotypes by 
considering their individual preferences, such as their preference for a greenhouse with 
natural light or artificial light. 

• Change the type of pots. Some genotypes prefer a different pot size or shape compared 
to others.  

 

Problem 3: 
The potato genotype is difficult to perform an infiltration with the A. tumefaciens suspension 
on.  

Potential solution 

• Water the plants 2 hours before infiltration or spray the leaves with water mist 
immediately before infiltration.  

• Use a needle, scalpel or P-10 pipette tips to create small wounds on the abaxial surface 
of the leaves before infiltration. 
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Problem 4: 
Low overall biotinylation signal as revealed by Western blotting (WB) (step 43) 

Potential solution 

There may be multiple causes of a low biotinylation signal, including: 

• The endogenous biotin content of the potato leaves is not high enough for efficient 
labelling. Provide extra biotin (10 µM biotin, 10 mM MES, pH 8) at 1-3h before 
harvesting.  

• The gene encoding the TurboID fusion protein is poorly expressed. To improve the 
level of gene expression, modifying the promoter should be considered. In addition, 
codon optimizing of the open reading frame encoding the POI and TurboID could also 
help to improve the expression levels.  

• The POI fused with the TurboID enzyme is accumulating poorly. Consider changing 
the site at which the TurboID is fused to the POI. The C-terminal end of StCDF1 is 
responsible for its stability(Kloosterman, Bjorn et al., 2013), and fusing TurboID to the 
C-terminal end of StCDF1 will inhibit its degradation and thereby enhance the labelling 
ability. 

• Consider mutating any degradation signals or motifs in the POI. For example, using 
the StCDF1.2 allele (increased protein stability due to missing binding site for 
StFKF1(Kloosterman, Bjorn et al., 2013)) rather the full length wild type StCDF1 (1.1). 
However, keep in mind that mutating this binding motif will affect the final MS result. 
The interactor which mediating the degradation, such as StFKF1 will not appear in 
StCDF1.2 proximity labelling MS results.    

 

Problem 5: 
Unbalanced expression by the negative control-expressing plasmids and POI-expressing 
plasmids. 

Potential solution 

• Transform plasmids to different strains of A. tumefaciens.  
Note: In this study, both negative control plasmids were transformed to the C58C1 strain of A. 
tumefaciens, and the POI-expressing plasmids were transformed to AGL1. For the same A. 
tumefaciens strain, the negative control plasmid generally resulted in a higher expression than 
the POI-expressing plasmid. Therefore, C58C1, which results in lower protein accumulation 
levels, was selected to be used for both negative controls. When compared to C58C1, the 
AGL1 strain can help to promote higher expression levels of the POI-containing plasmids, but 
also possibly induces more cell death in some potato genotypes.  

 

Problem 6: 
A protein that has previously been found to interact with the POI is not present in the dataset 
generated by the LC-MS experiments. 

Potential solution 
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• The absence of a known protein interactor does not necessarily mean that the protocol 
is not appropriate. For tissue-specific PPIs, stable transformation should be performed, 
and only the target tissue be harvested. If the expression of potential interactors follows 
the circadian rhythm, adjust the sample harvesting time.  

 
Problem 7: 
Background noise due to endogenous biotinylated proteins, unrelated to the presence of the 
POI fused to TurboID. 
Potential solution 

• Including a second control:  using POI fused only with YFP and without TurboID 
enzyme. 

 

Problem 8: 
The LC-MS analysis of the sample for which the POI fused to TurboID was expressed, 
produced limited results, with only a small number of biotinylated proteins showing significant 
enrichment compared to the negative control sample. 
Potential solution 

• Perform targeted protein isolation based on POI localization. 
• Add proteasome inhibitor (MG-132). 

 
 
Resource availability 
Lead contacts 

Further information and requests for resources and reagents should be directed to and will 
be fulfilled by the lead contacts, Vivianne Vleeshouwers (vivianne.vleeshouwers@wur.nl) 
and Christian W.B. Bachem (christian.bachem@wur.nl). 

Materials availability 

Potato genotypes and described plasmids are available upon request from the lead contacts. 

Data and code availability 

All relevant data are available from the lead contacts upon request. There are no restrictions 
on data availability. 
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Abstract 
CYCLING DOF FACTOR1 (StCDF1) is genetically linked to several agronomically important 
traits, such as tuberization, senescence, and responses to abiotic and biotic stress. As a 
central regulator, StCDF1 plays a crucial role in various aspects of potato plant development. 
Previous molecular studies have demonstrated its multifaceted involvement in regulating 
different pathways. For instance, StCDF1 regulates the onset of tuberization, dependent on 
day length, by repressing the expression of CONSTANS-Like 1 (StCOL1) and SELF-
PRUNING 5G (StSP5G). Additionally, recent research has shown that StCDF1 can activate a 
distinct set of downstream genes. However, the exact molecular mechanisms underlying 
different regulatory functions remain largely unknown. To shed light on the regulatory 
mechanism of StCDF1, we utilized TurboID (TbID)-based proximity labelling (PL) in this study 
to identify StCDF1's protein interactors. Our findings revealed over 10 potential interactors of 
StCDF1, including 4 transcription factors belonging to the bHLH, bZIP, and homeobox 
transcription factor families. Moreover, we generated transgenic lines overexpressing a 
mutated form of StCDF1, specifically targeting the DOF DNA binding domain and co-repressor 
binding domain. Our observations indicate that StCDF1 may bind to different interactors to 
either repress or activate downstream targets. These discoveries provide valuable insights into 
the diverse traits regulated by StCDF1 during plant development. 
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Introduction 
Potato (Solanum tuberosum) is the largest non-grain food crop grown across diverse regions 
in the world (FAO, 2019), and is valued for its high nutritional content, versatility, and 
adaptability (Çalışkan et al., 2023). The tuber, which is the storage organ of potato, is a great 
source of carbohydrates and other essential nutrients. As a result, potatoes play a crucial role 
in global food security and livelihoods (Devaux et al., 2014). Notably, potatoes originated in 
the Andes and evolved short-day dependance for tuber formation. Cultivated varieties of 
potatoes are derived from Chilean landraces, which are better adapted to long-day conditions 
(Ewing & Struik, 1992; Spooner et al., 2005; Navarro et al., 2011). This adaptability has made 
potatoes a popular crop all around the world. 

A major-effect quantitative trait locus for potato plant maturity and initiation of tuber 
development was found and functionally linked to a DOF family gene (DNA-binding with one 
finger) coding for a transcription factor named CYCLING DOF FACTOR1 (StCDF1) 
(Kloosterman, B. et al., 2013). In Arabidopsis, it was reported that the C-terminal end of the 
AtCDF1 protein binds to both GIGANTEA (GI) and FLAVIN-BINDING KELCH REPEAT F-BOX 
PROTEIN 1 (FKF1) (Sawa et al., 2007). This binding destabilizes the CDF1 protein in the late 
afternoon. Given its diurnal post-translational regulation, this gene has been identified as a key 
regulator of photoperiod-dependent flowering (Imaizumi et al., 2005; Sawa et al., 2007). In 
potato, this interaction between StGI, StFKF1 and the wild-type StCDF1(StCDF1.1) was tested 
and confirmed by performing yeast two hybrid (Kloosterman, B. et al., 2013). Allelic variation 
at the 3′ end of the StCDF1 gene results in truncated variants (StCDF1.2 and StCDF1.3), which 
abolishes the interaction with StFKF1. Consequently, the StCDF1.2 and StCDF1.3 protein 
levels remain constant throughout the day as they are unaffected by this post-translational 
degradation under long day condition (Kloosterman, B. et al., 2013). Our previous work has 
shown that, similar to Arabidopsis, StCDF1 directly binds to the CONSTANS-Like 1 (StCOL1) 
promotor region and represses its expression to mediate tuberization (Kloosterman, B. et al., 
2013; Ramírez Gonzales et al., 2021). In potato, StCOL1 negatively regulates tuberization by 
directly upregulating the expression of a potato homologue of FLOWERING LOCUS T (FT), 
called SELF-PRUNING 5G (StSP5G). Furthermore, StSP5G downregulates the expression of 
SELF-PRUNING 6G (StSP6A), which has been demonstrated to act as the mobile ‘tuberigen’ 
signal that initiates tuberization. Therefore, StCDF1 plays an important role in regulating 
photoperiod-dependent tuberization by indirectly promoting expression of StSP6A (Navarro et 
al., 2011; Abelenda et al., 2014). 

A mechanism of CDF-dependent repression of gene expression was reported by Goralogia, 
Greg S et al. (2017). To repress downstream target genes, such as AtCO. AtCDF1 recruits the 
well-known co-repressor, TOPLESS (TPL). TOPLESS/TOPLESS-RELATED (TPL/TPRs) 
belong to a major class of transcriptional co-repressors known as the Gro/Tup1 proteins 
(Causier et al., 2012b; Wang et al., 2013). Other than TPL itself, 5 other members were found 
in Arabidopsis : TPR1,TPR2,TPR3,TPR4 (Causier et al., 2012b). Previous studies showed that 
TPL and TPRs are widely involved in regulating hormone signalling, plant immunity, flowering, 
stress responses, etc. (Plant et al., 2021). Studies in potato have demonstrated that repression 
of StCO1&2 by StCDF1, strongly influences the timing of tuberization onset (Kloosterman, B. 
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et al., 2013; Ramírez Gonzales et al., 2021). However, it remains unclear whether one or more 
TPL/TPRs are involved in this regulation in potato. 

