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1.0 Introduction 

Potato is an important tuber crop containing stored starch, protein, vitamins, minerals and trace 

elements. It is consumed worldwide, making it one of the top four crops in the world after maize, wheat 

and rice. (Jackson 1999; Sonnewald 2001). It belongs to the Solanaceae family and is scientifically 

termed as Solanum tuberosum. Potato is a highly heterozygous, autotetraploid (2n = 4x = 48) that is 

clonally propagated (Potato Genome Sequencing, Xu et al. 2011).  Potato plants produce 

underground stems known as stolon, which under suitable environmental conditions swell to form 

tubers (Potato Genome Sequencing, Xu et al. 2011). There are various factors that influence 

tuberisation in potato. External factors include temperature, photoperiod, phytohormones,  

carbohydrates and nitrogen (Aksenova, Konstantinova et al. 2012).  

Potato tuberisation is highly favoured by low temperatures with strong decrease in the process upon 

subjection to warmer temperatures especially at night (Abelenda, Navarro et al. 2011). The 

temperatures ranging between 14-20ºC are favourable for tuberisation while temperatures between 

25-27ºC have an effect of lower weight and number of developing tubers (Ewing and Struik 2010). 

High temperatures have been found to affect the partitioning of assimilates to different parts of the 

plant with less going to the tuber and more going to other parts of the plants (Jackson 1999). Naturally, 

tubers serve as vegetative propagation organs of the potato plant that remain dormant in soil during 

cold winters, sprouting in the next spring to generate new plants (Abelenda, Navarro et al. 2011).  

Carbohydrates are part of assimilates that accumulate during photosynthesis which precedes 

tuberisation. Assimilates are transported from the leaves (source) via the stem to underground organs 

(sink). Sucrose is an important factor in tuber development as it is the starting point of carbohydrate 

metabolism. Previous studies on in vitro tuberisation show the importance of sucrose as an inducer of 

tuberisation with tuber formation in media containing 8% sucrose and no tubers in media with 2% 

sucrose (Xu, van Lammeren et al. 1998). Sucrose is converted to starch that is stored in tubers 

(storage organ) (Appeldoorn, de Bruijn et al. 1997; Jackson 1999) 

Nitrogen inhibits tuberisation. Excess nitrogen has an inhibitory effect on tuberisation, while low levels 

of nitrogen allows tuberisation. There is a speculation that nitrogen does not directly induce 

tuberisation but it represses tuber formation after induction (Jackson 1999). This is proven by the fact 
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that during non-inducing long days, reducing nitrogen levels does not initiate tuberisation. It is not 

known how nitrogen inhibit tuberisation but there is a hypothesis on the ratio of carbohydrate to 

nitrogen, where high levels of carbohydrates are stored inform of starch forming storage organs while 

high levels of nitrogen increase root and shoot formation that utilise available carbohydrates reducing 

the amount available for storage organ formation (Jackson 1999).    

Phytohormones are also important endogenous factors inducing and affecting different stages of 

tuberisation. Gibberellins (GA) are examples of phytohormones that initiate stolon development, which 

in turn inhibits tuber formation. Stolon must cease in growth to initiate tuberisation. High levels of GA 

have been found to favour stolon initiation and inhibit tuber formation (Xu, van Lammeren et al. 1998). 

It is worth noting that GA not only inhibits tuberisation but also plays an additive role in the 

photoperiodic control of tuberisation, with more GA production in long days than short days, inhibiting 

tuberisation (Jackson 1999; Martínez-García, García-Martínez et al. 2001). Wild type S. tuberosum 

ssp. Andigena  that is treated with a GA biosynthesis inhibitor ancymidol, tuberise in long days 

(Jackson and Prat 1996). GA however have no role in photoperiodic perception unlike the 

photoreceptors. It is possible that the GA and the photoperiodic signals are two independent pathways 

with an additive effect on tuberisation (Martínez-García, García-Martínez et al. 2001).  

Photoperiodic control is a crucial factor influencing tuberisation in potato plants. Like most tuberiferous 

species, potatoes are better adapted to short day tuberisation since they have an equatorial origin 

(Rodríguez-Falcón, Bou et al. 2006). Wild type potato for example, Solanum demissum and Solanum 

tuberosum ssp. Andigena  have an obligate photoperiodic response of tuberisation which is specific to 

short days, requiring 12 hours or less to tuberise (Figure 1) (Jackson 1999). On the other hand, potato 

cultivars from the subspecies tuberosum and many modern cultivars seem to have lost their restricted 

need for short day conditions for tuberisation, producing tubers in the wide range of day lengths 

(Aksenova, Konstantinova et al. 2012).  

The fluctuating day lengths are perceived by the leaves and, a systemic mobile signal is produced in 

the leaf vascular bundles. The signal known as tuberigen is transported via the phloem to the 

underground stolon tips to induce tuberisation.(Jackson 1999). At the same time cell division in the 

stolon apical meristem is arrested and elongation of the sub-apical region stops while the cells of the 
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perimedullary region enlarge and divide transversely. Later, these perimedullary cells enlarge and 

divide in random orientations forming a mature tuber  (Jackson 1999).  

Photoperiodic changes are perceived in the leaves by photoreceptors that include PhyA, PhyB and 

blue light receptors (Rodríguez-Falcón, Bou et al. 2006). PhyB protein is the primary sensor in the 

photoperiodic pathway regulating tuberisation. When PhyB gene is knocked-downs in potato, there is 

day-length independent tuberisation that is characteristically early (Rodríguez-Falcón, Bou et al. 

2006). Overexpression of PhyB gene inhibited tuberisation. From the studies, it is clear that PhyB 

plays a role in photoperiodic control of tuberisation (Jackson, Heyer et al. 1996). PhyA, PhyB and blue 

light receptors mediate the photoperiodic regulation of tuberisation. PhyA and blue light receptors set 

the phase of the internal circadian clock rhythm while PhyB receptor perceives the change in light, 

making tuberisation responsive to photoperiod (Rodríguez-Falcón, Bou et al. 2006). 

 At a molecular level, several genes are involved in the pathway leading to tuberisation. There has 

been evidence indicating the similarities of the regulatory pathway leading to flowering as well as 

tuberisation, involving specific mobile signals. A gene that is centrally involved in the two pathways is 

CONSTANS (CO).  

 

Figure 1: A. Potato plants 

(Solanum demissum) 

grown in non-inducing long-

day condition have no 

tubers. B. inducing short-

day conditions induce 

tuberisation (Jackson 

1999). 

1.1 CONSTANS/FLOWERING LOCUS T (CO/FT) MODULE 

CONSTANS is the circadian rhythm-regulated transcription factor that controls flowering in 

Arabidopsis. CO gene acts directly on FLOWERING LOCUS T (FT) to induce flowering. This 

transcription factor belongs to a large group of transcriptional regulators that contain two conserved 

sequence regions, that is, a B-box domain at their N terminus that is involved in DNA binding and a 

A B 

http://www.plantphysiology.org/content/119/1/1/F1.expansion.html
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CONSTANS, CONSTANS-like, TOC1 (CCT) region at their C terminus which play a regulatory role in 

activating the expression of FT (Putterill, Robson et al. 1995; Suárez-López, Wheatley et al. 2001; 

Tiwari, Shen et al. 2010). CO has a diurnal expression (Hayama and Coupland 2003). Expression of 

CO is controlled by CDF (CYCLIC DOS FACTOR), which in turn is post transcriptionally regulated by 

clock gene GIGANTEA (GI), and several blue light receptors such as FLAVIN-BINDING, KELCH 

REPEAT, F-BOX PROTEIN 1 (FKF1), LOV-KELCH REPEAT PROTEIN 2 (LKP2) and ZEITLUPPE 

(ZTL) (Figure 2) (Andrés and Coupland 2012) (Abelenda, Navarro et al. 2013).  

