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1. Summary 

Potato (Solanum tuberosum L.) is one of the important crop plants feeding many 

people worldwide. Increasing temperature is among the most critical factors 

responsible for decreasing potato tuber yields. Therefore, this study aimed at getting 

a deeper insight into the molecular and physiological responses of potato to heat 

stress and at a better understanding of signals between source and the sink organs. 

Therefore, a set-up was developed to apply heat stress either to below-ground 

organs (heat plate), whole plants (heat) or above-ground organs (cold plate) using 

the heat stress-sensitive potato cultivar Agria. The effects of the different stress 

treatments on transcriptome and metabolome were investigated. Principal 

component analysis (PCA) of these data revealed that gene expression and 

metabolite contents were most severely affected when entire plants were subjected 

to elevated temperatures; e.g., both source capacity and sink strength were affected. 

Potato plants were taller and exhibited reduced tuber yields in response to heat 

stress. The increase in plant height was accompanied by a shift in assimilate 

partitioning toward the shoots causing reduced assimilate translocation to tubers. 

There was a decline in the assimilation rate depending on stress level leading to a 

decreased amount of starch in leaves, in particular under heat conditions. 

Accordingly, expression of photosynthesis-related genes, particularly of PSII genes, 

was downregulated. Additionally, transcripts encoding heat stress proteins (HSP) 

were upregulated most likely to protect cells from the negative effects of increased 

temperature. Moreover, expression of tuberization-related transcripts was altered, 

especially of the master regulator, StSP6A. Its expression was downregulated by all 

stress conditions whereas its inhibitor, StSP5G was upregulated. Interestingly, 

expression of StFKF1 was downregulated in the leaves in heat plate and heat 

conditions only, while its expression increased in cold plate conditions compared to 

control. This suggests that this gene might regulate the source capacity by integrating 

sink-derived signals. Therefore, the role of FKF1 in potato was further analyzed. 
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In tubers, transcripts related to heat-stress were clearly enriched under all stress 

conditions. In addition, tuber yield and starch contents were decreased by heating 

the root space (heat plate and heat conditions). The decline in starch content was in 

agreement with the lower sucrose content in tubers indicating limited translocation of 

assimilates from the leaves. The lower tuber starch content was mainly brought about 

a lower activity and transcript amount of sucrose synthase (Susy) which is a marker 

of sink strength. However, cooling the root space (cold plate) alleviated the decline in 

Susy activity and transcript amount leading to increased starch contents.  

The role of FKF1 in potato plants was further investigated by engineering transgenic 

plants with increased (OE-FKF1) or decreased expression (RNAi lines) of the gene. 

The OE lines displayed a dwarf phenotype with small leaves, short internodes and 

exhibited a later senescence as compared to wild-type controls. Nevertheless, these 

dwarf plants initiated tuberization earlier, but the tubers did not develop further. The 

dwarf phenotype of OE lines was not the effect of tissue culture propagation as a 

similar phenotype was observed when plants were grown from tubers. In contrast, 

the RNAi plants had similar phenotype, time of tuberization and tuber yield as wild-

type plants.  

The earlier tuberization of OE-FKF1 lines was accompanied by high expression of 

StSP6A at an early time point (3 weeks). In contrast, during development (7 weeks) 

StSP6A levels decreased, while the StSP5G expression increased relative to wild-

type plants. The expression of StSP6A in RNAi lines was similar to the wild-type, 

where is progressively increased during development.  

Under heat stress, carbon accumulation shifted to the shoots especially in OE lines 

which gained more biomass in shoots rather than in tubers. Pearson correlation 

analysis of transcriptome data revealed that StFKF1 expression correlated with 

another circadian clock gene (StELF4) which might be involved in mediating heat 

stress response.  

In conclusion, StFKF1 appears to be involved in the control of StSP6A and 

tuberization during early time point of plant development, but the mechanism needs 

to be unraveled and it might increase the source capacity in potato plants grown 

under heat stress. 
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Zusammenfassung 

Die Kartoffel (Solanum tubersosum L.) gehört zu den wichtigsten Kulturpflanzen 

weltweit und ist die Nahrungsgrundlage für viele Menschen. Steigende Temperaturen 

gehören zu den entscheidenden Faktoren, die für sinkende Erträge verantwortlich 

sind. Ein Ziel dieser Arbeit war daher, einen tieferen Einblick in die molekularen und 

physiologischen Reaktionen von Kartoffelpflanzen auf Hitzestress zu bekommen und 

die Kommunikation zwischen source- und sink- Organen besser zu verstehen. Um 

dies zu untersuchen, wurde ein experimenteller Aufbau gewählt, der es erlaubte, 

unterirdische (Hitzeplatte) und oberirische Organe (Kälteplatte) separat erhöhten 

Temperaturen auszusetzen bzw. ganze Pflanzen unter erhöhten Temperaturen 

(Hitze) anzuziehen. Für diese Studien wurde das Hitze-empfindliche Kartoffelkultivar 

Agria verwendet und der Einfluss der unterschiedlichen Stressbehandlungen auf das 

Metabolom und Transkriptom untersucht. Eine Hauptkomponentenanalyse (PCA) mit 

diesen Daten zeigte, dass die Metabolitzusammensetzung und die Genexpression 

am deutlichsten verändert waren, wenn die komplette Pflanze erhöhten 

Temperaturen ausgesetzt war, also sowohl die source-Kapazität als auch die sink-

Stärke beeinträchtigt waren.  

Als Reaktion auf erhöhte Temperaturen zeigten Kartoffelpflanzen erhöhtes 

Sprosswachstum, und einen verringerten Kartoffelknollenertrag. Die Zunahme des 

Sprosswachstums war von einer veränderten Assimilatverteilung hin zum Spross 

begleitet, was eine verminderte Assimilattranslokation in die Knollen zu Folge hatte. 

Gleichzeitig war die Photosynthese-leistung, insbesondere unter Hitze-Stress, 

verringert, was mit einer verminderten Bildung von transitorischer Blattstärke 

einherging. Dementsprechend war die Expression vieler Photosynthese-Gene, 

insbesondere von PSII-Genen, vermindert. Im Gegensatz dazu waren die 

Transkriptmengen von Genen, die für Hitzestressproteine kodieren, unter allen 

Stressbedingen erhöht, vermutlich um den zellulären Stoffwechsel vor den negativen 

Einflüssen der erhöhten Temperaturen zu schützen. Darüber hinaus, war die 

Expression von Genen, die bei der Knollenentwicklung eine Rolle spielen, verändert, 

insbesondere die des Masteregulators StSP6A. Dessen Expression war in Blättern 

unter allen Stressbedingungen runterreguliert, während die seines Gegenspielers 

StSP6G erhöht war. Interessanterweise, war die Expression von StFKF1 nur in 

Blättern bei Hitze- und Hitzeplatten-Behandlung verringert, während sie bei Stress 



 
Summary/Zusammenfassung 

 

4 
 

durch die Kälteplatte erhöht war. Dieses Ergebnis legte nahe, dass StFKF1 

möglicherweise die source-Kapazität reguliert indem es Signale aus dem sink-Organ 

integriert und seine Funktion wurde daher weitergehend analysiert. 

Auch in Kartoffelknollen waren Transkripte, die für Hitzestress-assoziierte Gene 

kodieren, unter allen Stressbedingungen deutlich verstärkt exprimiert. Der 

Knollenertrag und der Stärkegehalt waren signifikant erniedrigt, wenn der 

unterirdische Bereich erwärmt wurde (Hitze und Kälteplatte). Die Abnahme im 

Stärkegehalt war im Einklang mit einem verringerten Gehalt an Saccharose und 

bestätigte eine reduzierte Translokation von Assimilaten aus dem Spross in die 

Knolle. Gleichzeitig waren die Aktivität und die Expression der Sacchaosesynthase 

(Susy) erniedrigt, die ein Marker für die sink-Stärke von Geweben darstellt. Wenn der 

unterirdische Bereich Ăgek¿hltñ wurde und nur die Blªtter erhºhten Temperaturen 

ausgesetzt waren (Kälteplatte), waren die Abnahme in der Susy-Aktivität und im 

Stärkegehalt weniger stark ausgeprägt. 