Recently, Gonzales (2022) reported that StCDF1 not only acts as repressor but also has a 
function in activating downstream genes, like Nitrate Transporter 1.7 (StNRT1.7). This 
activation function was also found in some of the CDF family members in Arabidopsis. AtCDF4 
was found to upregulate endogenous ABA levels by directly activating AtNCED2 and AtNCED3 
expression (Xu et al., 2020). Furthermore, Gao et al. (2022) reported that AtCDF2 physically 
interacts with AtPIF4 through its DNA binding domain (dof domain) and together activated 
downstream targets, such as AtYucca8. These novel findings suggest that CDF family 
members have diverse functions in regulating plant development in multiple aspects. However, 
it remains unclear how StCDF1s activation function is implemented in potato. 

As highlighted in various studies and previous chapters, StCDF1 plays a crucial role in 
regulating multiple pathways such as abiotic stress response, senescence, tuberization onset, 
nitrate metabolism, and more (Kloosterman, B. et al., 2013; Tai et al., 2018; Ramírez Gonzales 
et al., 2021). Understanding the regulatory mechanisms of StCDF1 is essential to optimize 
potato plants to adapt to changing climates and ensure a stable yield. CDF1 functions as a 
transcription factor, and much of the research has focused on investigating its downstream 
regulatory network. There has been relatively little investigation into the protein-protein 
interactions (PPIs) involving StCDF1, particularly in the native environment of potato. For 
investigating PPIs in plants, several methods have been used like yeast two hybrid (Y2H), Co-
immunoprecipitation (Co-IP), and immunoprecipitation or affinity purification combined with 
mass spectrometry (IP-MS/ AP-MS). Among these methods, Y2H has the advantages of being 
low in financial costs and easy to perform, but this method has a high labour cost, high false 
posistive rate and is limited to a non-native environment. Recently, TurboID, an engineered 
biotin ligase-based proximity labelling (PL) method, has been used to investigate PPIs in 
several model species (Kim et al., 2019; Arora et al., 2020; Zhang, Y et al., 2020). However, it 
has not yet been utilized to identify the proximate interactor of a transcription factor in crop 
plants, like potato. 

In the previous Chapter, we established a protocol to apply TurboID based PL in potato. In this 
study, we utilized this protocol to identify the proximate interactors of StCDF1 in potato. 
StCDF1.1 was fused with YFP and TurboID to biotinylate interacting proteins. Using control 
samples and stringent data filtering, we were able to identify 10 nuclear-located proximate 
candidates of StCDF1, including 2 members of the TPL/TPRs family. Abolishing the binding 
activity of StCDF1 to these co-repressor (TPL/TPRs) promotes a delayed senescence 
progression phenotype and enhances the final yield by 50%. Our findings suggest that StCDF1 
has other regulatory mechanisms besides repressing downstream genes expression. This 
novel mechanism may have implications for breeding for improved yield. 
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Results 
TurboID-based biotin labeling in S. tuberosum. 

We used TurboID to identify the proximal interacting proteins of StCDF1 (Zhang, Yongliang et 
al., 2019). In this experiment, we inserted the full-length StCDF1.1 into the destination vector 
(Kim et al., 2019) by Gateway cloning. The resulting expression vector is p35S::StCDF1.1-
YFP-V5-TurboID (StCDF1.1-YFP-TbID). The p35S::YFP-YFP-V5-TurboID (YFP-YFP-TbID) 
vector was chosen as negative control (Kim et al., 2019) (Fig. 1A). 

To test whether the StCDF1.1-YFP-TbID vector was being expressed, translated and 
transported into the nucleus, confocal microscopic analysis was performed. The results 
confirmed that StCDF1.1-YFP-TbID and YFP-YFP-TbID are localized in the nucleus consistent 
with previously reported AtCDF1 localization (Fig. 1B)(Goralogia, Greg S et al., 2017). 
Although it has been reported that applying exogenous biotin enhances TbID-mediated 
biotinylation in planta (Feng et al., 2023), it is unclear whether potato leaf material requires 
extra biotin for sufficient labeling. Therefore, we compared the biotinylation of StCDF1.1-YFP-
TbID and YFP-YFP-TbID with and without applying exogenous biotin (10uM) by immunoblots. 
The biotinylation seemed to be stronger in samples with extra biotin treatment, especially the 
level of biotinylation of TbID fused protein (Chapter 4, Figure 1).  

Although a large amount of biotin signal was observed in both StCDF1.1-YFP-TbID samples 
(with and without extra biotin application), the full-length protein product of StCDF1.1-YFP-
TbID was not detected on immunoblots (Chapter 4, Figure 1). To determine whether 
StCDF1.1-YFP-TbID is produced and functional, we performed protein affinity purification and 
mass spectrometry (MS) analysis on samples of YFP-YFP-TbID and StCDF1.1-YFP-TbID, 
both with and without extra biotin application. To filter the data for StCDF1.1 proximate 
candidates, a minimum threshold of two peptide spectrum matches (PSM) and statistical 
analysis were applied. The result indicates that with and without exogenous biotin treatment, 
StCDF1.1 was successfully biotinylated and detected by MS, as well as YFP and TurboID (Fig. 
1C&D). Without additional biotin, only 1 statistically significant candidate was identified as a 
nuclear-localized interactor of StCDF1. However, with the addition of extra biotin, this number 
increased to 155 candidates. Although this result is not conclusive in terms of the benefits of 
exogenous biotin treatment for TbID-based PL in potato, it does suggest that this application 
can expand the pool of potential interactors of StCDF1. 
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Figure 1. TurboID-based biotin labeling in S. tuberosum. 
A. Schematic representation of the constructs used for TurboID -based PL. B. Confocal 
fluorescence scanning of StCDF1.1-YFP-TbID and YFP-YFP-TbID. Constructs were 
transformed into Agrobacterium, then transiently transfected into tobacco (Nicotiana 
benthamiana) leaves. 2 days after infiltration, the leaves were subjected to Carl Zeiss 710 
confocal laser scanning microscopy for fluorescence detection. Scale bars: 10 μm. C. Volcano 
plots depicting candidates of StCDF1.1 and their enrichments identified by MS by comparing 
YFP-YFP-TbID without exogenous biotin treatment. Proteins significantly enriched in 
StCDF1.1-YFP-TbID samples are shown in blue. Proteins represented by grey dots did not 
exhibit significant differences in enrichment between StCDF1.1-YFP-TbID and YFP-YFP-TbID. 
p-value < 0.05. D. (C) with 10μM of exogenous biotin treatment. 
 

Identification of StCDF1 interacting proteins  

Three biological replicates with extra biotin treatment for StCDF1.1-YFP-TbID and YFP-YFP-
TbID were sampled and processed as described in Materials and Methods for subsequent LC-
MS/MS analysis. In total, over 1700 proteins were identified by LC-MS analysis and 155 
showed significant positive enrichment in StCDF1.1-YFP-TbID samples compared to YFP-
YFP-TbID samples (Supplementary Table 1). However, after filtering with subcellular 
localization, in total 10 statistically significant candidates of StCDF1.1 were found (Fig. 1D, 
Table.1). As expected, in addition to StCDF1, other proteins known to be interacting with 
StCDF1 were found, including: the corepressor StTPL/TPRs and clock output protein StFKF1. 
The presence of these proteins suggests high confidence in the candidates identified by TbID-
based PL. 
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Table 1 The list of proximate candidates of StCDF1.1. 

Candidate name Gene ID 
Uniprot ID 

(Major) 
Description 

StTPR4- Like Soltu.DM.07G003470.1 M1D1Q9 WD-repeat protein 

StbHLH49 Soltu.DM.01G008020.1 M1AH39 CIB1 LIKE PROTEIN 1 

StTPL Soltu.DM.03G031570.1 M1B3Z5 TOPLESS 

StTIC Soltu.DM.09G024160.1 M1D4M5 Time for coffee 

StSUMO2 Soltu.DM.12G023430.1 M1B397 
SMALL UBIQUITIN-LIKE 

MODIFIER (SUMO) 

StbZIP45 Soltu.DM.11G019010.1 M1AK43 BZIP transcription factor 

StbZIP29 Soltu.DM.01G050330.1 M0ZN09 BZIP transcription factor 

StFKF1 Soltu.DM.01G000490.1 M1BRQ0 
Circadian clock-associated 

FKF1 

StG2484-1 Soltu.DM.08G024770.1 M1A111 
Agenet domain containing 

protein 

StKNAT3 Soltu.DM.08G009980.1 M1B9S2 
Class II knotted-like homeobox 

protein 

Full list of candidates identified by MS (Fig. 1E; filtered by statistical analysis and PSM numbers) 
for both StCDF1.1-YFP-TbID and YFP-YFP-TbID (with exogenous biotin treatment) including 
gene name, gene ID and description.  

 

StGI protein was expected to interact with StCDF1.1 together with StFKF1 (Kloosterman, B. 
et al., 2013). However, the StGI peptide was not detected in either the StCDF1 samples with 
biotin treatment or without. To confirm the identified candidates, we investigated the 
expression patterns of StCDF1, StG2484-1, StbZIP45, StTIC, StGI, and StFKF1 under long-
day conditions in CE3027 (background plant used for PL) (Fig. 2). Zeitgeber Time (ZT) was 
used to indicate the light period, with ZT0 being the start of the light period and each 
subsequent hour represented by the next sequential number (e.g., ZT1 represents one hour 
after the start of the light period). We observed that StCDF1 expression peaked at the 
beginning of the light period (ZT0) and gradually decreased until ZT6, with a small peak just 
before the end of the light period (ZT15). The expression patterns of StG2484-1 and StbZIP45 
suggest that the potential interaction likely occurred during the early part of the light period 
(ZT0-ZT6). Our results are consistent with previous reports indicating that blue light-mediated 
StCDF1 degradation via binding to FKF1 occurs during the latter part of the light period. 
Surprisingly, StTIC has a very similar expression pattern to StGI and StFKF1, which peaks at 
ZT9. This suggests that StTIC might be a novel player involved in light regulation of StCDF1. 
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Furthermore, the PL samples were harvested in between ZT7-9. The capturing of potential 
interactors which are expressed at different periods of the day suggests the PL results do not 
just reveal the interactions that occur at the instant of harvesting but also interactions that occur 
for at least some time before harvesting. 