Light regulates CO transcription through GI and FKF1 which are proteins with a functional component 

of the circadian clock (Abelenda, Navarro et al. 2013). Interaction of GI and FKF1 an ubiquitin ligase 

activates the ubiquitylation of CDF. As a result of degradation in the proteasome, CDF no longer 

represses CO gene expression, (Song, Smith et al. 2012). The activity of the CO protein is dependent 

on post transcriptional modification through interaction with blue and red light photoreceptors PhyA, 

PhyB and cytochrome B in the presence of light (Yanovsky and Kay 2002).  CO protein  has a direct 

role in activating FT gene expression inducing flowering (Sawa and Kay 2011). Arabidopsis is 

classified as a long-day plant flowering in the long days of  spring and summer (Abelenda, Navarro et 

al. 2013). 

In tomato, SFT/SP3D gene is the FT homolog that encodes a mobile florigen that results in tomato 

flowering. In tomato, CO proteins have not been found to be involved in regulating transcription of 

SFT/SP3D. This may be due to selection against day-length dependence of flowering during the 

process of domestication leading to an uncoupling of the interaction between SlCO with SFT/SP3D 

(Abelenda, Navarro et al. 2013). Cultivated tomatoes are classified as day neutral plants (Lifschitz, 

Eviatar et al. 2006). Potato and tomato are day length independent for flowering allowing the 

speculation that in the common progenitor of potato and tomato, flowering was not photoperiodic . 

 In Rice, the CO homolog Hd1 activates the Arabidopsis FT ortholog Hd3a under short day condition 

and represses it in long day conditions. Experiments carried out, showed that when Hd3a is ectopically 

expressed in Solanum tuberosum ssp.  potato, they flower early and tuberise in non-inductive long day 

conditions despite their strict short day tuber forming trait. (Navarro, Abelenda et al. 2011).  
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In potato, the signal leading to tuberisation is similar to that of flowering in Arabidopsis. Tuberisation in 

potato involves the Arabidopsis homolog genes GI, FKF1, LKP2, ZTL, CDF, CO and two homologs of 

FT (StSP5G and StSP6A). The role of CO protein in regulating tuberisation was observed in 

transgenic  plants overexpressing CO gene from Arabidopsis (Martínez-García, Virgós-Soler et al. 

2002). The transgenic Andigena plants overexpressing AtCO tuberise late compared to control wild 

type. This demonstrate the negative effect of CO gene in photoperiodic control of tuberisation 

(Rodríguez-Falcón, Bou et al. 2006).  Previous studies have shown that the potato StFKF1, StGI and 

StCDF1 homologs play an important role in tuberisation control, through the regulation of the CO-FT 

module (Kloosterman, Abelenda et al. 2013).  

1.2 Molecular pathways regulating tuberisation in potato  

Potato StCO is involved in day-length dependant tuberisation in combination with red light receptor 

StPHYB (Figure 2). StCO protein interacts with photoreceptors in the presence of light and is post 

transcriptionally modified to an active or inactive form (GonzálezȤSchain, DíazȤMendoza et al. 2012). 

In short days, StPHYB protein is conformationally inhibited from activating StCO protein while in long 

days vice versa happens and StCO protein is activated inhibiting tuberisation.  

Another pathway leading to the controlled activity of StCO in regulating tuberisation involves StCDF1 a 

transcriptional factor that inhibits the expression of StCO. StCDF1  regulates tuberisation through 

mediation of the interaction between circadian clock genes and StSP6A in the leaves (Morris, Hancock 

et al. 2014). The clock genes GI and FKF1 interact and bind to targeting this protein for degradation 

and removing its repressive effect on StCO. StCDF1 is a member of the potato CDFs with an allelic 

variation, found in chromosome 5. The analysis of StCDF1 allelic variant, identified a truncate protein 

not able to interact with FKF1 protein  (Kloosterman, Abelenda et al. 2013) . This truncated protein is 

active throughout resulting in repression of potato (StCO1 and StCO2) found in chromosome 2, hence 

early tuberisation. StCDF1 is a gene in found in the earliness QTL on chromosome 5 (Kloosterman, 

Abelenda et al. 2013). StCDF1 regulates tuberisation by mediating the interaction between circadian 

components and StSP6A, a mobile ‘tuberigen’ signal  produced in the leaves and transported to the 

stolon tips to initiate tuberisation (Morris, Hancock et al. 2014). 
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1.3 Potato FT homologs StSP5G and StSP6A involvement in tuberisation 

In non-inducing long days, active StCO1 protein acts as a transcription factor that is a specific inducer 

of the FT homolog StSP5G in potato (Navarro, Abelenda et al. 2011). PhyB protein is important at this 

level as it activates StCO1 protein (Kloosterman, Abelenda et al. 2013). Active StSP5G inhibits the 

expression of another FT homolog StSP6A resulting in tuber inhibition. StCDF1 could therefore be 

termed as an indirect inducer of StSP6A that initiates tuberisation. StCO1 on the other hand is an 

indirect repressor of StSP6A, since its activity results in the up-regulation of StSP5G, repressing the 

expression of the mobile StSP6A signal inducing tuber development at the stolon (Kloosterman, 

Abelenda et al. 2013).  

The two potato FT homologs StSPA6 and StSP5G form the binary FT module in potato that is key in 

tuberisation.  StSP6A is regulated by an autoregulatory loop activating its expression, indicating that a 

very high signal is required in the stolon for stolon-to-tuber transition (Abelenda, Navarro et al. 

2013).The gene is expressed in the leaves as well as in the stolon. Unlike the Arabidopsis FT or the 

rice homolog Hd3a, StSP6A is regulated by relay mechanism that sustains the synthesis of the 

tuberigen signal in the stolon  (Navarro, Abelenda et al. 2011). StSP6A protein is transported to the 

stolon tip where a series of events have been shown to play a role in the initiation of tuberisation 

including the reduction of GA (Van Bel, Helariutta et al. 2013). 

1.4 Gibberellin role in tuberisation 

Stimuli of tuberisation in short day conditions as well as inhibitors of the process under long day 

condition take part in photoperiodic regulation of tuberisation. A good example of an inhibitor of 

tuberisation is GA, a phytohormones with an active role in regulating tuberisation (Roumeliotis, 

Kloosterman et al. 2013).  There are several enzymes involved in the biosynthetic pathway of GA. GA 

20-oxidase (StGA20ox1) is an enzyme in potato that catalyses the conversion of GA precursor to GA20 

an inactive form. Another gene StGA3ox2 catalysis the conversion of inactive GA20 to active GA1 

(Roumeliotis, Kloosterman et al. 2013). Overexpression of StGA20ox1 delays tuberisation while 

silencing this gene induces tuberisation (Carrera, Bou et al. 2000). StGA3ox2 expression was found to 

be completely repressed, in stolons of plants induced to tuberise (Bou-Torrent, Martínez-García et al. 

2011).  
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GA2ox is an enzyme that catalyses the breakdown of bioactive GA into an inactive form. 