Die Rolle von StFKF1 wurde mit Hilfe von transgenen Pflanzen näher untersucht, die 

eine verstärkte (OE-FKF1) oder verminderte Expression (RNA Linien) des Gens 

aufwiesen. Die OE-FKF1 Linien waren zwergwüchsig mit kleinen Blättern und kurzen 

Internodien, zeigten aber im Vergleich zu Wildtyp-Pflanzen eine verspätete 

Seneszenz. Trotz des verminderten Wachstums setzte die Knollenbildung bei den 

OE-FKF1 Pflanzen früher ein, aber die Knollen entwickelten sich nicht weiter. Das 

verminderte Wachstum dieser Linien war nicht auf einen negativen Effekt aus der 

Gewebekultur zurückzuführen, denn auch wenn Pflanzen aus Mutterknollen gezogen 

wurden, zeigten sie ähnliche Wachstumsretardationen. Im Gegensatz zu den OE-

FKF1 Linien, zeigten die RNAi-Linien keine deutlichen Veränderungen im Vergleich 

zum Wildtyp in Bezug auf Wachstum, Knollenbildung und Knollenertrag. 

Die frühere Knolleninduktion der OE-FKF1 Linien ging mit einer verstärkten 

Expression von SP6A in frühen Entwicklungsstadien (nach 3 Wochen) einher. Zu 

späteren Zeitpunkten war die Expression von SP6A im Vergleich zum Wildtyp aber 

verringert, während die SP5G mRNA Menge erhöht war. In Wildtyp- und RNAi-

Pflanzen stieg die SP6A Expression kontinuierlich mit zunehmender Entwicklung an, 

während die von SP5G stetig abnahm. 
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Unter dem Einfluss von erhöhter Temperatur war wieder eine veränderte 

Assimilatverteilung hin zum Sprosswachstum zu beobachten, die in den OE-FKF1 

Pflanzen besonders ausgeprägt war. Diese akkumulierten deutlich mehr Biomasse 

im Spross im Vergleich zur Knolle. Eine Pearson-Korrelationsanalyse der 

Transkriptom-Daten führte zur Identifizierung von StELF4 als co-reguliertes sog. 

ĂClockñ-Gen, dass möglicherweise auch eine Rolle bei der Hitzstressantwort spielt. 

Zusammenfassend scheint StFKF1 bei der frühen Regulation von SP6A und der 

Knollenbildung involviert zu sein, aber die zugrunde liegenden Mechanismen müssen 

weiter untersucht werden. Außerdem scheint es für eine verstärkte source-Kapazität 

unter Hitzestress im Blatt zu sorgen. 
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2. Introduction 

2.1. The potato crop 

Potato (Solanum tuberosum) is the most consumed non-grain crop. Its tuber is a 

source of carbohydrates, as well as vitamins and several minerals (Camire et al., 

2009). Potato consumption and production have been increased in developing 

countries over the recent decades and this growth has exceeded that of other major 

food crops particularly in Asia (http://www.fao.org/potato-2008/en/).  

The main carbohydrate of potato tubers is starch which is composed of linear 

amylose and branched amylopectin. Besides for food, its starch is used for 

bioethanol production (Tasiĺ et al., 2009; Hashem & Darwis, 2010), biodegradable 

plastic (Dufresne et al., 2000), and other industrial applications after altering its 

physiochemical properties (Jobling, 2004).  

The wild potato was originally domesticated in the Andes of South Peru, a high 

altitude region with short day length, high light intensities, and cool temperatures 

(Rodríguez-Falcón et al., 2006).  Potato from this area is a diploid (2n=24) Andean 

variety (S.tuberosum group Andigena) (Hardigan et al., 2017). The potato was 

eventually cultivated to other regions of the Andes, but this variety was unable to 

yield potato tubers in regions with longer days and warmer temperatures (Rodríguez-

Falcón et al., 2006). Therefore, some selection and breeding were carried out to 

adapt the potato plant to the different growing regions compared to its native area. 

The currently cultivated potatoes come from tetraploid (4n) Chile cultivar (S. 

tuberosum group Chilotanum), which have displaced indigenous varieties from the 

Andes (Hardigan et al., 2017). Modern tetraploid cultivars were bred to grow under 

moderate temperatures with an optimum temperature between 14 to 22 oC (Birch et 

al., 2012). Subsequently, potatoes were successfully adapted to suit the growing 

conditions in Europe and many regions with various climates.  

According to the International Potato Center, potatoes can yield a higher food 

quantity and are more efficient in water usage than cereals 

(http://www.fao.org/potato-2008/en/potato/water.html). For these reasons, cultivation 

of potatoes is a good choice for regions with little water. Considering these 

advantages, potatoes are becoming more popular and widely cultivated. 
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The recently observed global warming may cause a drastic reduction in crop yields 

(Wahid et al., 2007). Although it has been adapted to many climates, the potato is 

best adapted to a temperate climate (Haverkort, 1990). The potato yields have been 

predicted to drop by 18% - 32% in the 2050s if the global temperature keeps 

increasing (Hijmans, 2003). Therefore, there is a need to develop heat-tolerant potato 

varieties to feed the world population. 

2.2. Potato plant growth and development 

The potato plant is an annual herbaceous plant which is cultivated from its tubers or 

propagated using tissue culture technique. The development of potato plants derives 

from tubers and can be divided into five stages. Stage 1 (15-20 days) is the time to 

develop the sprout, stage 2 (15-20 days) is the vegetative growth and stolon initiation 

phase, stage 3 (15-20 days) is initiation of tuber, stage 4 (45-55 days) is the tuber 

bulking stage and stage 5 (20-25 days) is the last stage for maturation (Obidiegwu et 

al., 2015). After harvest, potato tubers become dormant, and the tubers will break 

into new plants following the end of the dormancy period (Sonnewald & Sonnewald, 

2014).  

In stage 1, the sprout develops from the tuber eyes after the tubers are at the end of 

its endodormancy period (Sonnewald, 2001). The sprouting process is affected by 

environmental factors such as temperature and humidity (Wiltshire & Cobb, 1996) as 

well as changes in tuber primary metabolism (Sonnewald & Sonnewald, 2014). 

Following sprouting, the tuber soluble sugar content decreases and starch 

degradation increases for supporting sprout growth (Biemelt et al., 2000). The 

vegetative growth during the 2nd phase is supported by the active photosynthesis, 

visible by the increase of leaves´ dry weight and sugar content. This enhanced dry 

matter and sugar content reduction at the end of the vegetative period (Kolbe & 

Stephan-Beckman, 1997).   

In stage 3, potato tubers are initiated from below-ground shoots, so-called stolons, by 

swelling of the stolon tips. This process takes place when the diageotropical growth 

stops and transverse to longitudinal cell division in pith and cortex changes (Xu et al., 

1998). The shift of stolons into tubers is related with a switch from apoplastic to the 

symplastic mode of unloading of assimilates (Viola et al., 2001).  
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The bulk of tuber tissue in stage 4 is subsequently formed by cell expansion, 

randomly oriented cell division (Jackson, 1999) and massive deposition of 

assimilates like starch and storage proteins (Visser et al., 1994; Appeldoorn et al., 

1997). In this stage, the tubers become a strong storage sink (Fernie & Willmitzer, 

2001). This tuber bulking will decrease when the tuber is in the maturation stage 

marked by the leaf senescence (Heltoft et al., 2017). Then dormancy becomes the 

final stage of the tubers´ life, and the tubers can be stored for some time. The length 

of dormancy period depends on the genotype, the conditions of tuber growing and 

storage (Aksenova et al., 2013). 

2.3. Source-Sink partitioning 

Potato source organs are metabolite exporters such as mature leaves and tubers 

during sprouting; while the main sink organs are growing tubers which import 

metabolite compounds (Frommer & Sonnewald, 1995). The capability of source 

tissue to export energy indicates ñsource strength,ò while ñsink strengthò refers to the 

sink organ ability to attract carbon compounds from source (Dwelle, 1990). The 

export of carbon from leaves is correlated with photosynthesis rate (Komor, 2000). 

This relation has been viewed in several plants such as cotton (Hendrix & Huber, 

1986), ryegrass (Wardlaw, 1990), sugarbeet (Servaites et al., 1989), sorghum and 

tomatoes (Komor, 2000). 