Figure 2. Expression analysis of StCDF1.1 proximate candidates and StCDF1.1 in 
CE3027. Expression of selected StCDF1.1 interacting candidates, mRNA levels were 
measured in long-day control conditions. Leaf samples were harvest at 32 DAP. ZT: Zeitgeber 
time. Error bars: mean± SE with n = 3 replicates. 

 

StCDF1 represses downstream genes expression by interacting with TOPLESS 

The repressing function of StCDF1 plays a major role in regulating the expression of 
downstream targets, like StCOL (Kloosterman, B. et al., 2013). However, StCDF1 cannot carry 
out this repression function alone and requires the assistance of a co-repressor. 10 potential 
interactors of StCDF1 were identified using PL, with two of them being members of the 
TPL/TPRs family. Whereas Arabidopsis has 5 TPL/TPRs encoding genes, henceforth named 
AtTPL/TPRs, 6 loci were identified in the S. tuberosum genome, corresponding to the following 
accessions in Potato Genomics Resource database (Hirsch et al., 2014) : StTPL: 
Soltu.DM.03G031570, StTPR1-Like: Soltu.DM.08G010780, StTPR2: Soltu.DM.08G021760, 
StTPR3: Soltu.DM.01G039780, StTPR4: Soltu.DM.03G030810.1 and StTPR4-Like: 
Soltu.DM.07G003470. To understand the co-repressor preference of StCDF1, we analyzed 
the phylogenetic relationships of TPL/TPRs proteins in Arabidopsis, tomato, and potato (Fig. 
3A). We found that StTPL1-LIKE was distinct from the rest of the family, and we consider this 
to be an annotation error that we excluded from our subsequent analysis. The tree topology 
revealed that the Arabidopsis genes AtTPL and AtTPR1 formed a distinct cluster separated 
from other AtTPRs, possibly due to a singular duplication event. This could explain why there 
is no StTPR1 but only StTPL present in the potato genome. Conversely, a duplication event 
exclusive to Solanum was found in TPR4, with both the potato and tomato genomes containing 
one copy each of StTPR4 and StTPR4-Like. 
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Figure 3. StCDF1 represses downstream genes expression by interacting with 
TOPLESS. A. Phylogenetic relationship of Arabidopsis, tomato and potato TPL and TPR 
proteins. 6 orthologs were found in both Solanaceae species. In potato, they were named as 
follows: StTPL,StTPR1-Like, StTPR2, StTPR3, StTPR4 and StTPR4-Like. B. Expression 
of selected StTPL/TPRs. Same samples as Fig.2. ZT: Zeitgeber time. Error bars: mean ± SE 
with n = 3 replicates. 
 

TPL/TPR proteins are known to be critical components of circadian clock regulation (Plant et 
al., 2021), but their expression patterns throughout the day have not been previously 
demonstrated. In this study, we investigated the 24-hour time course of all five potato TPL/TPR 
members and discovered that StTPL, StTPR3, and StTPR4-Like are upregulated during the 
early light period (ZT0-ZT6), while StTPR4 is predominantly expressed during the night and 
StTPR2 shows low expression throughout the full 24 hours. Notably, the expression pattern of 
StTPR4-Like closely resembles that of StCDF1, suggesting that these two genes may be co-
regulated by the same circadian clock genes. It is worth mentioning that StTPR3 peptides were 
detected in MS and comparatively enriched in StCDF1.1-YFP-TbID samples (Supplementary 
Table 1), although the difference was not statistically significant. Therefore, we propose that 
the repression function of StCDF1 is dependent on recruiting StTPL, StTPR3 and StTPR4-
Like at dawn.  
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Opposite effects, equal outcomes: StCDF1 repression function manipulation boosts 
yield by 50%  

Protein-protein interactions often require specific motif recognition. Goralogia, Greg S et al. 
(2017) previously described the physical interaction between CDF1 and TPL, which revealed 
a short conserved sequence (IKLFG) at the N-terminal ends of AtCDFs and almost all CDF-
related DOF transcription factors. This IKLFG motif, known to bind to TPL, is highly conserved 
among CDF-like DOF proteins found throughout land plants, including StCDF1 in potato 
(Goralogia, Greg S et al., 2017). Finding StTPL/TPRs in the StCDF1 PL result provides 
additional confirmation that this interaction is common across plant species (Goralogia, Greg 
S et al., 2017; Renau-Morata et al., 2020). Interestingly, recent evidence suggests that StCDF1 
might have an activation function in regulating the expression of downstream genes (Gonzales, 
2022). To test whether this activation function relies on binding to TPL, we designed the 
following experiments. First, we synthesized three variants of StCDF1.2: one with mutations 
to the TPL binding domain (StCDF1.2Coed ΔTPL), one with mutations to the DNA binding 
domain (StCDF1.2Coed Δdof), and one without any mutations (StCDF1.2Coed ), which served as 
a control (Chapter 2). Codon optimization was applied to all three variants to eliminate post-
transcriptional regulation or RNA-RNA interaction with StFLORE transcript (Ramírez Gonzales 
et al., 2021). We selected StCDF1.2 as the backbone for all variants to enhance protein 
stability by preventing ubiquitination mediated by binding to FKF1. Then, we overexpressed 
these variants using the 35S CaMV promoter in the CE3027 (StCDF1.1 homozygous) 
background. 
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Figure 4. StCDF1 repression function manipulation boosts yield by 50%. 
A. Phenotype of CE3027 (late maturing, homozygous for StCDF1.1), OE StCDF1.2Coed ΔTPL, 
OE StCDF1.2Coed Δdof and OE StCDF1.2 Coed transgenics, at 32 DAP. B. Measurement of 
transpiration using total conductance (gtw) at 32 DAP(ZT3). Error bars: means ± SE, with n = 
9 replicates. Letters indicate groups that are statistically significantly different from each other 
(t-test, *p < 0.05).  C. Gene expression analysis of CE3027 wild type and OE StCDF1.2Coed 
ΔTPL, OE StCDF1.2Coed Δdof and OE StCDF1.2 Coed transgenics. Expression of tuberization 



Chapter 5 
 
 

101 
 

related genes: StSP5G and StSP6A, mRNA levels were measured in long-day control 
conditions. Leaf samples were harvest at 32 DAP. ZT: Zeitgeber time. Error bars: mean ± SE 
with n = 3 replicates. D. Phenotypes of CE3027, OE StCDF1.2Coed ΔTPL and OE StCDF1.2Coed 
Δdof  transgenics at 95 DAP. E. Measurement of tuber mass weight at final harvest (95DAP). 
Error bars: means ± SE, with n = 5 replicates. Letters indicate groups that are statistically 
significantly different from each other (t-test, *p < 0.05). 
 
 
Unlike OE StCDF1.2Coed transgenics, the over expression of StCDF1.2Coed ΔTPL and 
StCDF1.2Coed Δdof  transgenics exhibit nearly identical plant morphologies, including plant 
height, flowering time, and other characteristics (Fig. 4A). Further examination of physiological 
parameters such as transpiration (gtw) revealed no significant differences between OE 
StCDF1.2Coed ΔTPL, OE StCDF1.2Coed Δdof  and CE3027 (Fig. 4B). Additionally, tuberization 
onset occurs at the same time in the OE StCDF1.2Coed ΔTPL and OE StCDF1.2Coed Δdof  
transgenics as in CE3027, while OE StCDF1.2Coed transgenics exhibit an earlier onset by 2 
weeks. To confirm the tuberization phenotype we examined the expression pattern of StSP6A 
and StSP5G in these transgenics and CE3027 (Fig. 4C). As expected, both OE StCDF1.2Coed 

ΔTPL and OE StCDF1.2Coed Δdof  transgenics exhibit a very similar pattern of expression of 
StSP5G and StSP6A compared to CE3027, while OE StCDF1.2Coed  transgenics show 
repression of StSP5G expression and increased StSP6A expression. Based on our analysis 
of the expression patterns of downstream genes of StCDF1, we have determined that the 
repression function of StCDF1 has been successfully abolished by creating mutations in either 
the TPL binding domain or the DNA binding domain (dof). Furthermore, the distinct phenotypic 
differences observed among these three transgenics suggest that the repressing function 
controls the majority of downstream regulations and the corresponding phenotypes.  