Overexpression of StGA2ox gene in potato, resulted in a reduction in stolon growth and earlier 

tuberisation in vitro, while plants with reduced expression of StGA2ox1 showed delayed tuberisation in 

vitro (Kloosterman, Navarro et al. 2007). This shows a correlation between the GA endogenous level 

and tuberisation (Carrera, Bou et al. 2000). The reasons could be; a direct negative effect of GA in the 

production of tuberisation signal tuberigen or an inhibitory effect of the GA on transport of the signal to 

the stolon (Martínez-García, García-Martínez et al. 2001). StPHYB affects the level of StGA20ox1 

mRNA. StSP6A induces tuberisation, by activating StGA2ox1 which converts active GA into an 

inactive form (Van Bel, Helariutta et al. 2013).  

1.5 StPOTH1, StBEL5 and miR172 

Prior experiments have identified the involvement of homeotic genes from BEL and KNOX family in 

photoperiodic induction of tuberisation and transport of the tuber inducing signal (Banerjee, Chatterjee 

et al. 2006; Jackson 2009). The BEL and KNOX genes interact to form heterodimers involved in 

selective gene regulation (Aksenova, Konstantinova et al. 2012). POTH1 and StBEL5 are a Knotted-

like homeobox (KNOX) gene and a BEL gene respectively isolated from potato that are homeostatic 

genes that support tuberisation by effectively transporting the tuberisation signal to the stolon (Carrera, 

Bou et al. 2000; Chen, Rosin et al. 2003; Rosin, Hart et al. 2003; Hannapel 2010; González-Schain, 

Díaz-Mendoza et al. 2012). POTH1 is a homeobox whose overexpression enhances tuberisation in 

vitro in both long and short day and represses GA synthesis through inhibited accumulation of GA 20-

oxidase. StBEL5 is a member of BEL-1 family of TALE homeodomain protein localised in the phloem, 

with mobility over long distances, and markedly high movement to the stolon in short days (Carrera, 

Bou et al. 2000; Aksenova, Konstantinova et al. 2012). Overexpression of StBEL5 and POTH1 have 

consistently exhibited enhanced tuber production under both short day and long day conditions 

(Hannapel 2010). POTH1 and StBEL5 interact to form a heterodimer that bind to StGA20ox1  

promoter with high affinity and supress the activity of the promoter hence playing a role in tuberisation 

by supressing GA biosynthesis (Carrera, Bou et al. 2000). StPHYB not only regulates StCO but also 

plays a role in the regulation StBEL5 under the proper light conditions (long day). MicroRNA 172 

(miR172) upregulates StBEL5 which interact with POTH1 down-regulating StGA20ox1 hence reducing 

active GA (Aksenova, Konstantinova et al. 2012; Van Bel, Helariutta et al. 2013). 
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Prior studies have indicated the possibility of miR172 in photoperiodic induction of tuberisation in 

Andigena  (Martin, Adam et al. 2009). In tuber-inducing short days, the miR172 levels are higher than 

under non-inductive long days, with an upregulation in stolon at the onset of tuberisation (Martin, 

Adam et al. 2009). Overexpressing miR172 in potato results in flowering, accelerates tuberisation 

under moderate inductive photoperiodic conditions, and triggers tuberisation under long days. miR172 

protein is present in vascular bundles and is graft transmissible making it possibly  mobile or a 

regulator of long-distance signals to induce tuberisation (Martin, Adam et al. 2009). Martin and 

colleagues, suggest that miR172 probably acts upstream of the tuberisation promoter BEL5 and 

downstream of the tuberisation repressor PhyB, with a proposal of PhyB, miR172 and BEL5 as a 

model for the control of tuberisation (Martin, Adam et al. 2009).  miR172 induces StBEL5 through 

repression of StRAP1 an inhibitor of StBEL5 (Van Bel, Helariutta et al. 2013). 

 

 

Figure 2: The signal transduction leading to tuberisation. The blue light receptors LKP2, ZTL, StFKF1, and the clock StGI 

interact with StCDF1, a transcription regulator. The interaction of StFKF1 and StGI with StCDF1 results in the proteosomal 

degradation. Degradation  of StCDF1 in turn releases the repression of StCO . In long non-inducing conditions, StCDF1 is 

degraded, making active StCO induces StSP5G, which in turn inhibits StSP6A. In short day conditions, the StCDF1 protein 

remain active repressing StCO and indirectly inducing StSP6A, a mobile tuberigen transported from the leaf to the stolon 

inducing tuberisation. StPHYB are receptors that sense the photoperiodic conditions and control the expression of StCO, 

StBEL5 and miR72. StBEL5 interact with POTHI inhibiting GA biosynthesis and inducing tuberisation. StGA20ox1 is an enzyme 

involved the last stages of the biosynthetic production of GA that favours stolon development but inhibits tuber induction. During 

tuberisation, StGA2ox1 is up-regulated as it acts to inactivate bioactive GA, on the other hand, StGA3ox is down-regulated as it 
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converts GA20 to GA1 an active form of GA. The three (POTH1, StBEL5 and miR72) are mobile signals transported to the stolon 

during tuberisation. MiRI72 indirect induces StBEL5 by inhibiting miR172 target gene StRAP1. High levels of the miR172 have 

an effect in inducing tuberisation.  

1.6 Potato StCO1/2 

In potato, StCO was discovered following cloning and sequence conservation strategy among the CO 

family. The gene encodes a 410 amino acid protein with a CCT domain at the C-terminal and two B-

box domain at the N-terminal end (González-Schain, Díaz-Mendoza et al. 2012). There are four small 

conserved motifs that are found in the middle of the CO protein family. Recently, through comparative 

COL1 analysis in several cultivated and wild species, two potato CO-like genes of this group, long 

COL1 (St-lCOL1)/StCO1 and short COL1 (St-sCOL1)/StCO2 have recently been identified 

(Drobyazina and Khavkin 2011; González-Schain, Díaz-Mendoza et al. 2012). StCOs are located on 

chromosome 2 in the potato genome. The two CO genes have a variable middle region, and differ in 

exon 2 and intron 1 and intron 2. In exon2, there exists two variants differing in the AAC/AAT and 

CAA/CAG repeats coding for polyasparagine and polyglutamamine tract in the middle region. The two 

variants are hence named short and long CO genes. The intron 1 of the StCO1 was found to be 

shorter than StCO2 due to insertions and deletions (Drobyazina and Khavkin 2011). The two genes 

have a variation in expression under short and long day condition, with StCO2 expression exceeding 

that of StCO1. The two genes have been found to repress tuberisation in long days (González-Schain, 

Díaz-Mendoza et al. 2012; Kloosterman, Abelenda et al. 2013). Silencing of StCO was found to 

promote tuberisation in non-inducing/weak inducing conditions, with no effect in strong inductive short 

days. This findings demonstrated the photoperiodic repression of the gene during tuberisation 

(González-Schain, Díaz-Mendoza et al. 2012).  

Although the role of CO proteins in photoperiodic control is conserved in several plant species; potato, 

rice and Arabidopsis, there are differences in the mechanisms by which CO acts. An example is the 

Hd1 gene in rice that induces flowering in short days but delays it under long days, while in 

Arabidopsis, AtCO1 induces flowering in short days. On the other hand, potato StCO1/2 affect 

tuberisation in long days and PtCO2 in aspen is involved in seasonal growth cessation and bud set 

(Yano, Katayose et al. 2000; Böhlenius, Huang et al. 2006; González-Schain, Díaz-Mendoza et al. 

2012). In Chlamydomona reinhardtii and Physcomitrella patens, members of the CO gene family have 
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been proposed to have a photoperiodic regulation on developmental processes (Shimizu, Ichikawa et 

al. 2004; Serrano, Herrera-Palau et al. 2009). 