The active photosynthetic sources can produce triose phosphate and transport it to 

the cytosol and convert into sucrose or store it as transitory starch in the plastid 

(Ludewig & Flügge, 2013; Ruan, 2014). The temporarily stored starch is degraded at 

night for respiration and carbon resources in the dark period (Sonnewald & Kossman, 

2013; Streb & Zeeman, 2012). The formation of starch is catalyzed by several 

enzymes; it has been reviewed thoroughly by Bahaji et al., 2014 and Pfister & 

Zeeman, 2016. Sucrose synthesis in the cytosol has been reviewed by Winter & 

Huber, 2000. The balance between starch and sucrose metabolism in leaves is 

determined by the ratio of triose phosphate to inorganic phosphate (Pi) (Sonnewald & 

Kossman, 2013).  
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In general,  improving the source capacity could be achieved by a) increasing 

photosynthetic activity b) improving the translocation rate of carbon c) optimization of 

assimilate partitioning between anabolism and catabolism and d) increasing rate of 

sucrose biosynthesis (Sonnewald & Willmitzer, 1992).  

The tuber yield is affected by the translocated photoassimilate from the source leaves 

and the relative sink strength of the tuber (Ludewig & Sonnewald, 2016). Starch in 

tubers is produced from sucrose transported to the stolon which is unloaded 

symplastically (Viola et al., 2001). Upon unloading, sucrose is degraded by either 

invertases or sucrose synthases (Susy) into hexoses to support growth and 

development (Fernie & Willmitzer, 2001; Ruan, 2014). During the induction of 

tuberization, stolon growth ceases, and tuber formation starts. Subsequently, the 

activity of acid invertase decreases while Susy activity markedly increases 

(Appeldoorn et al., 1997). The Susy activity increases during tuber development, but 

drops sharply when tubers are matured or dormant (Zrenner et al., 1995). These 

structural changes result in a higher rate of sucrose translocation into the developing 

tuber and cause molecular and biochemical changes (Zrenner et al., 1995). 

Strengthening sink performance has been proposed by pulling more sucrose 

translocation into the tubers especially during the swelling phase (Fernie & Willmitzer, 

2001). 

This source-sink relationship is influenced by the genetic, abiotic as well as biotic 

factors (Lafta & Lorenzen, 1995). Heat stress is one of the environmental factors 

determining the source-sink partitioning. Under this condition, source capacity 

declines, assimilate is accumulated more in the shoots than in the tubers and thereby 

reduces tuber yields (Ewing, 1981; Wolf et al., 1990; Lafta & Lorenzen, 1995). 

2.4. Tuberization signaling 

The signal of tuberization has been identified as the potato homolog of the Flowering 

Locus T (FT), named StSP6A (Self-pruning 6A). It is regulated in leaves and its 

protein is thought to be transported to stolons to initiate tuber formation (Navarro et 

al., 2011). The process is depicted in Figure 1.  
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Figure 1. The regulatory network of the involved players during the onset of tuberization in 
potato. 
The binding of StGI and StFKF1 (regulated by blue light) functions to degrade StCDF1 and 
subsequently induces the StCOL1 expression, which negatively regulates the expression of 
the tuberisation signal StSP6A via StSP5G. The expression of StCO is also regulated by 
StPhyB. In addition, tuberization is controlled by StBEL5 and its protein partner STKNOX. 
The STBEL5 expression is regulated by light and provides a mobile tuberization signal. In the 
tuber StBEL5 and its protein partner regulate the binding of CK and GA to stimulate 
tuberization (modified after Hannapel, 2017). 
 
 
 

The expression of StSP6A is negatively regulated by a CONSTANS-like protein 

(StCOL1) through direct activation of another FT family member, StSP5G (Self-

pruning 5G), which functions as a repressor of StSP6A expression in leaves 

(Abelenda et al., 2016). StCOL1 expression oscillates diurnally and its protein is 

stabilized in the light by StPhyB (the photoreceptor phytochrome B) (Abelenda et al., 

2016). StPhyB is a negative regulator of tuber induction and prevents tuber formation 

under non-inductive conditions. This finding was supported by a report showing that 

phyB mutants caused day-length independent tuberisation (Jackson et al., 1996).  
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In addition, expression of StCOL1 or 2 is regulated by a member of the CYCLING 

DOF FACTORs (CDFs) family, StCDF1, acting as a repressor (Kloosterman et al., 

2013). StCDF1 is targeted for degradation by the proteasome by interaction with the 

clock components StGI (Gigantea) and StFKF1 (Flavin-Binding, Kelch Repeat, and 

F-box 1) (Kloosterman et al., 2013). Furthermore, the authors have uncovered that 

StCDF1 had three different alleles referred to as StCDF1.1, StCDF1.2 and StCDF1.3. 

The last two are alleles that encode for truncated proteins which have a lost domain 

III (49 amino acids). This domain determines the interactions with StFKF1 and StGI. 

Other research has revealed that S. tuberosum cultivars, which do not require short 

days for tuberisation, lack post-translation control of StCDF1 by encoding C-

terminally deleted CDF alleles, similar to StCDF1.2. These shorter proteins cannot 

bind to StFKF1 leading to increased StCDF1 stability; therefore, StSP6A expression 

is activated and induces earlier tuberisation (Morris et al., 2014).  

Besides StSP6A, the transcription factors Bellringer-1 like 5 (StBEL5) works 

tandemly with KNOX type TF (StKNOX) to regulate tuberization; they are phloem-

mobile signals and move from leaves to stolons (Banerjee et al., 2006; Mahajan et 

al., 2012). Both proteins interact with each other and promote tuberization by 

transcriptional activation of genes related to hormone metabolism (Chen et al., 2003; 

Sharma et al., 2016). The expression of StBEL5 is regulated by low blue and red light 

intensity but not by photoperiod (Hannapel & Banerjee, 2017).  

In the stolons, there are two tuber activation pathways: first, StSP6A regulates the 

tuber induction, and second, StBEL5/StKNOX complex regulates the time of 

tuberization, tuber bulking and overall yields (Hannapel & Banerjee, 2017). In 

addition, StBEL5, with StSP6A as a co-regulator, induces GA biosynthesis (Sharma 

et al., 2016). The tuber induction mediated by StSP6A has been reported to act in a 

complex with 14-3-3 proteins and StFDL1 (Flowering Locus D-like1) (Teo et al., 

2017). 
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2.5. The effect of hormones on tuberization 

Some hormones have been investigated for their roles on tuber induction and 

development. Gibberellins (GAs) have been reported to act as the inhibitor of 

tuberization (Carrera et al., 2000). The decrease of GA1 level has been observed in 

stolon tips during the early tuberization phase (Xu et al., 1998). A high GA level in 

stolons rather than in leaves delays the tubers formation (Bou-Torrent et al., 2011). 

GA also has cross-talk with another hormone, abscisic acid (ABA) (Wareing & 

Jenning, 1980). ABA has been reported to induce tuberization through an exogenous 

application (Xu et al., 1998).    

In addition, GA is in crosstalk with auxin during tuber initiation and development 

(Roumeliotis et al., 2012a). The amount of auxin increases in the stolon before 

tuberization and keeps high during the subsequent tuber growth (Roumeliotis et al., 

2012b).  The distribution of auxin during the potato plant development, especially 

during the bulking stage, is regulated by the PIN family (Roumeliotis et al., 2013). 

During the tuber induction stage, auxin is moved from the apical meristem to the 

stolon (Abelenda & Prat, 2013).  

Together with GA, cytokinin (CK) regulates the potato tuber dormancy and promotes 

sprouting (Hartmann et al., 2011). External CK application increases tuber number 

but decreases tuber weight (Tao et al., 2010). The overexpression (OE) of Lonely 

Guy (LOG1) gene, regulating bioactive cytokine from riboside conjugates, can induce 

tuber-like organs from non-tuberizing tomato plants (Eviatar-Ribak et al., 2013). It 

indicates that CK plays a role in regulating sink storage capacity (Abelenda & Prat, 

2013). 

Application of Jasmonic acid (JA) also induces tuber initiation depending on the 

concentrations (Pelacho & Mingo-Castel, 1991). Ethylene promotes the potato stolon 

elongation and the production of secondary stolons, its content increases due to 

various types of stress (Vreugdenhil & Struik, 1989). The role of salicylic acid (SA) 

and brassinosteroid (BR) are revealed to relate to stress resistance (Coquoz et al., 

1998; Hu et al., 2016), but their roles in tuberization and tuber growth are not yet 

clear.  
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2.6. The effect of the nutrient on tuberization 

Water and nutrients are two factors influencing the potato tuber yield. Potato plants 

were sensitive to water stress during the tuber swelling phase (van Loon, 1981; 

Singh, 1969). During this phase, water stress reduces the photosynthetic rate and 

biomass leading to a severe decline in potato yield (Deblonde & Ledent, 2001; Dalla 

Costa et al., 1997).  