Consistent with our previous observation (Chapter 2), overexpression of StCDF1.2Coed in 
CE3027 significantly shortened the life cycle. However, overexpression of the other two 
StCDF1.2 variants did not significantly affect the life cycle length. Strikingly, a delayed 
senescence progression phenotype was found in the OE StCDF1.2Coed ΔTPL transgenics 
during the later stage of development, but not in the OE StCDF1.2Coed Δdof transgenics (Fig. 
4D). Furthermore, over 50% of yield increase was achieved by overexpressing StCDF1.2Coed 

ΔTPL and StCDF1.2Coed, but not StCDF1.2Coed Δdof (Fig. 4E). It has been reported that 
overexpressing StCDF1.2 in a late-tuberizing background, such as CE3027, leads to an 
increase in yield, which was concluded to be due to the promotion of early tuberization 
(Kloosterman, B. et al., 2013). However, the tuberization onset remains late in OE 
StCDF1.2Coed ΔTPL transgenics as in its background CE3027 but achieved around the same 
amount of yield increase as OE StCDF1.2Coed transgenics. Overall, out of all the transgenics 
tested, only the OE StCDF1.2Coed Δdof transgenics line showed minimal phenotypic variation 
compared to the background CE3027. Previously, we showed that both the TPL and DNA 
binding (dof) domains are critical for StCDF1’s repression function. Here, we present additional 
evidence suggesting that the dof domain of StCDF1 exerts more downstream regulatory 
effects than its TPL binding domain. By abolishing the binding ability of StCDF1 to TPL/TPRs, 
we revealed the hidden function of StCDF1 in regulating senescence progression, which may 
contribute to the increase in final yield. 
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We observed a distinct phenotype of OE StCDF1.2Coed ΔTPL transgenics on senescence 
progression and increased yield.  It remains unclear whether these phenotypes result from 
overexpressing StCDF1.2Coed ΔTPL, which may have strengthened the activation function. To 
test whether StCDF1.2Coed ΔTPL has an activation function, we selected a downstream 
candidate genes StNCED3-2 and StNCED4 to test in this experiment (Gonzales, 
2022)(Chapter 3). Previous studies have reported that CDF4 can directly and positively 
regulate NCED3 in Arabidopsis (Xu et al., 2020). We followed the expression of the potato 
StNCED3-2  and StNCED4 throughout the day in these transgenics and CE3027. Both 
StNCED3-2 and StNCED4 expression was repressed in OE StCDF1.2Coed transgenics (Fig. 5). 
Interestingly, StNCED3 expression was strongly upregulated in OE StCDF1.2Coed ΔTPL 
transgenics, especially at the beginning of the night break (ZT15) (Fig. 5). Moreover, no 
induction nor repression was found in OE StCDF1.2Coed Δdof  transgenics. These findings 
provide both phenotypic and molecular evidences that StCDF1 has a separate regulation 
mechanism independent of repressing downstream gene expression by recruiting co-
repressors. 

Figure 5. StCDF1 repression function manipulation affect downstream gene expression 
differently. Expression of StNECD3-2 and StNCED4 in the same samples as Fig.4(C). Error 
bars: mean ± SE with n = 3 replicates.  

 

Discussion 
The regulation of potato plant development through the photoperiodic pathway is a complex 
process that relies on a sequential and interdependent expression of many genes, both at the 
transcriptional and post-transcriptional levels. Our previous work found that allelic variations of 
StCDF1 influence many important agronomic traits, including tuberization onset, abiotic stress 
tolerance, and disease resistance, among others (Visker, 2005; Kloosterman, B. et al., 2013; 
Ramírez Gonzales et al., 2021; Hoopes, G et al., 2022). StCDF1, as an upstream 
transcriptional regulator, acts as a central hub in the regulation of diverse traits related to potato 
plant development. Therefore, it is important to build understanding of the molecular 
mechanisms of StCDF1 in regulating different pathways independently and cooperatively.   

The most well-known molecular mechanism of CDF1 is the repression of downstream gene 
expression via recruiting the co-repressor TPL (Goralogia, Greg S et al., 2017). In this study, 
we confirmed this interaction in the native in vivo conditions of potato by performing proximity 
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labeling (PL) to screen all the proximal interactors of StCDF1. Our results suggest that during 
the early period of the day, StCDF1 is likely to employ StTPL, StTPR3, and StTPR4-Like to 
suppress the expression of downstream genes in leaves. Beside these three members of 
TPL/TPR, our expression analyses suggest that StTPR2 has very low expression throughout 
the day in leaf material and StTPR4 is primarily expressed during the dark period, so it is likely 
that they have functions in different tissues or during different periods of time. Interestingly, a 
previous study has reported that the TPR2 ortholog in tomato (SlTPR2) is exclusively recruited 
by a member of the Ethylene response factors (SlERF.F12) in regulating fruit ripening (Deng 
et al., 2022). These results provide important insights into the spatiotemporal distribution and 
function of different TPL/TPR members in various pathways, contributing to a better 
understanding of their roles in potato plant development. 

In this study, we also confirm our previous finding that StFKF1 interacts with StCDF1.1. 
However, we did not find GI in the PL results of StCDF1.1. Considering that StFKF1 has a 
similar expression pattern to StGI, and StFKF1 was successfully labeled and retrieved by MS, 
we could eliminate the possibility of unpreferred harvesting time or unpreferred choice of 
background genotype. As has been discussed in many PL experiments, missing one or several 
known interactors of the protein of interest in PL is a common issue (Sanchez & Feldman, 
2021; Feng et al., 2023). Interestingly, we uncovered a novel proximal interactor of StCDF1, 
namely StTIC. Notably, StTIC is involved in regulating the circadian clock and is positioned 
upstream of GI, functioning in close proximity to the central oscillator (Hall et al., 2003; Ding et 
al., 2007; Wang et al., 2022). Although TIC is a non-transcription factor, it has been shown to 
affect downstream genes in both transcriptional and post-translational levels (Wang et al., 
2022). However, there is limited understanding of these molecular mechanisms. A recent 
Arabidopsis study showed that TIC physically interacts with TPL to jointly repress the 
expression of downstream genes, including PhyA (Wang et al., 2022). Interestingly, the potato 
ortholog of PhyA has been reported to be a direct downstream gene of StCDF1 in potato 
(Gonzales, 2022). In this study, we found both StTIC and StTPL/TPRs in the StCDF1.1 PL-
MS results. StTIC and StCDF1 have distinct types of TPL interacting domains, StTIC contains 
an Ethylene-responsive element binding factor-associated Amphiphilic Repression (EAR) 
motif, while StCDF1 has the non-EAR TPL recruitment motifs ([R/K]LFGV)(Goralogia, Greg S 
et al., 2017; Leydon et al., 2020; Renau-Morata et al., 2020; Wang et al., 2022). As a result, 
these proteins are likely to bind to different positions on TPL (Leydon et al., 2020), which 
suggests that there is no competition between StTIC and StCDF1 for binding to StTPL/TPRs. 
Revealing whether these three proteins form a complex and together regulate downstream 
genes express requires further experiments.  

In addition to the light-dependent protein degradation mediated by FKF1, our study also 
identified a member of the SUMO protein family as a proximal interactor of StCDF1.1, using 
PL-MS analysis. In Arabidopsis, it has been shown that AtCDF2 can be SUMOylated by 
AtSUMO3, and this posttranslational modification was found to have a negative impact on 
protein abundance (Budhiraja et al., 2009; Elrouby et al., 2013). Our results suggest that 
StCDF1.1 is likely to undergo a similar posttranslational modification by interacting with 
StSUMO2. More experiments need to be carried out to study the StCDF1.1 SUMOylation and 
its regulatory consequences.  
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Previous studies have suggested that CDFs not only act as repressors but can also activate 
downstream gene expression directly (Xu et al., 2020; Gao et al., 2022; Gonzales, 2022). In 
this study, we generated overexpression lines  of OE StCDF1.2Coed ΔTPL, OE StCDF1.2Coed 

Δdof and OE StCDF1.2Coed  to investigate the mechanism of the StCDF1 activation function. 
Our data revealed that the DOF DNA binding domain is required for both repressing and 
activating downstream gene expression. Abolishing the TPL binding site of StCDF1 inhibited 
its repressive function and enhanced its activation effect. However, the expression pattern 
analysis of StSP6A, StSP5G, and StNCED3 in all transgenics and their background (CE3027) 
indicated that not all downstream genes of StCDF1 could be regulated in both ways. This 
selective activation suggests that StCDF1 might require the assistance of another protein with 
DNA binding ability to activate specific downstream genes. Recently, Gao et al. (2022) 
described a mechanism wherein AtCDF2 and PHYTOCHROME-INTERACTING FACTOR 4 
(AtPIF4) interact to form a protein complex and together promote downstream gene expression, 
such as AtYUCCA8. However, StPIF4 was not detected in StCDF1.1 PL-MS in this study. In 
addition, one basic helix–loop–helix transcription factor (StbHLH49) and two basic leucine-
zipper transcription factors (StbZIP29 and StbZIP45) were found to be labeled by StCDF1.1-
YFP-TbID. To identify which of these candidates are a co-activator of StCDF1, more evidence 
is required from future research. 

As described in previous Chapters, StCDF1 regulates senescence in multiple aspects: 
senescence onset, senescence progression and total life cycle. Here, we provide further 
evidence that that StCDF1 can specifically regulate senescence progression without affecting 
onset or total life cycle. The delayed senescence progression associated with over 50% tuber 
mass weight increase was found in OE StCDF1.2Coed ΔTPL. However, OE StCDF1.2Coed 
transgenics also exhibited tuber mass weight increase by 50%, but the total life cycle was 
greatly shortened. These findings suggest that StCDF1 has a nuanced role in regulating 
senescence and can be targeted to selectively modulate specific aspects of the process. 

 

Materials and Methods  

Constructs for TurboID based PL, TbID-based PL in potato and Immunoblotting 

The step by step protocol for generating constructs for TurboID, preforming TurboID based Pl 
in potato and testing PL efficiency with immunoblotting is described in Chapter 4.  

Proteomics data analysis 

The sample preparation for LC–MS/MS was essentially performed as described in (van Mourik 
et al., 2023). The IP eluate was diluted four times with 50 mM ammonium bicarbonate (Fluka), 
followed by cysteine residues reduction with 7.5 mM DTT (Fluka) and carbamidomethylation 
with 15 mM iodoacetamide (GE Healthcare). Proteins were digested with 0.75 μg of trypsin 
(Trypsin Gold, Mass Spectrometry Grade; Promega) overnight at room temperature. The next 
day, the trypsin was inactivated by supplying 10%TFA until pH < 4. All samples were filtered 
through homemade double C8-Filters into a 0.5ml low binding epp tube. The beads were 
washed with 100 ul 50% AcNi/50% 1ml/l HCOOH in water and filter/eluted the sup into the 
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same ep. The samples were dried down to 10µl using SpeedVac to remove all acetonitrile. 
The final volume was brought back to 50 µl with 1ml/l HCOOH in water.  