1.6.1 Daily oscillation of StCO 

It is important to note that all CO like genes analysed have shown a cyclic oscillation in the mRNA 

level (Liu, Yu et al. 2001; Cheng and Wang 2005). In S. tuberosum ssp. Andigena , StCO mRNA 

levels were analysed every 4 hours over a duration of 24 hours. Under short day condition, StCO 

mRNA showed a peak between 20 h and 0h (dawn), while under long day, the peak was between 0h 

and 4h. The results clearly indicate the effect of day length on the expression pattern of StCO 

(González-Schain, Díaz-Mendoza et al. 2012). StCO1 protein is present and stable in both red and 

blue light as shown from western blot results, on the other hand there was no protein detected in the 

dark hours (personal communication). This shows that most importantly, the StCOs are photoperiod 

regulated at protein level. Interestingly. StCO2 protein has not been detected in the StPHYB RNAi 

background, the protein is available both at the end of the dark period and under light conditions 

(personal communication). 

CDFs have a repressive effect on CO. To prove that CDF1 is actively involved in regulating COs, an 

expression analysis of CO was carried out using 35S: CDF1 transgenic plants. Overexpression of 

CDF1 resulted in a supressed expression of AtCO in long or short day conditions with late flowering in 

Arabidopsis, confirming the transcriptional repression of CDF1 on AtCO (Imaizumi, Schultz et al. 

2005).  

CDF1 binds to CO in the promoter region with specific binding sites known as DOF (DNA-binding with 

one finger) binding motifs (AAAG) causing a repressive effect on the CO promoter (Imaizumi, Schultz 

et al. 2005). In Arabidopsis, experiments have shown that, the CO levels are low in the morning due to 

accumulation of CDF1 proteins. In the afternoon however, FKF1 together with the circadian clock 

output GI protein degrades CDF1 resulting in accumulation of CO (Imaizumi, Schultz et al. 2005) 

1.7 StCDF1 a central regulator of tuberisation 

CDFs are central regulators underlying a major-effect QTL for plant maturity and initiation of 

tuberisation mapping in chromosome 5. In potato, StCDF1 is believed to regulate StCO based on its 

regulatory link with the StCO and StSP6A (Kloosterman, Abelenda et al. 2013). The gene belonging to 



 
 

13 | P a g e  
 

the Dof family of transcriptional factors regulates tuberisation through mediating the circadian clock 

and the mobile signal StSP6A. A natural allelic variant of StCDF1 escapes posttranslational light 

regulation allowing potatoes with this variation to grow outside the centre of origin of potato in the 

Andes (Kloosterman, Abelenda et al. 2013). In the late maturing potato variety CE3027, the sequence 

analysis show an allele homozygous to StCDF1 termed StCDF1.1. The early maturing variety CE3130 

have two truncated alleles termed StCDF1.2 and StCDF1.3. Overexpression of StCDF1.2 results in 

earlier tuberisation in short-day dependant  and very late maturing CE3027 under long day conditions 

(Kloosterman, Abelenda et al. 2013). Further experiments by Kloosterman et al 2013 showed that 

StCDF1.1 protein has a C-terminus domain III that interacted with FKFI-GI proteins and targeting the 

protein for proteosome degradation leading to StCO accumulation and late tuberisation. The truncated 

proteins StCDF1.2 and StCDF1.3 proteins lack domain III thus do not interact with FKFI-GI proteins 

hence accumulation of the proteins and onset of early tuberisation. The levels of StCDF1.1 protein in 

late diploid potato CE3027, grown in short day condition, were found to be high only in the morning at 

10:00 and 14:00 while the truncate StCDF1.2 and StCDF1.3 protein had a constant expression 

throughout the day, explaining the vital fact of the absence of domain III in the truncated proteins 

(Kloosterman, Abelenda et al. 2013). 

1.7.1 Localization of CDF1 

In Arabidopsis, there are three CDFs, CDF1, CDF2, CDF3 and CDF5. Transgenic Arabidopsis plant 

overexpressing CDF1 (35S: CDF1) showed late flowering in long days while the other CDFs have no 

effect on flowering in both long or short days. The levels of the CDF1 protein are high in the morning 

both in short or long day conditions (Imaizumi, Schultz et al. 2005). FKF1 is involved in the regulation 

of CDF1 with experimental evidence of fkf1 mutants having abundant CDF1 protein compared to wild 

type particularly in the afternoons .  According to Imaizumi et al 2005, CDF1:GUS activity is observed 

mainly in the vascular tissues of cotyledons, leaves, and hypocotyls and in stomata with no GUS 

activity detected in the roots of Arabidopsis  (Figure 3) (Imaizumi, Schultz et al. 2005).  
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Figure 3: GUS (β-glucuronidase)  staining shows the localisation of StCDF1 in the vascular tissues. A and B, the staining GUS 

activity in CDF1:GUS plants grown under LD (long day) conditions. C, GUS activity in the stomata (Imaizumi, Schultz et al. 

2005). . 

1.8 Rationale 

There has been advances that have aided in the elucidation of molecular aspect surrounding the 

regulation of tuberisation, especially with regards to the availability of the potato genome sequence 

(Potato Genome Sequencing, Xu et al. 2011). There are however several gaps in the information on 

the exact interactions of the tuberisation signalling pathway. These include the regulatory roles of 

StCO1, StCO2 and StCO3 (newly discovered) proteins and their target StSP5G and StSP6A in 

tuberisation. Another important protein regulating tuberisation and underlying a major QTL responsible 

for plant maturity and tuberisation is StCDF1 protein, a putative repressor of StCOs, and an indirect 

inducer of StSP6A. It is important to understand the expression pattern, regulation, as well as the roles 

of the three StCO paralogues, in the pathway leading to tuberisation. 

Potato StCOs are presumably central to regulation of tuberisation, hence understanding the role of the 

genes (StCO1, StCO2 and StCO3) is important as they form part of the photoperiodic control that 

determines the growth of potato in regions that are further from the centre of origin with non-inductive 

conditions. This is for a fact important due to the changing environmental conditions as well as 

changing market hence the need for optimal yield. 

1.9 Aim 

The main aim of this project is to understand the expression pattern of this newly found StCO3 gene in 

potato within the 24 hour circadian clock system in wild type ssp. Andigena and in transgenic plants 

overexpressing StCDF1 (35S:CDF1). This experiment aids in confirming the conserved role of 

StCDF1 in regulating StCOs. 

C B A 
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It is important also to do a phylogenetic analysis using StCO3 amino acid sequence aligned to 

homologs from various plant species including Arabidopsis, tomato, rice, Populus, Ipomea, 

Physcomitrella, Chlamydomonas and Selaginella to identify the evolutional history of the gene. 

In the pathway leading to tuberisation in potato, StCDF1 has been experimentally proven to repress 

StCO1/2, which in turn inhibits the expression of StSP5G and upregulates StSP6A, inducing potato 

tuberisation. To confirm the localisation of StCDF1 in the vascular bundles,  (β-glucuronidase) GUS 

reporter gene was incooperated to the promoter region of CDF1 and localisation of the gene 

microscopically investigated.  

1.9.1 Research questions 

¶ What is the expression pattern of the StCO3 gene controlled by photoperiod and circadian 

clock in Andigena? 

¶ What is the evolutionary relationship of StCO3 with homologs from different species? 

¶ Does StCDF1 also control the expression of StCO3? 

¶ Where is StCOs repressor StCDF1 localised? 