One of the essential nutrients to maximize growth is Nitrogen (N) (Ledgard et al., 

1996). The amounts of available nitrogen have affected leaf appearance, chlorophyll 

content, tuber weight and initiation of tuber swelling (Vos et al., 1992; Mauromicale et 

al., 2006; Goffart et al., 2008). However, N application should be well managed since 

excessive N amount can stimulate shoot growth and thereby retard tuber growth 

(Goffart et al., 2008).  

Besides N, Potassium (K) is also essential for potato plants. Lack of K has induced 

black bruise (Abdelgadir et al., 2003). Potassium affects tuber quality, sugar level, 

specific gravity and storability (Westermann, 1994; Panique et al., 1997). Some 

studies have reported that there is no correlation between the K concentrations and 

the yields of diverse potato cultivars (Davenport & Bentley, 2001; White et al., 2009). 

However, the right K fertilizer source and amount are necessary to determine the 

source-sink relationship in potato. The application of KCl increases the shoot growth, 

while K2SO4 enhances the tuber development (Beringer et al., 1990). 

Phosphorus (P) is needed to gain a profitable potato yield, as it determines canopy 

development, tuber set and starch synthesis as well as resistance to disease (Rosen 

et al., 2014). An adequate P amount is needed in the early stage of growth 

(McCollum, 1978; Grant et al., 2001). Excessive P amount declines tuber yield and 

induces zinc or other micronutrient deficiencies (Hopkins & Ellsworth, 2003). Potato 

plants need a lower amount of fertilizer compared to cereal plants, in which the 

efficiency is 40-50%, 50-60% and 10-15% for N, K and P respectively in India 

(Trehan et al., 2008).  

In conclusion, water and nutrients are essential in potato cultivation since they 

determine plant growth and also the source-sink partitioning (Li et al., 2016). 
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Therefore, right timing and management practices for fertilization should be 

considered to gain a profitable yield.  

2.7. The effect of temperature on tuberization 

As originated from regions with the cool temperature, tuber yield is optimal when the 

plants are cultivated under short days at 14-22 ºC (Hancock et al., 2014). Above this 

temperature range, plant biomass accumulation and partitioning are altered, in which 

tuber yield decreases as an expense of enhanced stem growth and leaves number 

(Lafta & Lorenzen, 1995; Wolf et al., 1991). In addition, under increased temperature, 

there is a decrease of root biomass which can limit the water uptake (Huang et al., 

2012; Wahid et al., 2007) and a higher number of second tuber growths (Bodlaender 

et al., 1964).  

Besides a decline of the yield, increased temperature negatively affects 

photosynthesis rate of potato plants (Hammes & de Jager, 1990; Prange et al., 

1990). The photosynthesis rate can be reduced by several factors, e.g., the change 

in the leaves water status, leaf stomatal conductance (gs), intercellular CO2 

concentration (Geer & Weedon, 2012) or the closure of stomata (Ashraf et al., 2013). 

Plants carry out transpirational cooling to compensate the increased temperature 

deriving from the reduction of stomatal conductance and subsequently lead to the 

inhibition of Rubisco activity (Marthur et al., 2014).  

In addition, this reduction was influenced by inactivation of photosystem II (PSII) and 

changes of the redox state of plastoquinone (PQ) induced by the reactive oxygen 

species (ROS) (Asada, 2006; Marthur et al., 2014; Yamamoto, 2016). At the same 

time, the increased temperature induces photorespiration (Salvucci & Crafts-

Brandner, 2004). The photosynthesis and photorespiration are regulated by ribulose-

1,5-bisphosphate carboxylase/oxygenase (Rubisco) (Salvucci et al., 2001). Under 

increased temperature, oxygenase site prefers oxygenation to carboxylation of 

Rubisco leading to the reduction in CO2 fixation (Berry & Bjºrkman, 1980; Jordan & 

Ogren, 1984; Kobza & Edwards, 1987).  

The current investigation of potato responses to heat stress has been done by 

Hancock et al. (2014) who investigated potato cv. Desirée responses to heat stress 

(30 ºC) at the physiological, biochemical, and molecular level. The authors reported 



Introduction 
 

15 
 

that in such conditions, potato plants produced lower tuber yields that correlated with 

the decline of StSP6A in leaves even though there was an increase of photosynthetic 

rate. In addition, the plants responded to heat stress by accumulating biomass into 

shoots than tubers and increasing assimilation rate. These responses to increased 

temperature were related to altered gene expressions corresponding to the amino 

acids contents and other NȤcontaining compounds. 

2.8. The effect of light on tuberization 

Besides temperature, tuber formation is affected by photoperiodic control. The 

indigenous potato cultivar, S. tuberosum ssp. andigena initiates tuberization only 

under short-day lengths (Abelenda et al., 2011).  The tuberization in short days can 

be prevented by giving a short night break (Rodríguez-Falcón et al., 2006).  

The perception of day length signal is sensed in the leaves, it was supported by the 

result from grafting of scions of andigena plants grown under inductive day length (9 

h light) into non-induced stock plants (18 h light) and the result was the stock plants 

produced tubers. However, stock plants (9 h light) grafted with non-induced scions 

(18 h light) did not produce tubers (Chapman, 1958). 

The red light was more effective to inhibit tuberization than far-red light (Batutis & 

Ewing, 1982). Furthermore, the authors revealed that the inhibitory effect of red light 

could be relieved by exposure of far-red light immediately after red light exposure. It 

indicates that red/far-red photoreceptors, phytochromes (Phy), are involved in the 

regulation of tuberization (Jackson et al., 1996). Moreover, the authors have 

confirmed this result by knocking down the expression of StPhyB (red light receptor) 

leading to a loss of photoperiodic control over tuberization.  

In addition, blue light also influences tuberization. A continues blue light 

enlightenment has been reported to inhibit tuberization of S. tuberosum cv. Norland, 

but not cv. Desiree (Fixen et al., 2012). Another blue light receptor, StFKF1 has been 

reported to regulate tuberization through its interaction with GI to induce the 

degradation of StCDF1, thereby releasing their repression on StCOL1 transcription 

(Abelenda et al., 2011). 
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2.9. The light receptors 

The ability to sense the light is carried out by photoreceptors in plants. There are 

different classes of photoreceptors, e.g., red/far-red light and blue-light receptors 

(Chen et al., 2004) (Figure 2). The photoreceptors of red (R) and far-red (FR) light 

are phytochromes.  There are five members of phytochromes (PhyA to PhyE) in A. 

thaliana (Li et al., 2011). AtPhyA and AtPhyB perceive the FR light and R light 

respectively (Castillon et al., 2007). Those genes control CO protein stability 

antagonistically, in which AtPhyB regulates degradation of AtCO in the morning, 

while AtPhyA regulates AtCO protein stabilization in the afternoon (Valverde et al., 

2004). Several blue light photoreceptors have been reported in plants, namely 

cryptochromes, phototropins and Zeitlupe family (ZTL/FKF1/LKP2) which harbor 

flavins as the chromospheres (Banerjee & Batschauer, 2005). 

 

 
 

Figure 2. Photoreceptors in plants. 
Phytochromes are the receptors for FR and R, while Cryptochromes, Phot1/phot2, and 
ZTL/FKF1/LKP2 are receptors for blue light. The phytochromes consist of 2 PAS (Per-ARNT-
Sim.) domains and HKRD (Histidine kinase-related Domain), Cryptochromes are blue light 
receptor harboring PHR (photolyase homologous region); the phototropins harbor 2 LOV 
(light, oxygen, voltage) domains and a kinase domain. The ZTL/FKF1/LKP2 family has three 
domains, namely LOV, F box, and 6 Kelch repeat protein (modified after Kong & Okajima, 
2016). 
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The cryptochromes (Cry 1 and Cry2) are blue light receptors harboring a photolyase 

homologous region (PHR) which relates to the chromospheres flavin adenine 

dinucleotide (FAD) (Liscum et al., 2003; Liu et al., 2011; Banerjee & Betschauer, 

2005). Cry 1 and Cry 2 have extension domain at C-terminus containing a signal for 

nuclear localization. Those genes function as a regulator of CO protein stability 

through interaction with SPA1 leading to the repression of CONSTITUTIVE 

PHOTOMORPHOGENIC1 (COP1) (Zuo et al., 2011; Lian et al., 2011).  