Samples were measured by nLC-MS/MS with a Proxeon EASY nLC1000 and a Exploris 480 
mass spectrometer as previously described (Feng et al., 2022). LC-MS data analysis (false 
discovery rates were set to 0.01 on peptide and protein levels) and additional result filtering 
(minimally 2 peptides are necessary for protein identification of which at least one is unique 
and at least one is unmodified) were performed as described previously(Smaczniak et al., 2012; 
Wendrich et al., 2017) . To analyze the relative abundance of proteins, their normalized label-
free quantification (LFQ) intensities were compared (Cox 2014). nLC-MSMS system quality 
was checked with PTXQC (Bielow et al., 2016) using the MaxQuant result files.  

Label-free quantification (LFQ) values from the ‘proteinGroups.txt’ output file of the MaxQuant 
were taken (Cox et al., 2014)or further analysis in Perseus (version 1.6.15.0) (Tyanova et al., 
2016). 

Plant Materials and Growth Conditions 

The wild-type diploid potato genotype CE3027 (homozygous for StCDF1.1/1.1) was used as 
background plant for generating transgenics. CE3130 carried two copies of truncated StCDF1 
alleles (StCDF1.2/13). Both genotypes are offspring of C (USW5337.3) X E (VPH4 
77.2102.37)(Celis-Gamboa, 2002; Kloosterman, B. et al., 2013). The different version Condon 
edited StCDF1.2 were synthesized (sequences alignment in Supplementary Figure 1) by 
Genscript and cloned into into the pENTR™/D-TOPO vector (Invitrogen™; K240020) and then 
PK7GW2 by LR reaction (Invitrogen™; 11791020). Then, performed Agrobacterium-mediated 
gene transformation to introduce the destination vector into the late-tuberizing and senescence 
background potato, CE3027. For each construct, two transgenic lines (OE StCDF1.2 Coed 1#& 
2#, OE StCDF1.2 Coed ΔTPL 6#& 9#, and OE StCDF1.2 Coed Δdof 9#& 11#,) from independent 
transformation even were used in this study. 

All potato plant used in this experiment were maintained in vitro on MS20 at 24 °C under long 
day condition (16h light and 8h dark). Two week old tissue culture plants were transferred into 
19cm pot with soil. The plants grown in a climate chamber, under control conditions of 16 h 
light (22 °C) and 8 h dark (18 °C)(LD, long day condition).  

RNA sampling, isolation and quantitative PCR  

The leaf material sampling for RNA was harvest with plant which have been grown in soil for 
4 weeks. The RNA was isolated using MagMAX™ Plant RNA Isolation Kit (A33899) with the 
KingFisher™ Flex Purification System (5400610). The iScript™ cDNA Synthesis Kit was used 
for cDNA synthesis, following the manufactory instruction . StELF3e was used as a house 
keeping control, and primers for qPCR are listed in Supplemental Table 2. 

Transpiration measurement 

The parameters of transpiration were measured by LI-600 porometer/fluorometer 
(https://www.licor.com/env/products/LI-600) at ZT3, following the manufacturer's guidelines. 
For each plant line, 12 measuring were performed.  
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Phylogenetic Analysis 

The complete protein sequences for phylogenetic analysis were retrieved from Spud DB potato 
genomic resource (http://spuddb.uga.edu/), The Arabidopsis Information Resource (TAIR, 
https://www.arabidopsis.org/) and Solanaceae Genomics Network 
(https://solgenomics.net/)( Supplementary Table 3). The protein sequences were aligned using 
the ClusterW method, and then phylogenetic analysis was performed by applying the 
Maximum Likelihood method with the default settings in MEGA11. 

Confocal microscopy 

The leaf of 4 week old Nicotiana benthamiana were infiltrated with a final concentration of 0.3 
OD600 Agrobacterium with YFP-YFP-TbID and StCDF1-YFP-TbID separately. After 48h, leaf 
tissues were mounted on slides and imaged on an SP8 confocal microscope (Leica 
Microsystems, Heerbrugg, Germany).  

Acknowledgements 
This research is supported by Solynta and Aardevo. L.S. is supported by China Scholarship 
Council (No. 201807720077). We acknowledge the Wageningen University & Research, 
Unifarm greenhouse and Klima employees for their help with the maintenance of the plants.  

 

Author Contributions 
LS and CB designed the research. LS  performed a large part of the experiments and analysed 
data. LS drafted the manuscript. LS, CB and RGFV revised the manuscript. All authors read 
and approved the final manuscript. 

 

Supplementary Material 
The following Supplementary materials are available to be download from the 
“Supplementary materials PhD thesis_ Shi(2023).zip” file, and thus only legends are shown 
below.  

Supplementary Table 1. Statistical source data for Figure 1D&E. 

Supplementary Table 2. Specific primer pairs for qRT-PCR reaction. 

Supplementary Table 3. TPL/TPR homologues in 3 plant species. 

Supplementary Data 1. The MS proteomics data in this experiment.  

Supplementary Figure 1. Condon edited StCDF1.2 sequences alignment. 

 

  



 
 

 
 

  



 

 

Chapter 6 
General Discussion 

 

  



Chapter 6 

109 
 

General Discussion  
The life cycle of plants is the succession of phases from germination to death. After germination, 
plants enter a vegetative growth phase, rapidly increasing in photosynthetic capacity, size, and 
mass (Huijser & Schmid, 2011). This phase is vital for their eventual reproductive success. 
The transition to the reproductive phase marks a critical point in the life cycle, enabling plants 
to flower and produce fruits or seeds (Huijser & Schmid, 2011). Simultaneously, senescence 
occurs, leading to the relocation of nutrients from vegetative organs to reproductive organs 
(Miryeganeh, 2021). Each of these phases relies on the other and supports the central aim of 
reproduction. Understanding each phase is crucial, especially for crop plants involved in food 
production.  

In the life cycle of plants, nearly all cells, tissues and organs undergo a process of senescence 
and eventual mortality. Throughout the senescence process, plants integrate a variety of 
internal and external signals, along with information regarding their developmental stage, via 
complex regulatory pathways (Guo et al., 2021). Environmental signals, such as increased 
temperature and limited water availability, can induce stress responses in plants, which can 
subsequently lead to premature senescence and a reduction in yield (Sasi et al., 2022). The 
senescence process can be associated not only with abiotic stress but also with biotic stress. 
Pathogen infections can trigger programmed cell death, which share molecular pathways with 
senescence processes (Zhang et al., 2021). In addition to external stresses, the signaling of 
plant senescence is also influenced by various internal factors such as circadian rhythm, 
source-sink relationship, hormonal signaling, nutrient availability, etc. (Thomas, 2013; Guo et 
al., 2021; Sasi et al., 2022). Undoubtedly, leaf senescence significantly impacts agronomy of 
plants, such as yield, biomass, and nutritional composition. Manipulating leaf senescence is of 
great importance in plant breeding programs due to its profound influence on plant productivity. 

Potato (Solanum tuberosum L.) is a widely cultivated non-grain staple food crop (FAO, 2019) 
and is renowned globally for its use in cooking popular dishes. In addition, it serves as a 
valuable raw material for industrial applications such as starch production, animal feed, and 
biofuel production (Semeijn & Buwalda, 2018; Natarajan et al., 2019; Awogbemi et al., 2022). 
The tuber yield production is influenced by diverse traits. Tuberization onset timing and 
senescence are two tightly linked traits, which together affect final yield. 

The senescence and tuberization onset respond to seasonal cues, including temperature 
variations and day length. These cues play a crucial role in initiating growth cycles and inducing 
dormancy in many herbaceous perennials. The potato, often seen as an annual crop, 
possesses an intriguing botanical characteristic: it is actually a herbaceous perennial. 
Additionally, the equatorial Andes, the native region of potatoes, experiences minimal 
pronounced seasonal changes. This raises intriguing questions about how potatoes have 
evolved to perceive and respond to these potentially subtle environmental cues. 

In the research described in this thesis, I investigated the tight link between tuberization onset 
and leaf maturity by exploring the molecular function of the StCDF1 (CYCLING DOF FACTOR 
1) locus, which is a clock regulator and has been genetically linked to both traits.  
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StCDF1 regulates different aspects in the senescence process  

Leaf senescence is a highly regulated and complex process. During this process, nutrients are 
released from senescent leaves and subsequently mobilized to support the growth of other 
leaves, developing seeds, or storage tissues (Thomas, 2013; Schippers et al., 2015). The 
efficient mining and recycling of nutrients during senescence are crucial for achieving high 
yields in crops, such as potato.  

Similar to other leaf developmental stages, senescence can also be dissected into different 
aspects. Smart (1994) outlines a framework for leaf senescence, which involves several 
phases. The process starts with the recognition of internal and external cues, followed by a 
genetic switch activation. Subsequently, carbohydrates and lipids are broken down, proteins 
and nucleic acids degrade, and essential nutrients are reallocated. Accumulation of free 
radicals leads to oxidative stress, culminating in leaf necrosis and death. Externally, the leaf 
undergoes a color change from green to brown.  

To investigate gene expression changes throughout these different senescence stages, 
various experimental approaches have been employed, including microarray analysis, mRNA 
sequencing, Northern blot analysis, and differential screening through subtractive hybridization 
techniques (Lim et al., 2003; Sasi et al., 2022). This comprehensive analysis has revealed that 
during plant leaf senescence, coordinated waves of gene expression occur, with different 
senescence-related genes being activated and deactivated at specific stages of the process 
(Smart, 1994; Buchanan-Wollaston, 1997; Sasi et al., 2022). These coordinated waves drive 
the progression of leaf senescence towards its ultimate endpoint: death. Despite the 
identification of a large number of genes involved in different stages of senescence through 
high-throughput sequencing technologies, the mechanisms underlying the coordinated 
regulation among these genes remain unclear. 