¶ Are there allelic variants in the promoter region of StCO1, that determine the binding efficiency 

and the regulatory effect of StCDF1. 
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2.0 Materials and methods 

2.1 Cloning  

2.1.1 Real time PCR 

In a prior experiment, wild type Andigena plants were used as controls in a heat (abiotic stress) 

experiment with leaf material collected at different time points T1, T2, T3, T4, T5 and T6 (7.30am, 

11.30am, 15.30pm, 19.30 and 23.30 respectively). The leaf material was grinded in liquid nitrogen and 

RNA was isolated using Qiagen RNAeasy Mini Kit. cDNA was then synthesised from 1000ng of RNA 

using reverse transcriptase. The synthesised cDNA was diluted with 380µl MQ and stored in the -

20ºC. 

For our experiment, we took this cDNA to be used in expression analysis of StCO3. A real time PCR 

was carried out using designed primer pairs (StCO3 forward and StCO3 reverse) that amplify the 

StCO3 region. A master mix was prepared containing 5µl SYBR green dye, 4.0µl DNA, 0.2 of each 

primer (forward and reverse) and 0.6µl of water to make at total volume of 10µl. The real time PCR 

was done using Bio-Rad iCycleriQ machine. NAC  gene was used as the control in the real time PCR.  

2.1.2 Ligation reaction 

The product from the real time PCR was purified using Zymo DNA clean and concentrator
TM

-5 kit. The 

DNA concentration was then measured in the nanodrop. We also run a gel to confirm the presence of 

our fragment of 100bp. An A-tailing reaction was then carried out to obtain hanging ends of the PCR 

fragments to be used in the ligation reaction. The amplified fragment was ligated into a pGEM-T easy 

vector. In the ligation reaction, we used 5µl rapid ligation buffer, 2µl PCR product, 1µl pGEM-T vector 

(50ng), 1µl T4 DNA ligase and 1µl water making a total volume of 10µl. For the controls, we used 2µl 

of control DNA in one reaction and no DNA in the other. The ligation mixtures was left overnight.  

2.1.3 Transformation 

The ligation mixtures were used to transform  E. coli (DH5α) cells. In this process, we used 5µl of the 

ligation reaction mixture added to 50µl E. coli (DH5α) cells. The mixture was incubated in ice for 30 

minutes followed by a heat shock treatment in 42ºC water bath for 45 seconds and back into the ice 
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for 2 minutes. 250µl of LB media was added and the mixture was put in a shaker (225rpm) at 37ºC for 

1hour.  

Media was prepared for the growth of transformants. The media contained ampicilin and X-gal which 

are used for the selection of transformants. In cloning, X-gal is used as a visual indication of cells 

expressing a functional β-galactosidase enzyme in a technique called blue/white screening. The 

screening relies on the principle of α-complementation of the ɓ-galactosidase gene, where a fragment 

of the lacZ gene present in the vector, complements another mutant lacZ gene (lacZΔM150)  in the 

cell forming a functional β-galactosidase enzyme. This is detected when cells transformed with an 

empty  vector are grown in plates containing X-gal, forming blue colonies. However, cells containing 

successfully ligated insert can then be easily identified by white colonies. This is explained by the fact 

that a gene of interest ligated into the plasmid vector, with successful ligation disrupts lacZ gene hence 

no functional β-galactosidase can form, resulting in white colonies. E. coli (DH5α) carry the mutant 

lacZȹM15 gene that compliments the intact lacZ in the vector .  

The transformants contain a selection marker gene coding for an enzyme that breaks down the 

ampicilin antibiotic allowing their survival. Non transformants on the other hand cannot survive as they 

do not have the selective marker gene. The media formed was poured into plates and allowed to 

solidify and the transformed cells from the shaker were poured into the plates and spread using a 

plastic rod. The plates were kept in a 37ºC (ideal for E. coli growth) incubator overnight.  

The transformed colonies (white) were picked using toothpicks, a single colony at a time and put in 

fresh LB media in a different tube per colony. The tubes were kept in 37ºC incubator overnight for 

further growth of the transformed colonies. 1µl of the mixture was used for normal PCR using the 

(StCO3 forward and StCO3 reverse). A gel was run to confirm the presence of the 100bp fragment. 

We isolated the plasmid DNA using Qiagen QIAprep Spin Miniprep Kit. We then measured the 

concentration of the DNA and sent some of it for sequencing following the GATC protocol (7.5µl DNA 

(20-100ng/µl) and 2.5 µl forward or reverse primer). 

2.2 Phylogenetic analysis  

The sequence obtained from the cloning and sequencing was blasted in the NCBI genome browser to 

confirm the identity of the gene. The results had 100% similarity to Solanum tuberosum zinc finger 
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protein CONSTANS-like-2. The protein sequences of the gene together with 46 CO protein sequence 

from potato, tomato, Arabidopsis, rice, Populus, Ipomea, Physcomitrella, Chlamydomonas  and 

Selaginella were aligned using Cobalt multi alignment tool. Mega5 software was used to do a 

phylogenetic analysis (Tamura, Peterson et al. 2011).  

In the phylogenetic analysis, the evolutionary history was inferred using the Minimum Evolution 

method (Rzhetsky and Nei 1993). For confidence intervals on the phylogeny, a bootstrap was done 

with 1000 replicates (Felsenstein 1985). The evolutionary distances were computed using the Poisson 

correction method. The Neighbour-joining algorithm was used to generate the initial tree.  

2.3 Expression analysis of StCO3 in wild type Andigena  in long day conditions 

To analyse the expression analysis of StCO3, cDNA of  wild type Andigena  obtained at different time 

points under short day condition, from a previous experiment was used (Table 1). A real time PCR 

was done using primers specific to StCO3. A master mix was prepared containing 5µl SYBR green 

dye, 4.0µl DNA, 0.2 of each primer (forward and reverse) and 0.6µl of water to make at total volume of 

10µl. This was done using Bio-Rad iCycleriQ machine. NAC was used as the control in the real time 

PCR. Data obtained was analysed in Microsoft excel.  

Table 1: Different time points used in the experimental set up to investigate StCO3 oscillation 

Time points 24hr clock time Zt time 

T2 3:30 3.5 

T3 7:30 7.5 

T4 11:30 11.5 

T5 15:30 15.5 

T6 19:30 19.5 

T1 23:30 23.5 

 

NAC gene was used as the reference to normalize the DNA proportion of plants using the 2
-ΔΔCt

 

method (Livak and Schmittgen 2001). This method is used to calculate relative changes in gene 

expression. 

To calculate the relative expression,  

ЎЎὅὸ ὅὸὫὩὲὩ έὪ ὭὲὸὩὶὩίὸὅὸὶὩὪὩὶὩὲὧὩ
  

ὅὸὫὩὲὩ έὪ ὭὲὸὩὶὩίὸὅὸὶὩὪὩὶὩὲὧὩ
 

 

Amount of the target = 2
-.ΔΔCt
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2.4 Expression analysis of StCO3 in transgenic plants overexpressing StCDF1  

CDF1 has been experimentally proven to regulate the expression of StCO1/2. To investigate if 

StCDF1  has a repressive effect on StCO3, a real time PCR was done using cDNA from transgenic 

plants overexpressing StCDF1 (35S:CDF1) to confirm if indeed the expression level of StCO3 lowers 

due to repression effect. Primers specific to StCO3 were used. A master mix was prepared containing 

5µl SYBR green dye, 4.0µl DNA, 0.2 of each primer (forward and reverse) and 0.6µl of water to make 

at total volume of 10µl. This was done using Bio-Rad iCycleriQ machine. NAC was used as the control 

in the real time PCR.  