The phototropin mediates blue light perception and has a LOV (light, oxygen or 

voltage) domain (Lin, 2002). In Arabidopsis thaliana, two phototropins (phot1 and 

phot2), have been identified (Arabidopsis Genome Initiative, 2000). Besides light 

perception, phototropin also responded to temperature to organize the chloroplasts 

for optimal assimilation for the liverwort Marchantia polymorpha (Fujii et al., 2017). 

Phot2 also regulates for the cold-avoidance response in Adiantum capillus-veneris 

(Kodama et al., 2008). In addition, photoreceptor owning photoactivated 

chromophore has a temperature sensing mechanism and functions as 

thermoreceptors (Fujii et al., 2017). 

The ZTL/FKF1/LKP2 family is characterized by three domains, namely LOV, F box 

and Kelch protein (Somers et al., 2000; Nelson et al., 2000; Schultz et al., 2001). The 

photoactive LOV domain serves as a photoperiodic blue-light receptor (Imaizumi et 

al., 2003). The function of the F-box is dealing with ubiquitinating target substrates 

(Han et al., 2004; Kuroda et al., 2002). The Kelch repeat has been reported to 

regulate a protein-protein interacting site (Fukumatsu et al., 2005, Kevei et al., 2006).  

2.10. FKF1- a blue light receptor 

The FKF1, blue light photoreceptor, interacts with GI through the LOV domain (Sawa 

et al., 2007). This binding determines the degradation of CO repressor, CDF 

(Imaizumi et al., 2003). In this degradation process, the F-box motif is involved in the 

formation of the SCF complex, whereas the Kelch repeats are responsible for 

substrate protein recognition (Andrade et al., 2001; Yasuhara et al., 2004).  

As there is a lack of report on FKF1 roles in potato plants, understanding the roles of 

FKF1 is undertaken from model plant, Arabidopsis. The expression of the AtFKF1 
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protein in leaves is diurnally regulated (Imaizumi et al., 2003) and increases along 

with developmental age according to the eFP browser (Winter et al., 2007). 

In Arabidopsis, when FKF1 absorbs blue light, it forms a protein complex with GI and 

subsequently removes the CO repressors, CDF1, through ubiquitination on CO 

promoter (Song et al., 2012). Moreover, in Arabidopsis FKF1 interacts physically with 

CO which is dependent on the blue light. This interaction enhances the stability of CO 

protein during light period transcriptionally and post-translationally and determines 

the timing of CO expression (Song et al., 2012; Song et al., 2013; Imaizumi et al., 

2003). The homologs of FKF1, ZTL (Zeitlupe) and LKP2 (Lov Kelch Protein 2) 

interact with FKF1 and GI in Arabidopsis. Both ZTL and LKP2also play a role in the 

destabilization of CDF2, CO repressor (Fornara et al., 2009). 

In addition, FKF1 also interacts with COP1 protein, a CO repressor in dark period 

(Valverde et al., 2004; Jang et al., 2008). In which FKF1 inhibits the 

COP1homodimerization and subsequently stimulates deterioration of COP1 function 

leading to the repression of CO expression (Lee et al., 2017). Both FKF1 and COP1 

regulate photoperiodic flowering by controlling CO stability, as FKF1 induces CO 

stabilization in the light period and COP1 destabilizes CO in the dark period (Sawa et 

al., 2007; Song et al., 2012). Besides, the expression of AtFKF1 was regulated by 

core clock components AtCCA1 and AtLHY indicating a network between circadian 

regulation and photoreceptors (Imaizumi et al., 2003).  

The FKF1 protein is an important player in the photoperiodic flowering pathway 

(Nakasone et al., 2010). This is supported by the result of early flowering induction in 

Arabidopsis due to AtFKF1 overexpression (Nelson et al., 2000; Imaizumi et al., 

2003). Hence, FKF1 plays a role in regulating flowering time in Arabidopsis (Imaizumi 

et al., 2003; Sawa et al., 2007; Song et al., 2012).  

2.11. Aims of the study 

The background of this thesis is that temperature is one of the most critical 

environmental factors that determine potato plant growth as they grow optimal under 

low temperature and short day length. Heat stress can have detrimental effects on 

total tuber yields by preventing tuberization, causing second tuber growth and by 

inhibiting starch accumulation. These tubers are not marketable, which causes 
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significant financial losses to the growers. Based on previous studies, it is known that 

the expression of the tuber-inducing signal - StSP6A influences tuberization. StSP6A 

expression is significantly decreased by heat treatment which correlates with the 

inhibition of tuberization. In addition, heat stress also reduces the assimilation rate 

which subsequently affects the plant growth. Although the leaf signals involved in 

orchestrating plant growth seem to be clear, tuber-derived signals mediating 

communication with the source leaves are mostly unknown. 

Considering the rising temperature due to global warming, it is important to 

investigate the response of potato plants for improving potato yield under such 

conditions. Therefore, despite many studies conducted on potato´s responses to heat 

stress, a comprehensive understanding of source-sink relation in response to the 

increased temperatures is still missing. Thus, this study was conducted to: 

1. Analyse the impact of increased temperatures on the source-sink relation in 

potato plants. 

In this work, the heat-sensitive cv. Agria (Saviĺ et al., 2012) was grown under 

increased temperatures 29/27 ºC (16 h light/8 h dark). Heat stress was applied 

separately to above-ground, below-ground and to both organs to distinguish the 

effects on source-leaves and sink-tubers. This work aimed to investigate the 

changes in plant growth, photosynthetic carbon fixation, biomass accumulation in 

response to the different stress conditions. In addition, metabolic and 

transcriptional alterations in potato plants under the above conditions were 

analysed. 

2. Analyse the role of FKF1 in potato plants. 

FKF1 was identified in the first part of the study as a candidate that might 

integrate sink-derived signals to adapt source capacity under heat stress. Thus, 

further work was conducted to study the effect of the StFKF1 modification on 

plant growth and tuberization by engineering transgenic plants with increased or 

reduced expression of FKF1. Additionally, the responses of altered StFKF1 

expression in transgenic plants to increased temperature was studied through 

investigation of biomass accumulation, sugars and starch contents and the FKF1 

expression as well as its co-regulated genes. 



Material and Methods 
 

20 
 

3. Materials and Methods 

3.1. Chemicals, enzymes and consumable materials 

All chemicals, enzymes and consumable material were purchased from the 

following companies: Roth GmbH & Co. KG (Karlsruhe), Sigma-Aldrich (St. Louis, 

USA), Applichem GmbH (Darmstadt), Fermentas GmbH (St. Leon), Roche 

Diagnostics GmbH (Mannheim), Invitrogen (Karlsruhe), New England Biolabs 

GmbH (Frankfurt am Main), Thermo Scientific (Lithuania), VWR International GmbH 

(Darmstadt).  The extraction of DNA fragments from agarose gels was performed 

by kits by NucleoSpin® Gel and PCR clean up (Machery-Nagel/Düren).   

3.2. Plant materials and growth conditions 

Potato plants used in the study were cultivar Agria and Solara. The Agria plants 

were received from Solana Research (Solana GmbH & Co. KG, Germany), while 

the Solara plants were received from Bioplant (Ebstorf). 

Tobacco plants (Nicotiana benthamiana) were used for microscopic analysis. These 

plants were received from Vereinigte Saatzuchten EG (Ebstorf) and cultivated in the 

greenhouse under condition 16 h light/8 h dark (22/20 ºC), 300 mmol quanta m-2 s-1, 

and 40% humidity. 

The potato plantlets were propagated in tissue culture on Murashige Skoog (MS) 

medium (Murashige & Skoog, 1962), supplemented with 2% (w/v) sucrose, 

appropriate phytohormones and antibiotics under 16 h light/8 h dark condition.  