The StCDF1 locus was functionally linked to leaf maturity/senescence in many previous 
genetic and molecular studies (Visker, 2005; Kloosterman, B. et al., 2013). Previous 
observations suggest the truncated StCDF1 alleles (StCDF1.2/1.3) induced early tuberization 
onset but shortened life cycle (Kloosterman, B. et al., 2013). This thesis offers a 
comprehensive examination of the effects of the StCDF1.2 allele on various aspects of 
senescence through detailed observations (Chapter 2). Our findings reveal that plants carrying 
the StCDF1.2 allele show both delayed onset of senescence and accelerated progression, 
resulting in a shortened life cycle. Furthermore, our research highlights an additional discovery: 
StCDF1 also has the ability to independently regulate the progression of senescence, distinct 
from its effects on senescence onset and the overall life cycle (Chapter 5). These intriguing 
findings suggest that different senescence aspects can be regulated by the same transcription 
factor, even in opposite ways.  

In Chapter 2, we identified a direct downstream target of StCDF1, namely StORE1S02 
(ORESARA1), which is a senescence regulator specifically regulating senescence onset in 
potato. Moreover, we uncovered the role of StORE1S02 in positively regulating sugar 
transportation during senescence by activating expression of StSWEET11 and 
StSWEET15/SAG29. Interestingly, our previous work demonstrated the mobile “tubergen”, 
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namely StSP6A, which physically interacts with StSWEET11 to promote symplasmic transport 
of sucrose and tuber formation (Abelenda et al., 2019). Hereby, we provide molecular evidence 
that StCDF1 regulates tuberization not only by indirectly promoting the expression of StSP6A, 
but also indirectly influences expression of sugar transporters, such as StSWEET11 and 
StSWEET15/SAG29.  

Potatoes, being tuber crops, heavily rely on the efficient transport of carbohydrates from leaves 
to stolons to achieve optimal yields (Dahal et al., 2019). While it has been demonstrated in 
various other crops that delayed senescence enhances yield (Lira, Bruno S et al., 2017; Joshi 
et al., 2019; Li et al., 2022), applying the same principle to potatoes may not yield the same 
results due to the concurrent processes of sugar relocation and senescence onset. When 
StORE1S02 expression was knocked down in an early tuberizing/ short life cycle background, 
it resulted in extended life cycle accompanied by sugar accumulation in the leaves. Despite 
the delayed senescence observed, it is important to note that this did not result in an 
improvement in the final yield (Chapter 2). One factor that hindered the overall productivity 
was the high sugar accumulation in the leaves, which may in turn inhibit photosynthesis (Kühn 
et al., 1996). As a consequence, the extended lifespan of the leaves, caused by blocked sugar 
transportation, failed to generate optimal carbohydrate yields. Therefore, a strategic mindset 
is crucial when breeding potatoes for extended life cycles and delayed senescence, with a 
specific focus on targeting the right pathways. 

The pathways involved in regulating senescence are complicated. In many Arabidopsis studies, 
many flowering related genes were found to also have an impact on senescence, such as GI 
(GIGENTEA), KHZ1&2 (CCCH zinc-finger and K-homolog1&2), HDA6 (histone 
acetyltransferases and histone deacetylases 6), PIFs (PHYTOCHROME INTERACTING 
FACTORs), etc. (Wu et al., 2008; Kumar et al., 2012; Yan et al., 2017; Kim et al., 2020; Li, Na 
et al., 2021; Sasi et al., 2022). However, this interconnection between reproduction and 
senescence is largely unknown. The role of StCDF1 in senescence initiation is intriguing, 
particularly its influence on sugar transportation. Moreover, StCDF1 plays a crucial role in 
promoting the reproductive process of tuberization, which depends on the efficient transport of 
sugars from source to sink (Abelenda et al., 2019). These molecular connections provide 
valuable insights into the concurrent phenotypes observed in both senescence and 
tuberization, both of which are regulated by StCDF1. In commercial breeding programs, 
selecting high-yield potential potato varieties often involves prioritizing the combination of early 
tuberization and a long lifecycle. For selecting early tuberizing genotypes, the truncated 
StCDF1 alleles were primarily inadvertently selected in breeding programs. Carrying truncated 
StCDF1 alleles can subsequently influence the sugar signaling pathway involved in 
senescence regulation. Although this link is tight, we believe that it is not impossible to prolong 
the life cycle/stay-green in early tuberizing genotype to obtain better yield.  

Increasing the crops' photosynthesis period and breeding for functional stay-green have been 
prominent objectives in crop improvement over the past decades(Thomas & Howarth, 2000; 
Vadez et al., 2013; Thomas & Ougham, 2014).  Thomas and Howarth (2000) described several 
ways for plants to stay green: Type A stay-green refers to the ability of plants to maintain a 
steady level of chlorophyll and photosynthesis until just before the grains reach physiological 
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maturity, after which there is a sudden decline. On the other hand, type B stay-green is 
characterized by a gradual senescence process, where the decline in chlorophyll content and 
photosynthetic rate occurs at a slower pace. For cosmetic or non-functional stay-green, such 
as in the case of dried or frozen green leaves or simply inhibiting the degradation of chlorophyll, 
the plants maintain their green color and chlorophyll activity, but experience a reduction or 
complete loss of photosynthetic capacity. The delayed senescence progression and the 
corresponding increase in yield observed in OE StCDF1.2Coed ΔTPL transgenic plants 
(Chapter 5) can be classified as Type B, representing functional stay-green. However, the 
stay-green phenotype in StORE1S02 knock down transgenics is a non-functional stay-green, 
due to the reduced photosynthesis by high sugar accumulation in leaf. It is evident that 
functional stay-green traits are more favorable in crop breeding compared to mere 'cosmetic' 
stay-green characteristics. 

The extensive molecular studies conducted on model plants such as Arabidopsis have 
revealed numerous genes involved in regulating senescence (Lim et al., 2003; Rauf et al., 
2013; Zhao et al., 2016). Furthermore, the emergence of CRISPR-Cas has revolutionized the 
process of targeted mutagenesis, making it increasingly convenient and efficient for precise 
genetic alterations (Arora & Narula, 2017). However, using these reverse genetic approaches 
to break the tight link between tuberization and senescence is still difficult. As mentioned earlier, 
many of these genes also play crucial roles in other important developmental processes. 
Moreover, assessing the impact of senescence-related gene homologues on crop yield based 
solely on model plant studies is challenging due to differences in reproduction. For instance, 
in Arabidopsis, mutations in the sgr (Stay-Green Related) gene, responsible for encoding the 
chlorophyll-degrading enzyme Mg++ dechelatase, result in a stay-green phenotype (Park et al., 
2007; Gregersen et al., 2013; Shin et al., 2020). However, the rice ossgr mutants, which also 
exhibit a stay-green phenotype, did not retain their photosynthetic capacity during the grain-
filling stage and did not confer a yield advantage (Jiang et al., 2007). This indicates that the 
ossgr mutants lack functional stay-green characteristics, highlighting the need for further 
investigation into the effects of gene homologues in crop plants (Jiang et al., 2007; Shin et al., 
2020). Testing the homologues of these senescence-related genes through molecular 
approaches to determine if they confer functional stay-green in potatoes without affecting 
tuberization would be a time-consuming and labor-intensive process. As a result, pursuing this 
approach for breeding may not be practical. In contrast, classic genetic approaches remain 
highly effective in identifying the functional genetic loci that regulate targeted senescence-
related traits while maintaining harmony with other important agronomic traits. 

By integrating existing knowledge with the insights gained from this thesis, we propose the 
following strategies to assist in the breeding of potato with a longer life cycle and early 
tuberization. 1) Identifying new genetic loci by excluding the StCDF1 effect; 2) Screening for 
functional stay-green. Given that allelic variations in StCDF1 have a significant impact on 
senescence-related traits, we recommend the following approaches: firstly, utilizing a 
population with homologous loci on StCDF1 or secondly, classifying subpopulations based on 
StCDF1 loci for mapping senescence-related traits. Employing these methods will greatly 
increase the likelihood of identifying novel genetic loci, which are involved in regulating 
senescence. Furthermore, screening for functional stay-green should be pursued. By utilizing 
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advanced field phenotyping tools like field explorers (like those available in NPEC), we can 
instantly assess the photosynthesis status of entire plants. This enables us to effectively 
differentiate between functional and non-functional stay-green. 

StCDF1 acts as a central hub and regulator                                                            

The circadian rhythm is an endogenous biological clock that regulates various physiological 
processes in plants, including growth, development, metabolism, and responses to 
environmental cues (Kim et al., 2017; Venkat & Muneer, 2022). The rhythm of the day-night 
cycle imparts valuable temporal information about environmental changes to plants, effectively 
imprinting it within their life processes (Kim et al., 2017). CDF1 is one of the well-known clock-
regulated factors that regulate photoperiodic flowering in Arabidopsis. The expression level of 
CDF1 exhibits oscillations that follow a circadian rhythm (Shim & Imaizumi, 2015). Furthermore, 
the stability of the CDF1 protein is also regulated by the circadian system through physical 
interactions with GI (GIGANTEA) and FKF1 (and FLAVIN-BINDING KELCH REPEAT F-BOX 
PROTEIN 1) proteins (Imaizumi et al., 2005; Sawa et al., 2007). The CDF1-GI-FKF1 protein 
complex is formed in the afternoon under long-day conditions, with FKF1 playing a crucial role 
in the degradation of CDF1 proteins. This post-translational regulation of CDF1 has an 
essential impact on the flowering pathway in Arabidopsis (Sawa et al., 2007). By degrading 
CDF1, the repression of CO (CONSTANS) and FT (FLOWERING LOCUS T) expression is 
relieved. CO and FT are important genes involved in the floral pathway, which controls the 
transition from vegetative growth to flowering in plants. The removal of CDF1-mediated 
repression allows the activation of CO and FT gene expression. This activation initiates a 
cascade of events in the flowering pathway, ultimately leading to the induction of flowering 
(Sawa et al., 2007). 