 

2.5 StCDF1 localisation using GUS staining 

GUS staining was done to confirm the localisation of StCDF1 in the vascular bundles. Transgenic 

potato plants with the GUS gene fused StCDF1 promoter were grown in vitro. In the first step of in vitro 

regeneration, shoot explants were grown in MS20 (Murashige and Skoog) containing; MS+vitamins, 

saccharose and agar with a pH of 5.8. When the shoots were of good size >1cm, the stems were cut 

and put in PACM media for 1 day overnight to induces callus formation. This media contains 

MS+vitamins, casein hydrolysate, saccharose, 2.4D and kinetin with a pH of 6.5. The explants were 

then transferred to R3B medium which is a shoot inducing medium containing, MS+vitamins, 

saccharose, NAA, BAP and agar with a pH of 5.8 overnight. One day later, the explants were 

incubated with agrobacteria containing the CDF1:GUS construct for 5 minutes. The construct is made 

from a 3kb region upstream of the CDF1 start codon fused to a GUS coding region.  The explants 

were then grown in the same R3B medium for approximately 3 days. The explants were then 

transferred to Zcvk medium which is a root inducing medium containing antibiotic Kanamycin, Zeatin, 

Claforan, Vancomycin and MS20. The plants were kept in this medium for 6 weeks with at least 3 

changes into fresh medium.   

 

After a period of six weeks, the explants with developed shoots, leaves and roots were ready to be 

used in the GUS staining process. The explants were dissected into single leaves, stems and roots 

inside the sterile hood. The material was immersed in a beaker containing acetone for 20 minutes, 
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 A GUS staining buffer was made. The buffer contained 0.5M NaHPO4, 0.5 M EDTA, 0.5mM 

Potassium ferrocyanide, 0.5mM potassium ferricyanide and 1mg/ml X-gluc. The explants were then 

transferred from the acetone and into the buffer. A vacuum was applied on the material for 20 minute 

until all the explants were submerged in the solution. The explants were then left in the buffer 

overnight. The buffer has a salt to help maintain an osmotic balance as well maintain the right pH for 

β-glucuronidase enzyme. The ferrocyanide and ferricyanide system is used to avoid diffusion of the 

blue stain to other tissues other than where the gene of interest is expressed. The explants were then 

washed in different concentrations of ethanol 25%, 50%,75% and 90% to destain the explants. In each 

ethanol concentration, the explants were soaked for at least 1 hour. Slides were prepared using 

glycine. Observation were then made under the microscope using the 10× magnification and pictures 

taken. 

2.6 Identification of Dof binding sites in StCO1 promoter region 

Previous studies have shown differing expression of StCOs homologs in potato. The possible 

explanation given is the presence of varying numbers of the StCDF1 binding sites on the StCO 

promoter region, which determine the efficiency of StCDF1 protein to bind to StCOs affecting 

expression. In our experiment, we sort to investigate the number of the AAAG Dof binding sites in the 

promoter regions of StCO1 in different potato species; C,E,3067,3161, Kanico, Andigena, RH, 3101 

and 3027 (in well 1,2,3,4,5,6,7,8 and 9 respectively). We made primers for the promoter region of 

StCO1 amplifying an approximately 100bp region. The primers were used them to carry out PCRs 

using cDNA of the different potato species. A gel was run using the PCR product. From the bands 

obtained from the run, a specific upper band was cut from C,E,3067 and 3161, purified and amplified 

again using PCR and sent for sequencing. The sequences were analysed using the NovoSNP 

software. 
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3.0 Results 

3.1 Cloning 

Several steps were taken in the cloning process, which included; real time PCR, A-tailing, ligation, 

transformation, selection of transformants, normal PCR, gel electrophoresis to confirm the presence of 

the 100bp fragment (Figure 4), plasmid isolation and sequencing.  

The transformed E.coli (DH5α) cells containing the StCO3 DNA insert had white colonies in successful 

transformants containing the insert, while the transformed cells with an empty vector had blue 

colonies. We carefully picked only the white single colonies.  

The results from the sequencing were blasted in NCBI genome browser. The blast search results gave 

100% identity to Solanum tuberosum zinc finger protein CONSTANS-LIKE 2-like (LOC102592159), 

98% similarity to Solanum lycopersicum zinc finger protein CONSTANS-LIKE 2-like (LOC101246004) 

and Lycopersicon esculentum CONSTANS 2.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4: The cloned 100bp fragment. Gene ruler
TM

 1kb plus ladder was used to 
estimate the size of  the fragment. 
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3.2 Phylogenetic analysis 

Phylogenetic analysis aids in understand the molecular evolution of a gene and the evolutionary 

relationship with homologs belonging to related and non-related species. In our study, we sort to 

identify the molecular evolutionary of StCO3 in potato, together with homologs in potato, tomato, 

Arabidopsis, rice, Populus, Ipomea, Physcomitrella, Chlamydomona and Selaginella,. The protein 

sequences of the StCO3, together with 46 CO protein sequence from different species were aligned 

using Cobalt multi alignment tool. Mega5 software was used for phylogenetic analysis (Tamura, 

Peterson et al. 2011).  

In the phylogenetic analysis, (Figure 5), the evolutionary history was inferred using the Minimum 

Evolution method (Rzhetsky and Nei 1993). The optimal tree with the sum of branch length = 

15.10158468 is shown. The percentage of replicate trees in which the associated taxa clustered 

together in the bootstrap test (1000 replicates) are shown next to the branches (Felsenstein 1985).The 

evolutionary distances were computed using the Poisson correction method and are in the units of the 

number of amino acid substitutions per site. Neighbour-joining algorithm was used to generate the 

initial tree. The analysis involved 47 amino acid sequences. All ambiguous positions were removed for 

each sequence pair. Evolutionary analyses were conducted in MEGA5 (Tamura, Peterson et al. 2011). 

From the results of the phylogenetic analysis, StCO3 has high identity with tomato SlCO2 (Figure 5). 

StCO3 is in the same clade as the CO homologs of tomato, Arabidopsis, rice, ipomea and Populus 

deltoides. It is likely that the ancestor of both potato and tomato had three copies of the COs 

(CO1/2/3). The tree shows a recent divergence of the gene from the ancestor, since diversification of 

the StCO3 and its homologs in various species is very recent with few differences.  
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Figure 5: A phylogenetic tree showing the evolution of StCO3. The evolutionary history was inferred using the Minimum Evolution 

method. The optimal tree with the sum of branch length = 15.10158468 is shown. For tree robustness, a bootstrap test (1000 

replicates) was done. The evolutionary distances were computed using the Poisson correction method and are in the units  of  the 

number of  amino acid substitutions per site. The ME tree was searched using the Close-Neighbour-Interchange (CNI) algorithm at 

a search level of 1. Evolutionary analyses were conducted in MEGA5 (Tamura, Peterson et al. 2011). 
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3.3 Expression analysis of StCO3 in wild type Andigena  

To analyse the expression of StCO3 in wild type Andigena , cDNA of this potato specie was obtained 

at different time points from a previous experiment (Table 1). Using this cDNA, a real time PCR was 

done using primers specific to StCO3. The results from the real time PCR shows a variation in 

expression of StCO3 that is circadian clock-dependant (Table 2). From the different time points, the 

highest expression of the gene was at T5 (15.30pm) while the lowest expression was at T3 (7.30am). 

According to the ZT (zeitgeber time) time, the expression of StCO3 is lowest at dawn which is between 

0-7h, while the expression increases between midday 12h-16h with a peak in expression at 16h under 

long day conditions (Figure 6). From the expression curve, the error bars show the standard error of 

the means. These results show that the expression of StCO3, similar to other CO and CO family 

members, follow a daily oscillation that is circadian clock-dependant (González-Schain, Díaz-Mendoza 

et al. 2012). 