After four weeks, the plants were transferred to 0.5L pots filled with soil and 

cultivated under the conditions of SD,12 h light/12 h dark, 22/20 ºC, light intensity 

400 µmol quanta m-2 s-1 and 50% humidity. Plants were watered every day. Then, 

the plants were cultivated under following specific experimental set-up: 
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3.2.1. Experimental set-up for analysis of the response of potato plants to 
increased temperature 

To investigate the response of potato plants to increased temperature, potato plants 

(cv. Agria) were grown in growth chambers at 22 /20 ºC (day/ night temperature) 

under SD condition (12 h light/12 h dark) for 21 days. This was followed by a switch 

to LD condition (16 h light/8 h dark). After 7 days plants were subjected to 3 

different stress condition for up to 14 days under LD conditions, while others were 

further kept under control conditions. The conditions of the experiment were as 

follows: A) Control (C): plants were cultivated under temperature 22/20 ºC (light/ 

dark). B) Heat plate (HP): air temperature was set to 22/20 ºC (light/ dark), while 

the below-ground temperature was adjusted to 29 ºC. C) Heat (H): entire plants 

were kept at 29/27 ºC (light/ dark). D) Cold plate (CP): temperature in airspace was 

29/27 ºC (light dark), the below-ground temperature was cooled to 22 ºC.  

Leaf samples for microarray were taken in 10 days after stress (DAS), and other 

analysis were taken in 14 DAS after 8h light using cork borer # 8 and immediately 

frozen in liquid nitrogen. The samples were stored at ī80 ºC until analysis.  

Tuber samples were taken from freshly harvested tubers by punching a cork borer 

#4 through the middle of equally sized tubers and rasping the cylinder into 

approximately 1.5 mmȤthick slices. They were taken in 10 DAS for microarray and 

14 DAS for other analysis. The frozen samples in liquid nitrogen were stored at ī80 

ºC until extraction. At the end of the experiments, plants height, tuber yield and 

shoot and tuber biomass accumulation were assessed. 

3.2.2. Experimental set-up to analyze FKF1 functions in potato plants 

For analyzing the function of FKF1 in potato plants, several transgenic lines which 

over-expressed (OE) FKF1 or had decreased FKF1 expression (RNAi-FKF1) were 

engineered. For screening of primary transgenic lines, the plants were propagated 

in tissue culture and transferred to pot (d 7.8 cm, 9 cm height) filled with soil in the 

growth chamber under controlled conditions (50% humidity, 16 h light/8 h dark, 

22/20 ºC, 400 µmol quanta m-2 s-1). After the primary screening, three lines of OE 

FKF1 (OE 8, OE 9 and OE 14) and RNAi-FKF1 (RNAi 1, RNAi 12 and RNAi 20) 

were selected for further analysis. The time of tuberization and physiological 
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development were observed by harvesting the plants every week starting from 2 

weeks after planting (WAP) to 7 WAP. 

3.2.3. Experimental set-up to analyze FKF1 functions in potato plants under 

increased temperature 

The effect of increased temperature on FKF1 OE and RNAi-FKF1 potato plants was 

investigated based on the following set-up: the OE 8; RNAi 12, and WT plants with 

16 replicates of each line were grown under conditions of 12 h light/12 h dark, 22/20 

ºC for 4 weeks. This was followed by a switch to LD condition (16 h light/8 h dark) 

for 7 days. Then, half of them were transferred into heat condition, LD (16 h light/8 

h dark), 29/27 ºC for 4 weeks. The RNA samples were taken in 1 week before 

stress treatment, 2 weeks after stress (WAS) and 4 WAS. 

3.3. Bacterial transformation 

Plasmid DNA was transferred into E. coli competent cells DH5Ŭ by heat shock 

method. The competent cells and ligated DNA plasmid was incubated 30 min on 

ice, followed by incubation at 42 ºC for 50 sec and cooling on ice for 5 min. For 

recovery, 0.5 ml SOC medium (20 g/l Trypton, 5 g/l yeast extract, 0.5 g/l NaCl, 0.19 

g/l KCl, 10 mM MgCl2, 2.46 g/l MgSO4, 4 g/l glucose) was added to the transformed 

cells and incubated for 1 h at 37 ºC. The culture was spread on solid LB medium 

(0.5% (w/v) yeast extract, 1% (w/v) NaCl and 1% BactoTM-Trypton) added with 

appropriate antibiotics and incubated at 37 ºC overnight. Positive transformants 

were selected following the plasmid isolation and digestion. 

3.4. Plasmid isolation 

The positive colonies were incubated on LB medium containing the selective 

antibiotics at 37 ºC overnight. The culture was centrifuged 13.000 rpm. The pellet 

was resuspended with 100 µl solution 1 (50mM Glucose; 10 mM EDTA; 25 mM 

Tris-HCl pH 8), added with 200 µl solution 2 (0.2 N NaOH and 1 % SDS), 150 µl 

solution 3 (3M Potassium acetate pH 4.8 and 46 ml Acetic acid) and inverted after 

respective addition. The mixture was added with 500 µl Chloroform-Isoamyl-Phenol 

and vortexed. After centrifugation, the supernatant was added with 900 µl ETOH 

absolute. The pellet was washed with 80% EtOH, air dried and added with water.  
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3.5. Stable transformation of Solanum tuberosum 

The transformation was conducted using Agrobacterium tumefaciens (strain 

C58C1)-mediated gene transfer. This strain harboring carrying helper plasmid 

pGV2260 (Deblaere et al., 1985) was taken and transformed with selected binary 

vector constructs according to the protocol by Höfgen & Wilmitzer (1990). 

Transformation of potato plants was carried out according to Rocha-Sosa et al., 

1990. 

3.6. Transient transformation of Nicotiana benthamiana 

The plant transformation was conducted using sterile 2-(N-morpholino) 

ethanesulfonic acid (MES) pH 5.6 and acetosyringone, dissolved in DMSO, were 

added to 50 ml cultures of transformed agrobacteria to final concentrations of 10 

mM MES and 20 ɛM acetosyringone. After incubation at 28 ºC overnight, bacteria 

cells were harvested by centrifugation at 4000 rpm for 15 min followed by washing 

with sterile water. The pellet was dissolved in buffer containing 10 mM MgCl2, 10 

mM MES pH 5.6 and 100 ɛM acetosyringone until the final optical density (oD600) 

of 0.8 to 1.0. After incubation for 2-3 h at RT, bacteria were infiltrated into the lower 

part of growing leaves using a blunt-ended syringe. 

3.7. RNA extraction and expression analysis by qPCR 

Total RNA was isolated from the leaves and tubers. Frozen tissue was ground in a 

mortar with liquid nitrogen until a fine powder was obtained. The RNA extraction 

was conducted with Z6 buffer (764.24 g of 8 M Guanidine-HCl, 3.90 g of 20 mM 

MES and 7.45 g of 20 mM EDTA) following Logemann et al., 1987. RNA quantity 

was tested with an ND-1000 Spectrophotometer (NanoDrop-Technologies) 

following its assay protocol. Complementary DNA synthesis was using 1250 ng of 

the extracted RNA before cleaning of the remaining DNA using 1 µl of 10X DNAse I 

MgCl2 buffer, 1 µl of DNAse I and 0.1% DEPC water until the total volume was 10 

µl. The cDNA was synthesized at 37 ºC for 1 hour, from the above total DNAse 

treated RNA after mixing with 4 µl of 5x buffer (M-MLV),2 µl of 10 mM dNTPs, 1 µl 

of 50 µM oligo dT30 and 2 µl DEPC water and incubation in 65 ºC and in 37 ºC for 

5 min. 
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The mixture was added with 1 µl of RNase inhibitor and 1 µl Reverse transcriptase. 

The reaction was incubated at 42 ºC for 2 h and terminated by heat inactivation at 

70 ºC for 10 min. The quality of cDNA was analyzed using the PCR amplification of 

actin with primers listed in table1. The corresponding primers designed by 

Primer3plus software (Untergasser et al., 2007) with the amplified target between 

80 ï 120 bp. 

About 1 µl of the cDNA was used as a template for PCR with gene-specific primers 

in a total volume of 25 ɛl with 1 Unit of Taq-polymerase, 20 ɛM dNTP, 0.25 ɛM of 

each primer and buffer of respected Taq-polymerase. 