In potato, StCDF1 was found to be linked to maturity in many previous studies (Visker, 2005; 
Kloosterman, B. et al., 2013; Massa et al., 2018). This maturity includes both the above ground 
leaf maturity (senescence) and the underground maturity (tuberization onset)(Kloosterman, B. 
et al., 2013). The molecular mechanism of StCDF1 in regulating tuberization has been 
unraveled, and it exhibits significant parallels to the flowering pathway in Arabidopsis (Sawa 
et al., 2007; Kloosterman, B. et al., 2013). In Chapter 2, we proposed that StCDF1 has distinct 
roles in regulating various aspects of senescence. It is worth noting that both tuberization and 
senescence are critical developmental processes that involve complex molecular regulations. 
Many pathways have been discovered to exert influence on senescence, such as those 
responding to light conditions, circadian rhythm, phytohormones, nutrition, and environmental 
conditions. Within this thesis, we have reported that StCDF1 regulates the onset of senescence 
by directly repressing the expression of StORE1S02 (Chapter 2). Interestingly, both potato 
and Arabidopsis studies have demonstrated that ABA treatment can activate the expression 
of ORE1 (Arabidopsis Hormone Database; http://ahd.cbi.pku.edu.cn; Solanaceae Genomics 
Resource; http://spuddb.uga.edu/;). Abscisic acid, is among the most crucial phytohormones 
involved in regulating plant development and responses to environmental changes (Adams et 
al., 2018; Belbin & Dodd, 2018). It has been observed that ABA plays a positive role in inducing 
senescence (Zhao et al., 2016). In Chapter 3, we found that StCDF1 negatively regulates ABA 
biosynthesis by suppressing the expression of rate-limiting enzymes in ABA biosynthesis, 



  Chapter 6 
 

114 
 

6 

namely StNCEDs (9-cis-epoxycarotenoid dioxygenase). Therefore, the reduced ABA content 
observed in overexpressing StCDF1.2 transgenics could also contribute to the suppression of 
StORE1S02 expression. This suggests that StCDF1 exerts a negative influence on 
StORE1S02 expression through both direct and indirect mechanisms. Besides, ABA affects 
leaf senescence in comprehensive ways. Thus, the effect of StCDF1 on senescence can result 
from direct transcriptional regulation and also the secondary effect via the ABA signaling 
pathway.   

Beyond just senescence, ABA has a more profound and diverse influence on plant 
development. Many previous studies show that the rhythmic production of ABA is under 
influence of several essential clock genes, such as: LHY, CCA, PRRs, TOC, etc. (Adams et 
al., 2018; Belbin & Dodd, 2018; Pizzio, 2022). Interestingly, CDF4 in Arabidopsis was 
previously found to positively regulate ABA biosynthesis via upregulating NCED2 and NCED3 
expression (Xu et al., 2020). However, our results show that StCDF1 plays a negative role in 
this regulation in potato (Chapter 3). This contrast is intriguing and raises the question how 
this opposite regulation occurs.  

The repression function of CDF1 has been reported by Goralogia, Greg S et al. (2017). By 
recruiting well characterized co-repressor, namely TOPLESS, CDF1 together with TPL binds 
to the promoter of CO to repress its expression and this leads to delayed flowering in 
Arabidopsis. StCDF1 shows similar repression of StCOLs’ expression in regulating 
tuberization in potato (Kloosterman, B. et al., 2013). By performing proximity labeling for 
StCDF1 and generating transgenic plants overexpressing StCDF1.2Coed with abolished TPL 
binding site, we further confirmed that the physical interaction with TPL is essential for 
StCDF1’s repressing function. In contrast to early tuberizing transgenic plants overexpressing 
StCDF1.2Coed, the tuberization process is delayed in transgenic plants overexpressing 
StCDF1.2Coed ΔTPL, resembling a late tuberizing background (Chapter 5). This delay is 
attributed to the failure of StCDF1.2Coed ΔTPL to repress the expression of StSP5G. 
Surprisingly, the StNCED3 expression was strongly upregulated only in overexpressing 
StCDF1.2Coed ΔTPL transgenics at dusk but not in OE StCDF1.2Coed  transgenics, StCDF1.2Coed 
Δdof or the untransformed control plants. Our observations agree with Xu et al. (2020) that the 
activation function of StCDF1 does not require to binding to TPL. The trans‐activation activity 
assays of CDF4 shows that the approximately 70 amino acids following the Dof DNA binding 
domain play a crucial role in the activation process (Xu et al., 2020). It is possible that CDF 
physically interacts with other transcription factors at this site, to activate downstream gene 
expression. In Chapter 5, we employed TurboID-based proximity labeling to identify 
interactors of StCDF1. We found over 10 interactors of StCDF1, which includes 4 transcription 
factors belonging to the bHLH, bZIP, and homeobox transcription factor families. To further 
validate these interactors and unravel the underlying molecular mechanism, additional 
experiments need to be conducted. 

It is intriguing to observe that StCDF1 exhibits the ability to both repress and activate the 
expression of the same downstream gene, depending on different mechanisms. ABA, widely 
acknowledged for its vital role in abiotic stress responses, is a prominent hormone in this 
regard. StCDF1 possesses the capability to regulate the level of ABA by potentially activating 
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or repressing it through its influence on the expression of the key ABA biosynthesis gene, 
StNCED3. This concept raises an intriguing possibility: can we breed plants that have the 
ability to dynamically regulate ABA biosynthesis in response to environmental conditions? 
Understanding this molecular mechanism opens up exciting opportunities for breeding these 
"smart" plants. 

In various plant systems, ABA exhibits beneficial effects on plant responses to different abiotic 
stresses, whether through external application or manipulation of its internal levels (Sah et al., 
2016). In this study, we observed increased heat tolerance with a reduced ABA level in the 
leaf in StCDF1.2Coed overexpressing transgenics. The same type of heat tolerance and reduced 
ABA level can also be achieved by carrying the early alleles of StCDF1. Our observations 
agree with previous studies that the early maturing potato genotypes exhibit better heat 
tolerance (Zhang, G et al., 2020). Interestingly, the overexpressing StCDF1.2Coed transgenics 
show great heat tolerance, while they were previously reported to be sensitive to drought stress. 
Ramírez Gonzales et al. (2021) reported that StCDF1 has a negative effect on potato drought 
tolerance. The hypothesis is that StCDF1 suppresses its antisense long non-coding RNA, 
known as StFLORE, which in turn leads to increased water loss under drought stress by 
interfering with stomata closure. In this thesis, we uncovered a novel function of StCDF1 in 
regulating ABA biosynthesis and confirmed that this negative impact on ABA production was 
reflected in increased stomata conductance in StCDF1.2Coed overexpressing transgenics. Our 
findings support previous observations that the early alleles of StCDF1 (StCDF1.2/1.3) have a 
negative effect on drought stress response. The connection between StCDF1 and ABA 
biosynthesis suggests there exists significant potential to link StCDF1 with numerous other 
ABA-dependent signaling pathways. 

It has been previously reported that the loci of StCDF1 were mapped for yield in different field 
trials involving various populations and years (Visker, 2005; Anithakumari et al., 2012). 
StCDF1 plays a multifaceted role in regulating diverse traits with a potential effect on yield, 
such as tuberization, senescence, response to abiotic stresses, nitrate metabolism, and biotic 
resistance (Kloosterman, B. et al., 2013; Tai et al., 2018; Ramírez Gonzales et al., 2021; 
Gonzales, 2022). The intricate and highly coordinated regulation of StCDF1 brings these 
diverse pathways together, acting as a central hub that ultimately influences the final potato 
yield. Furthermore, the pivotal position of StCDF1 in integrating these pathways highlights its 
importance in understanding the overall yield determination mechanism. 

How does using advanced technologies to study central regulators benefit breeding? 

Over the past decade, molecular biotechnology has made remarkable advancements and 
achieved significant progress. With the launch of genome-edited food made with CRISPR–
Cas9 technology on the open market for the first time in Japan (Waltz, 2022), this cutting-edge 
technology is finally directly applied to plant breeding outside academic studies. Besides 
genome editing, a multitude of molecular approaches have been developed and applied to 
investigate the molecular functions of plant genes. These innovative techniques are frequently 
employed in model plant systems, such as Arabidopsis or N. benthamiana, allowing 
researchers to explore the molecular regulatory mechanisms extensively. In Chapter 4, we 
adapted an advanced molecular technology, namely TurboID based proximity labeling, into a 
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potato system. By employing this approach, we successfully verified the co-repressors of 
StCDF1: StTPL, StTPR3 and StTPR4- Like (Chapter 5) and uncovered several novel 
interactors of StCDF1. Furthermore, in the same chapter, we employed the domain swap 
technique to gain deeper insights into the distinct effects of different functional domains of 
StCDF1. By swapping specific domains of StCDF1, we were able to elucidate their individual 
contributions and unravel the intricate molecular mechanisms underlying the protein's 
functionality (Chapter 5). StCDF1, being a central regulator, is involved in various regulatory 
pathways. By elucidating the interacting partners of StCDF1, we can enhance our 
understanding of its regulatory mechanism and predict its functions in unexplored regulatory 
networks. In this thesis, we found that StCDF1 mediated several pathways in ways that differ 
from those of CDFs in Arabidopsis. Therefore, detailed understanding of the molecular 
mechanisms in specific crop plants cannot be entirely substituted by researching model plants. 