 

Table 2: Expressional analysis of StC03 at different time points in ZT time 

Time points Time Zt time Expression SEM 

T2 3:30 3.5 0.49215 0.06057 

T3 7:30 7.5 0.37354 0.12278 

T4 11:30 11.5 1.17007 0.38312 

T5 15:30 15.5 2.06794 0.71913 

T6 19:30 19.5 0.65657 0.30735 

T1 23:30 23.5 0.52518 0.12420 
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Figure 6: Expression of StCO3 at Zt time points.   

3.4 Expression analysis of StCO3 in 35S:CDF1 transgenic plants 

CDF1 is a transcriptional factor that has been experimentally proved to repress StCO1/2. Prior studies 

have shown that both StCO1/2 and especially StCO1 are transcriptionally repressed in transgenic 

S.andigenum lines constitutively expressing CDF1.2 under long day conditions (Kloosterman, 

Abelenda et al. 2013). In order to identify if CDF1 also has a repressive effect on StCO3, we carried 

out an expression analysis of StCO3 with cDNA from transgenic potato plants overexpressing CDF1 

(35S:CDFI). We used StCO3 specific primers in the real time PCR. From the results, the expression 

level of StCO3 was significantly reduced (p<0.05) in transgenic plants compared to the wild type 

(Figure 7). The results from expression analysis show that indeed CDF1 has a repressive effect also 

on StCO3 as well. We can therefore conclude that CDF1 is an active repressor of StCO1/2/3 orthologs 

found in potato. 
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Figure 7: Expressional of StCO3 in 35s:CDF1 transgenic plants compared to the wild type. 

3.5 StCDF1 localisation using GUS staining 

CDF1 protein has been shown in prior experiments to have a subcellular localisation in vascular 

bundles in Arabidopsis (Imaizumi, Schultz et al. 2005). To confirm this, we carried out a GUS staining 

experiment to identify the localisation of StCDF1 in potato. Transgenic potato plants with the GUS 

gene fused StCDF1 promoter were grown in vitro in long day condition. The stems, leaves and roots 

were used to prepare slides to be observed under the microscope. The results show blue staining in 

minor veins in the leaves. There was no blue stain in the stem or in the root region (Figure 8).. 
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Figure 8: GUS activity in transgenic plants grown under long day conditions. A, B and C, GUS activity observed mainly in the 

minor veins of the leaves.  D and E, no GUS activity observed in the root or stem respectively. 

 

 Indeed the results affirmed experiments done earlier that evidently show the localisation of the CDF1 

protein in vascular tissues as seen on the leaf veins. The results of the detection of GUS activity in the 

roots do not however tally with those of Imaizumi et al 2005, who found GUS activity in the roots of 

transgenic plants containing CDF1::GUS gene construct. In Arabidopsis, therefore, CDF1 is 

interestingly also localised in the roots of Arabidopsis (Imaizumi, Schultz et al. 2005) but not in potato.  

3.6 Identification of Dof binding sites in StCO1 promoter region 

In our experiment, we sort to investigate the number of the AAAG Dof binding sites in the promoter 

regions of StCO1 in different potato species; C,E,3067,3161, Kanico, Andigena, RH, 3101 and 3027 

(in well; 1,2,3,4,5,6,7,8 and 9 respectively). We made primers for the promoter region of StCO1 

amplifying an approximately 100bp region upstream of the start site. The primers were used to carry 

out PCRs using cDNA of the different potato species. A gel was run using the PCR product (Figure 9). 

From the bands obtained from the run, a specific upper band was cut from C, E, 3067 and 3161 (in 

well 1,2,3 and 4 (Figure 9A)) purified and amplified again using PCR and sent for sequencing. 

! . 

/ 5 
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Figure 9: A, The gel with two bands in some genotypes; 1,2,3,4,5,6, while 7,8 and 9 have only 1 band. B, The 
upper band already cut from four potato genotypes; C,E,3067 and 3161 . 

 

Figure 10: The output from the analysis of the sequence using the NovoSNP software 

From the output (Figure 10), there seem to be a number of allelic variants in the different genotypes. 

However, we cannot validate how many different alleles are present at this point since the 

chromatogram has a lot of noise. The pit fall being, when we cut the upper band (Figure 9B) for DNA 

extraction and sequencing, we might have also had some contamination with the  lower smaller band 

DNA, that is not far separated from the upper bigger band. In the sequence however, we can see the 

repetitive sequence of the Dof binding motif AAAG. From these results we can confirm the presence of 

the StCDF1 binding motif region on the promoter region of StCO1. 
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4.0 Discussion 

4.1 Phylogenetic history of StCO3 in potato 

In different species, there are varying number of CO/COL genes. Based on the zinc finger region 

variation, the gene family is divided into three subgroups: group I, with two B-boxes, group II, with one 

B-box and group III with one B-box and a second diverged zinc finger (Robson, Costa et al. 2001). 

The potato StCOs have two B-box domains and a CCT domain hence can be classified as group I 

(Guo, Yang et al. 2007).  

We cloned StCO3 and sent the DNA for sequencing. From the NCBI blastp search, the protein has 

two B-box domains and a CCT domain confirming that the new protein is also in group I (Guo, Yang et 

al. 2007). The phylogenetic analysis show a recent divergence of the new StCO3 gene. Interestingly, 

the gene is in the same clade with CO/COL genes from Arabidopsis, tomato, rice, Ipomea nil and 

Populus deltoids.  

In potato, previous studies led to the discovery of two StCO1/2. From the phylogenetic tree (Figure 5), 

the two genes StCO1 and StCO2; Icil|10007 (potato (Andigena) COL long) and Icil|10008 (potato 

(Andigena) COL) respectively are in the same clade as StCO3. Interestingly, in the same clade we 

have the three potato homologs StCO1, StCO2 and StCO3 clustering together with tomato homologs 

SlCO1, SlCO2 and SlCO3. According to this results from the phylogenetic analysis, it is likely that the 

ancestor of both potato and tomato had three copies of the COs (CO1/2/3). The two paralogues 

StCO1/2 have previously been demonstrated to be universally present in each Solanum species 

regardless of the photoperiodic behaviour (Drobyazina and Khavkin 2011). The fact that from our 

phylogenetic analysis we find that StCO3 gene that cluster together potato StCO1/2  and tomato 

SlCO1/2/3, could confirm the presence of three paralogues in the Solanum species with their 

divergence preceding Solanum speciation.  

4.2 Varying photoperiodic expression of StCO1, StCO2 and StCO3 

The expression analysis of StCO3 show a variation in expression that is photoperiod dependant. This 

tally with results from prior studies that have also shown StCO1/2 having a variation in expression 

under short and long day condition. A study carried out by Wayne et al 2014 showed an oscillation of 
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StCO1/2 in short days with two highest expression peaks at 0h and 20h when leaf samples were 

harvested at an interval of 4h within the period of 24h. The expression of StCOs have also been found 

to vary in different potato species, for example, Andigena has more StCO2 expression in long days 

than in Neo-Tuberosum (germplasm adopted to long day tuberisation) (Morris, Hancock et al. 2014). 

From our results, the highest expression peak of StCO3 was at 16h only in Andigena.  

We assume that one factor that could cause the differences in expression of StCO1/2/3 is the 

variability in the number of Dof binding sites in the promoter regions of the three genes that determine 

the binding affinity of StCDF1 protein causing different repression effects on these three homologs and 

displaying distinct transcriptional inhibition capabilities (Morris, Hancock et al. 2014). Different potato 

genotypes could have  (insertion/deletion ) indels at the Dof binding sites AAAG, in the StCO1/2/3 

promoter regions resulting to varying binding affinity of the StCDF1 protein resulting in varying 

expression (Imaizumi, Schultz et al. 2005).  