The qPCR was performed using at least three biological replicates. Control of 

qPCR was determined using Potato ubiquitin with 1: 50 dilution cDNA. The qPCR 

was performed using 2x Brilliant SYBR® green QPCR master mix Agilent using 

Agilent 2100 Bio Analyser. The master mix consisted 1µl forward primer (1:25), 1µl 

reverse primer (1:25), 10 µl SYBR green, 5 µl of 1:50 cDNA and Nuclease-free 

water up to 20 µl. The thermal reaction was 40 cycles amplification (95 ºC for 15 

min, 60 ºC for 30 s, 72 ºC for 15 min). Relative expression was determined using 

the Pfaffl method (Pfaffl, 2001). 
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Table 1. The primers sequences used in this study 

Primers Target gene Nucleotides 
amplicon 

(bp) 

actin F 

PGSC0003DMT400047481 

GACATTTAATGTTCCTGCTATG 

343 actin R AATGGAGGAACTGCTCCTAGCG 

StFKF1 F 
PGSC0003DMT400051416 

TCATCATTTTCGGAGGTTCA 
129 

StFKF1 R TTGGAGGTTGCCCAGGTA 

StSP5G F  
Sotub05g026730.1.1 

GGTGTGTAGACTTTGGTGTGGTTT 

64 StSP5G R GGCCTCAAGGCACATCCAT 

StCol1 F 

PGSC0003DMT400026065 

GGGGTTTGATGGAAGTAGCA 

81 StCol1 R GCCCGACAGTAAACGGTACA 

StRubiscoactivase 
F 

 
PGSC0003DMT400028767 

TCGAACAAGTTGGGGAAAAA 

95 
StRubiscoactivase 

R TCCGTACTCGAGGAGCTTGT 

StSP5G like F 
PGSC0003DMT400041726 

GTGCCCAAGACCTACAATGG 

81 StSP5G like R GGAGCATGGACAATTTCTCG 

StSP6A F 

PGSC0003DMG400023365 

ACAGTGTATGCCCCAGGTTG 

87 StSP6A R AACAGCTGCAACAGGCAATC 

StUbi F 
L22576  

TTCCGACACCATCGACAATGT 105  
  StUbi R CGACCATCCTCAAGCTGCTT 

SuSy4 F 
PGSC0003DMT400007506 

ATGAACCGAGTGAGGAATGG 

155 SuSy4 R GCTGGACCACCGTGATTAGT 

StFBPase 
PGSC0003DMT400061951 

TCTGGATGGATCATCGAACA 

114 StFBPase ATCCCAGGTTGCAAGACATC 

ELF4 F PGSC0003DMT400003078 GCTATCGTGCGTTCTCGATT 
82 
 ELF4 R  ACAGGTGCAGTCTGTGTTGG 

 

3.8. Microarray hybridization 

The microarray was performed using total extracted RNA from four biological 

replicates after purification with RNeasy Mini Spin Columns (QIAGEN, Hilden, 

Germany) and quality analysis by Agilent 2100 BioAnalyzer. Samples preparation 

and labeling were performed according to the one-color microarray-based gene 

expression analysis protocol provided by Agilent including the one-color RNA spike-

in kit (Agilent Technologies, Santa Clara). Following to fragmentation, Cy3-labelled 

samples were loaded on the 8 x 60K arrays (AMADID 033033, Hancock et al., 

2014) and hybridized overnight (17h, 65 ºC). After being washed, the slides were 

scanned at high resolution with an Agilent Microarray Scanner (G2505C) and 

aligned with the appropriate template file. The microarray experiment can be found 

at ArrayExpress (https://www.ebi.ac.uk/arrayexpress/;accession E-MTAB-4808). 

https://www.ebi.ac.uk/arrayexpress/;accession
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3.9. Data extraction and analysis 

Data were extracted with the feature extraction protocol (Agilent Technologies) and 

imported into GeneSpring GX (v12.5) software. Data were normalized using default 

settings: intensity values were set to a minimum of one followed by log2 

transformation and normalization to the 75th percentile as well as a baseline 

correction to the median of all samples. Subsequently, the data quality was 

checked (ñflagsò detected) and statistical filtering was performed to their changes in 

expression equal or more than 2-fold using a one-way ANOVA analysis (pÒ0.05) 

with Benjamini-Hochberg multiple test corrections (Benjamini & Hochberg, 1995). 

The statistical significance was calculated using a volcano plot to identify 

statistically significant (pÒ0.05), equal or more than 2-fold change (FCÓ2) 

differentially expressed entities by pairwise comparison against control. The 

identified entities were separated into up- and down-regulated groups and clustered 

according to their functions. Functional categorization was taken from Hancock et 

al., 2014 or was accomplished by homology search against the Arabidopsis 

genome. Hierarchical clustering of identified genes was performed using the 

Pearson similarity measure with average linkage. 

3.10. Photosynthesis measurement 

Photosynthesis and transpiration were determined using a combined gas exchange 

chlorophyll fluorescence imaging system (GFS-3000, Walz, Effeltrich Germany). 

Parameters were measured on 8 cm2 leaf area before the treatment as well as 7 

and 14 days after stress (DAS). The measurements were conducted on the fifth 

and/or sixth fully expanded leaves counted from the apex. Assimilation rate and 

transpiration rate were calculated as described previously by Horst et al. (2010) at 

400 µL L-1 CO2 and illumination of 400 µmol m-2 s-1.  

 

 

 

 



Material and Methods 
 

27 
 

3.11. Metabolite extraction, measurement and analysis 

Metabolites were extracted from 50-100 mg samples of shock-frozen leaf and tuber 

tissue from four biological replicates and measured using the protocol previously 

published by Horst et al. (2010). In brief, phosphorylated intermediates and 

carboxylates were extracted with perchloric acid and were determined by applying 

ion chromatography connected with an ICS3000 HPLC system (Dionex) and 

ESI/MS/MS detection using a QTrap 3200 Triple-Quadrupole mass spectrometer 

with a turboV ion source (Applied Biosystems) operated in multiple reactions 

monitoring mode. 

3.12. Soluble sugar and starch measurement 

Soluble sugar and starch content were determined from two leaves (0.5 cm2) or 

tuber discs from four plants. The samples were extracted with 1 ml of 80% ethanol 

and incubated at 80 ºC for 60 min. After centrifugation at 4 ºC for 5 min at 13,000 

rpm, the supernatants were dried at 40 ºC. The residue was resolved in 250 ml of 

water and used for the determination of soluble sugar contents. The pellet was 

collected for starch contents measurement. The pellet was washed with ethanol 

and water and incubated with 0.2 M KOH at 95 ºC for 1 h. The pH value was 

adjusted to 5.5 by adding 1 M acetic acid. Starch hydrolysis and determination of 

soluble sugars were determined photometrically at 340 nm (Hajirezaei et al., 2000).  

3.13. Sucrose synthase activity measurement 

Sucrose synthase activity was determined from two tuber discs (0.5 cm2). The 

frozen materials were homogenized in 400 ul extraction buffer consisting 25 mM 

HEPES-KOH ph 7; 12 mM MgCl2; 0.5 mM Na-EDTA; 0.1% Triton x-100; 15% 

glycerin: 8 mM DTT and 0.1 mM Pefabloc. After centrifugation for 20 min, 13000 

rpm at 4 ºC, the supernatant was transferred in new tubes. The reactions of 20 µl 

extract in incubation buffer containing 20 µl of 100 mM HEPES-KOH, pH 7.8; 20 µl 

of 0.5 M sucrose, 20 µl water were incubated for 30 min in 30 ºC and activated for 5 

min at 94 ºC. The content was measured at 340 nm following Zrenner et al. (1995) 

and the protein content was measured at 590 nm and 450 nm with the Bradford 

method (Bradford, 1976). 