In Chapter 5, we also presented that over 50% yield increase was achieved by overexpressing 
StCDF1.2Coed ΔTPL transgenic plants compared to untransformed control plant. This 
significant improvement in yield not only provides valuable insights into the regulation 
mechanism of StCDF1 but also holds great potential for breeding purposes. However, it is 
important to note that the natural StCDF1 ΔTPL variant has not been reported or found in 
currently available open datasets (Solanaceae Genomics Resource; http://spuddb.uga.edu/). 
Given that the TPL binding domain is highly conserved across CDF proteins in different species, 
discovering a natural StCDF1 ΔTPL variant poses challenges (Renau-Morata et al., 2020). 
Genome editing offers a promising approach to create this variant in a more time-efficient 
manner. Furthermore, by combining genome editing with hybrid breeding techniques, we can 
expedite and streamline breeding programs. Together, the utilization of advanced molecular 
techniques, such as domain swapping, enables comprehensive molecular investigations of 
central regulators like StCDF1. This approach has led to the creation of a novel artificial variant 
of StCDF1, which holds significant promise for enhancing final yield. Moreover, the integration 
of genome editing and hybrid breeding represents an ideal combination to accelerate and 
enhance breeding efforts. 

In potato breeding programs, the process of mapping genetic loci for abiotic stress tolerance 
in field conditions entails significant costs in terms of time and labor. This is primarily due to 
the intricate nature of plant stress adaptation and the unpredictable influence of environmental 
factors. StCDF1 has been identified and mapped for its role in regulating drought stress 
responses and is also speculated to be involved in regulating other abiotic stress responses. 
In Chapter 3, we conducted an experiment wherein both overexpressing StCDF1.2 transgenic 
lines and untransformed control plants were subjected to heat stress. This investigation 
revealed a novel function of StCDF1 in regulating heat tolerance. Consequently, the StCDF1 
loci can be utilized for selecting for heat tolerance in potato breeding programs. Once 
transgenic plants are generated, it becomes comparatively easier to conduct experiments 
under controlled conditions with specific stressors. Screening different stresses using these 
transgenic plants not only aids researchers in understanding the interplay between various 
stress responses but also provides valuable information on the novel functions of these loci for 
breeding selection programs.
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Summary 
Potato (Solanum tuberosum L.) is the most important non-grain crop in the world. Potato tubers 
are cooked in diverse ways in different cultures and it also has many industrial uses, including 
animal feed, biofuel production, etc. Achieving high tuber yield is a long-standing goal of potato 
breeding programs. At the same time, yield is known as one of the most complex traits because 
it is under the influence of diverse internal and external signals. In potato breeding programs, 
early tuberization and late senescence are considered two important characteristics for 
achieving high yield. In previous field studies, both above (senescence) and underground 
(tuberization onset) maturity together with the final yield were genetically linked to the StCDF1 
locus in different populations, years and locations. Chapter 1 introduced the current 
understanding of StCDF1’s function in regulating tuberization onset in a photoperiod 
dependent manner. Other than tuberization onset and senescence, StCDF1 was speculated 
to be involved in regulating plants’ response to abiotic stresses, such as heat and drought. We 
also summarized the current knowledge on StCDF1 molecular mechanism in regulating 
downstream target genes expression.  

Although StCDF1 has been known to regulate potato plants senescence for a long time, the 
molecular mechanism remains elusive. In Chapter 2, a novel direct downstream target of 
StCDF1 was uncovered, namely StORE1S02. StORE1S02 is a homologue of ORESARA, 
which has been identified as a positive regulator for leaf senescence in Arabidopsis. In our 
study, we found that StCDF1 directly binds to StORE1S02’s promoter to repress its expression. 
Interestingly, our observations suggest that StCDF1 negatively regulates senescence onset 
but promotes rapid senescence progression. The overexpressing StORE1S02 transgenic 
plants exhibit early senescence onset but the total life cycle length was not affected. This 
phenotype supports our previous observations and provided a molecular basis for StCDF1 
regulating senescence onset independently of other senescence aspects. Moreover, we found 
high sugar accumulation in the leaves of StORE1S02 knock-down transgenic lines. At the 
same time, the expression of two sugar efflux transporters from the SWEET (Sugar Will 
Eventually be Exported Transporters) family, StSWEET11 and StSWEET15/SAG29, were 
reduced in the same transgenics. Our findings suggest that StORE1S02 mediates senescence 
onset via regulating sugar transportation. Notably, StSWEET11 has been previously identified 
as a physical interactor of the "tubergen" StSP6A, facilitating symplastic sucrose transport and 
ultimately leading to tuber formation. Here, we provide molecular evidence highlighting the 
crucial role of the StSP6A-StSWEETs balance in tuber formation and development, with 
StCDF1 playing a key regulatory role in maintaining this balance. Our findings highlight the 
tight link connecting tuberization and senescence to the StCDF1 locus. These findings deepen 
our understanding of the intricate biology underlying potato plant development and provide a 
foundation for further research on crop improvement and yield optimization. 

In Chapter 3, we investigated the role of StCDF1 in regulating heat response in potato plants. 
The overexpression of StCDF1.2 resulted in enhanced heat tolerance, leading to a remarkable 
16-47% increase in yield in transgenic plants compared to the non-transgenic control plants. 
Interestingly, we observed higher levels of transpiration specifically in the overexpressing 
StCDF1.2 transgenic plants, but only under control conditions. Continuous overexpression of 



Summary 

129 
 

StCDF1.2 or the presence of truncated StCDF1 alleles (StCDF1.2/1.3) led to a significant 
upregulation of StSP6A expression, both during heat stress and under normal conditions. 
Despite a reduction in StSP6A expression following heat treatment, the expression levels 
remained 100 times higher than those of the late tuberizing genotype. These findings 
collectively suggest that StCDF1 positively regulates heat tolerance not only by mitigating heat-
induced necrosis but also by maintaining strong induction of StSP6A expression to safeguard 
tuberization from heat interference. Thereby, we propose that the allelic StCDF1 locus can be 
used in selecting heat tolerant genotypes in potato breeding programs.  

The observed high transpiration in plants overexpressing StCDF1.2 or carrying truncated 
StCDF1 alleles aligns with our previous findings, which indicated that these plants are 
susceptible to drought stress. Further analysis of the previously generated DAP-seq data for 
StCDF1 revealed that the rate-limiting enzymes for abscisic acid (ABA) biosynthesis, 
specifically the 9-cis-epoxycarotenoid dioxygenases (StNCEDs), are direct targets of StCDF1. 
To investigate this relationship further, we examined the expression patterns of StNCED3 and 
StNCED4 throughout the day in both the overexpressing StCDF1.2 transgenics and their 
transformed control plants. Our results demonstrate that StCDF1 plays a vital role in regulating 
the expression of these key enzymes involved in abscisic acid (ABA) biosynthesis, following 
the circadian rhythm. Finally, the low ABA content was found in leaf tissue in overexpressing 
StCDF1.2 transgenics and plants carrying truncated StCDF1.2 alleles. Together, our results 
suggest StCDF1 has a negative impact on ABA biosynthesis. 

In Chapter 4, a comprehensive protocol for conducting transient TurboID-based proximity 
labeling in potato leaf material is presented. This protocol offers a step-by-step guide, 
encompassing crucial details such as plasmid construction, preparation of plant materials, 
optimal growing conditions for plants, and sample processing procedures. The protocol 
acknowledges and thoroughly discusses the major challenges encountered during the 
experimental process, such as difficulties with infiltration, low protein yield, and protein 
degradation. Notably, the protocol was successfully tested using two proteins localized in the 
nucleus and plasma membrane, respectively. Furthermore, two distinct potato genotypes were 
employed to validate the efficacy of this protocol. The developed protocol serves as a valuable 
tool for diverse research purposes, particularly in the identification of Protein-Protein 
Interaction Networks within the potato system. 

The TurboID based proximity labeling result of StCDF1 was presented and discussed in 
Chapter 5. In total, 10 interactors of StCDF1 were identified in this experiment, including the 
known interactors of StCDF1: StFKF1 (FLAVIN-BINDING KELCH REPEAT F-BOX PROTEIN 
1) and StTPL. TOPLESS (StTPL) was speculated to be the co-repressor of StCDF1 in 
regulating photoperiod dependent tuberization. To further investigate the repressing function 
of StCDF1, we generated a construct overexpressing StCDF1.2 with a mutated TPL binding 
domain and transformed it into a late tuberizing potato genotype. The overexpressing 
StCDF1.2Coed ΔTPL transgenic plants exhibited a late tuberizing phenotype which confirmed 
that the repressing function mediated by binding to StTPL is crucial to promote tuberization. 
Interestingly, we found that the overexpressing StCDF1.2Coed ΔTPL transgenic plants show 
delayed senescence progression concurrent with over 50% yield increase. These phenotypes 
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were not found in transgenic plants overexpressing StCDF1.2Coed Δdof and their transformed 
control plants. Moreover, we found that StNCED3 expression was strongly upregulated in 
transgenics overexpressing StCDF1.2Coed ΔTPL. This finding supports our previous analysis 
that StCDF1 may not only act as a repressor but also as an activator in regulating downstream 
gene transcription, with this activation not requiring binding to TPL. Together with novel 
interactors of StCDF1 identified by TurboID based proximity labeling, we propose the activation 
function of StCDF1 may depend on physical interaction with other transcription factors. To 
further verify which transcription factor(s) activate downstream target genes expression 
together with StCDF1, more experiments need to be conducted.  

Chapter 6 summarizes and discusses the key results from previous chapters, relating them to 
published studies. It provides recommendations for the plant science community and 
commercial potato breeding programs, bridging the gap between research findings and 
practical applications. 
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