4.3 StCDF1 conserved regulation of StCOs and its localisation 

StCDF1 is one of the central regulators underlying a major-effect QTL for plant maturity and initiation 

of tuberisation mapping in chromosome 5. In potato, only StCDF1 is believed to regulate StCOs based 

on its regulatory link with the StCOs and StSP6A (Kloosterman, Abelenda et al. 2013). In this study, 

transgenic plants overexpressing StCDF1 had significantly lower expression of StCO3 compared to 

the wild type. This evidently proves that StCO3 like StCO1/2 is transcriptionally repressed in 

transgenic S.andigenum constitutively expressing StCDF1 (Kloosterman, Abelenda et al. 2013). From 

the result, we can conclude that indeed the StCDF1 has a conserved repressive function on StCO1/2 

as well as StCO3 (Kloosterman, Abelenda et al. 2013). Previous work carried out in Arabidopsis by 

Imaizumi et al 2005, show that upstream of the CO transcription start sites are Dof binding motifs 

where CDF1 binds. The Dof binding sites are necessary for binding CDF1 transcription factor with 

regions flanking the motif contributing to the specificity of binding (Imaizumi, Schultz et al. 2005). 

Previous studies have suggested that inductive photoperiods are recognized by leaves and that 

signalling molecules produced in the leaves are transmitted to the stolon to induce tuberisation . 

StCDF1 protein was previously investigate to identify localisation of the protein. The results obtained 

by Imaizumi et al 2005, similar to our results show the localization of the protein in the vascular tissue 
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as shown by the blue staining in the minor veins of the leaves of transgenic potato plants containing 

GUS: CDF1 construct (Imaizumi, Schultz et al. 2005).  

Tuberisation process is light dependant. The leaf is the organ of the plants that perceives the light that 

influences tuberisation, therefore we expect that genes involved in the signal cascade that leads to 

light dependant induction of tuberisation are expressed in the leaves. Previous studies in Arabidopsis 

have shown the expression of CO and FT in the phloem of vascular tissues on the leaf (Takada and 

Goto 2003; An, Roussot et al. 2004). According to Takada et al 2003, only some specific lines express 

CO in the roots, while FT is not detected at all in the roots. We did not observe any StCDF1 

expression in the roots.  

Since StCDF1 is a transcriptional repressor of CO, we expected that similar to CO and FT, it should be 

expressed in the vascular tissues in the leaf, which indeed is what we observe in our experiment. We 

therefore conclude that the leaf is an important organ in photoperiodic dependant induction of 

tuberisation with important perception of changing photoperiodic conditions and expression of genes 

such as StCDF1, StCO and FTs that regulate the tuberisation process. Since the stem and root are 

not known to perceive the varying light conditions, we expect no expression of the genes involved in 

photoperiodic regulation of tuberisation, which could explain the absence of the blue stain in this 

tissues that do not have StCDF1 expression (Takada and Goto 2003).  

4.4 The possible role of StCOs in flowering and tuberisation 

Tuberisation and flowering have evidently been linked to a similar pathway characteristic of mobile 

signals that induce either of the reproduction pathways (Guo, Yang et al. 2007).  Both flowering and 

tuberisation pathway involve several genes including; GI, FKF1 LKP2 ZTL, CDF1, CO and FT (Figure 

2) (Andrés and Coupland 2012) (Abelenda, Navarro et al. 2013). Mobile signals produce, florigen or 

tuberigen, triggering flowering or tuberisation respectively. Arabidopsis CO (AtCO) that induces 

flowering was cloned in transgenic potato plants and interestingly found to inhibit tuberisation 

.StCO1/2 have been found to repress tuberisation in long days  and we presume that StCO3 could 

have a similar effect on tuberisation (Rodríguez-Falcón, Bou et al. 2006; González-Schain, Díaz-

Mendoza et al. 2012; Kloosterman, Abelenda et al. 2013).  



 
 

32 | P a g e  
 

There has been experimental evidence of StCO proteins regulating tuberisation with a presumed 

additional role in flowering time control in potato. QTL mapping studies have detected a flowering QTL 

on chromosome 2 in a mapping population (Hurtado, Schnabel et al. 2012). We think that there is a 

possibility StCOs could be candidate genes underlying the effect, though further experiments need to 

be done to confirm this speculations. According to González-Schain et al 2012, StCO1/2 may have 

diverged and sub-functionalised in potato with a possibility of StCO1 possibly regulating tuberisation 

and StCO2 taking up a flowering role. This maybe a case similar to FT homologs StSP6A and StSP3D 

that are responsible for tuberisation and flowering respectively (González-Schain, Díaz-Mendoza et al. 

2012). Since StCDF1 protein is a central regulator that underlies a major QTL for initiation of 

tuberisation, and has a conserved repressive role in all the three StCO1/2/3 homologs, there is a 

possibility that the three homologs have a role in tuberisation (Kloosterman, Abelenda et al. 2013). It is 

necessary to perform more experiments to confirm this and also identify the exact role of StCO3 which 

we did not investigate in this experiment. 

4.5 Dof binding motif in StCOs 

The promoter region of StCOs have been shown to vary in the number of Dof binding factors that 

determine the binding affinity of StCDF1 and hence the regulation of tuberisation and flowering 

(Rosas, Mei et al. 2014). Sequence analysis carried out by Rosas et al 2014, on 25 Arabidopsis 

accession identified a 7bp indel polymorphism in a variable number of tandem repeat region consisting 

of multiple repeats, in the CO promoter region. The results showed that natural variation in the copy 

number of the Dof binding tandem repeats results in variation in the developmental transition of 

flowering time in Arabidopsis accessions which can be further explained by differences in expression 

between the alleles (Rosas, Mei et al. 2014) . In our experiment, we sort to identify the number of Dof 

binding sites in different potato acessions. From our results (Figure 9 and 10), we identify allelic 

variation in the promoter region of StCO1. However, we cannot confirm how many allelic variant are 

present. Further experiments should be done by cloning the promoter region of the different potato 

accessions to clearly identify possible indels present in the multiple repeat region, and the allelic 

variants present thus the correlation with the binding affinity of StCDF1. This could relate to either 

earlier or late flowering or tuberisation seen in different potato genotypes. 
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5.0 Conclusion and recommendation 

 
The potato tuberisation pathway is a complex process with many components. From our experiment, 

we confirm the presence of a third StCO in potato, termed as StCO3 that is according to phylogenetic 

analysis, from a recent divergence and with a possibility of being initially present in the ancestor 

together with StCO1/2. The gene has a photoperiodic regulated expression and is repressed by 

StCDF1. Further experiments on functional analysis of StCO3 is important to understand the exact 

role played by the gene in tuberisation or flowering. RNAi would be a good method to try and identify 

the function of the gene. It is also important to identify proteins that possibly interact with StCO3 

protein during tuber formation which could help elucidate more about the tuberisation process.  

StCO1/2/3 seem to have a difference in oscillation which is photoperiodic dependant. Our thinking is 

more towards the promoter region of the three genes which could possibly have allelic variation that 

influence the binding of StCDF1 protein  and repression on StCO1/2/3, which could explain different 

expression patterns that within the circadian clock system. Further studies on the promoter region of 

the three homologs are necessary to understand the differences in oscillation as well as possibly 

relate to earliness or lateness in tuberisation in different potato accessions. 

In conclusion, it is important to elucidate the exact role of StCO1/2/3 and especially if they have a 

redundancy in their function either in tuberisation or flowering, which could help in understanding the 

molecular pathway of the two processes and especially the tuberisation.  
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