Material and Methods 
 

28 
 

3.14. Protein extraction and Western Blot 

Protein expression was analyzed using the Laemmli method (1970). Two leaf discs 

(cork borer Ø 4) were homogenized using homogenisator (Heidoph, Gottingen) and 

added with 100 ul 2x Laemmli buffer (50 mM Tris-HCl pH 6.8, 5% ß-

Mercaptoethanol, 10% Glycerin, 0.2% Bromophenol blue, 2% SDS and H2O with 

total volume 10 ml). After 10 min incubation in 95 ºC and short centrifugation, each 

18 µl of the sample were loaded to 10% Bis-Tris gel. The protein was separated in 

running buffer (25 mM Tris-HCl, 250 mM Glycerin at pH 8.3 and 0.1% SDS) at 

120V (mini-Protean®3 cell, BIO-RAD). The protein was transferred into 

nitrocellulose membrane (AmershamTMProton®0.45 um NC, GE Healthcare) and 

the blotting was conducted using transfer buffer (10% of 390 mM Glycine and 48 

mM Tris-HCl, 0.0375% SDS and 20% methanol) in 150 mA (FastblotTM Biometra, 

Jena). The membrane was blocked overnight using 1:1000 anti-GFP from mouse in 

1% milk-TBST buffer (200 mM Tris-HCl at pH 8.0, 5 M NaCl, 292 g/l and 0.1% 

Tween). The antibody used was Anti GFP antibody from mouse (monoclonal), 

produced by Roche Diagnostics GmbH (Mannheim). Subsequently, the membrane 

was incubated with secondary antibody (anti-mouse, 1:10.000) in 1% milk-TBST 

buffer for 1 h and washed with TBST 3 times, followed by incubation with solution A 

(200 ml 0.1M Tris-HCl pH 8.6, 50 mg Luminol), Solution B (11 mg p-Coumaric acid, 

10 ml DMSO), and 30% H2O2 for 2 min and incubated in Kodak Biomax XAR X-ray 

film. 

3.15. Chlorophyll content measurement 

Chlorophyll content was measured after incubation of two leaf discs (0.5 cm 

diameter) for 1 h in 80% ethanol at 80 ºC, as described by Arnon (1949). 

3.16. Bioinformatics analysis 

The bioinformatics analysis including DNA, RNA and protein sequences, 

alignments, dendrogram building, and sequences assembly was conducted by the 

Geneious Pro 5.4.6. Software (Drummond et al., 2010). Pairwise and multiple 

alignments were carried out using the óglobal alignment with free end gapsô type in 

93% similarity. A dendrogram was produced using default settings of the Geneious 

Tree Builder Tool in this software and applied óneighbor-joiningô tree build method. 
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4. Results 

4.1. Analysis of potato plants responses to increased temperature 

To investigate the responses of potato plants to increased temperature and to 

identify possible signals from the source to the sink, or the sink to the source, an 

experiment was set up by applying heat stress to the below or the above-ground 

organs or the whole plants. Therefore, containers were designed with controlled-

temperature plates which were flushed with either warm or cold water by a pump 

system as schematically illustrated in Figure 3. This system enabled to compare four 

conditions referred to as A) control, B) heat plate, C) heat and D) cold plate. Potato 

plants were treated in the above conditions for 14 days. Before stress application, 

plants were grown for 21 days in short day conditions (12 h light/12 h dark) at 22/20 

ºC to stimulate potato tuber induction. Prior to stress treatments plant were led to 

acclimate to LD conditions (16 h light/8 h dark) for 7 days (Figure 4A). The air and 

root space temperatures of each condition were monitored daily during the course of 

stress treatment (Figure 4B). 

 

Figure 3. Schematic representation of the experimental set-up: A) control condition (C): 
whole plants were kept at 16 h light (22 ºC), 8 h dark (20 ºC); B) heat plate condition (HP): air 
temperature was kept under control conditions, root space temperature was heated to 29 ºC; 
C) heat condition (H): whole plants were kept at 16 h light (29 ºC), 8 h dark (27 ºC); D) cold 
plate condition (CP): air temperature was kept under heat conditions, root space was cooled 
to 22 ºC (Hastilestari et al., 2018). 
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Figure 4.  Experimental design  

After transfer from tissue culture, plants were cultivated under shortȤday conditions of 12 h 

light (22 ºC) light, 12 h dark (20 ºC) for 21 days. The plants were acclimated to longȤday 
conditions (16 h light) for 7 days prior to different stress treatments for 14 days. Samples for 
Microarray were collected at 10 days after stress (DAS), and samples for other studies were 
taken 14 DAS (B) Temperature profiles during the 14 days stress period in the different 
conditions. C: control; H: heat; HP: heat plate; CP: cold plate. 

 

4.1.1. Effects of increased temperature on photosynthetic parameters and 

plant growth 

Monitoring the CO2 assimilation and transpiration rate was conducted at three-time 

points: before stress treatment: 7 day after stress (DAS) and 14 (DAS) (Table 2). In 

control plants, the photosynthesis decreased by around 10% in 14 DAS due to 

developmental age, but their transpiration rate was relatively constant at around 1.8 
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µmol m-2 s-1. Meanwhile, in all stress conditions, the photosynthesis rate decreased 

subsequently after 7 days treatment for about 25% in all stress conditions.  

Interestingly, heating below-ground area also induced a significant decrease in 

assimilation rate compared to the control condition after 7 and 14 days treatments 

respectively. In heat condition, the assimilation decreased up to 57% compared to 

control after 14 days of treatment. However, cooling the root space (CP) alleviated 

further reductions. 

Table 2.Effect of increased temperature on photosynthesis and transpiration. 

 

 

 

 

 

 

 

 

 

 

 

 

Parameters were measured before application of stress, 7 days after stress (DAS), and 14 
DAS. Data points represent the mean of 5 independent samples ± SD. Letters (a, b) above 
the bars indicate significant differences based on Studentôs t-test (p<0.05) to control plants 
in7 DAS and 14 DAS, respectively, (c) indicates significant differences between 7 DAS and 
14 DAS within a specific treatment. Similar findings were obtained in three independent 
experiments. C: control; H: heat; HP: heat plate; CP: cold plate. 
 

 

The transpiration rates increased due to elevated air temperature after 7 days 

treatments up to 2.9 and 2.4 fold for heat and cold treatment respectively (Table 2). 

After 14 days of treatment, transpiration of cold plate-grown plants was significantly 

lower than that of heat-grown ones. These results indicate a feedback signal from the 

developing sink tubers, which influences the assimilation and transpiration of source 

leaves.  

Parameter/ 

condition C HP H CP

CO2 Assmiliation 

(µmol m-2 s-1)

Before stress 7.36 ± 0.93

7 das 6.94 ± 0.26 4.69 ± 0.93
a

5.3 ± 1.14
a

5.2 ± 1.19
a

14 das 6.15 ± 0.45 4.2 ± 0.98
b

3.54 ± 1.02
b,c

4.7 ± 0.95
b

Transpiration 

(µmol m-2 s-1)

Before stress 1.73 ± 0.49

7 das 1.95 ± 0.22 0.67 ± 0.18
a

5.73 ± 1.60
a

4.72 ± 1.90
a

14 das 1.69 ± 0.21 0.76 ± 0.30
b

4.33 ± 0.80
b

3.07 ± 0.55
b,c



Result 
 

32 
 

 

Figure 5. Effect of increased temperature on plant height after 14 days heat treatments.  
(A) Habitus of plants. Bar scale indicates 10 cm (B) Plant height. Data points represent the 
mean of 5 plants ± SD. Stars indicate significant differences to control plants based on 
Studentôs t-test (*p<0.05; ** p<0.01).C: control; H: heat; HP: heat plate; CP: cold plate. 
 

 

Under increased air temperatures, potato plants have shown a thermomorphogenic 

phenotype in which plants were taller than the control plants, especially those treated 

under heat condition (Figure 5). Fresh and dry shoot biomass was negatively affected 

by an elevated temperature, with a significant reduction of fresh biomass on all heat 

stress-treated plants, especially those treated under heat condition (Figure 6A). 

Meanwhile, the dry shoot biomass was significantly reduced on plants treated in heat 

and cold plate conditions (Figure 6B). Besides shoot, tubers FW and DW per plant 

were also significantly decreased by all heat treatments (Figure 6C-D), even though 

the tuber numbers were not significantly affected (Figure 6E). Increased temperature 

induced a decrease in tuber per shoot FW and DW ratio (Figure 6F-G). This finding 

was caused by a stronger decline in tuber weight due to increased temperature as 

compared to the shoot, especially in root space area. However, cooling the root 

space has slightly alleviated the negative impact on tubers weight by increasing the 

ratio of tuber per shoot dry weight (DW) in cold plate compared to heat condition 

(Figure 6G).  
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Figure 6. Effect of increased temperature on biomass accumulation and tuber number in S. 
tuberosum cv. Agria after 14 days of stress treatments. (A) shoot fresh weight ( FW), (B) 
shoot dry weight (DW), (C) tuber FW, (D) tuber DW, (E) tuber number per plant (F) FW 
tuber/shoot ratio (G) DW tuber/shoot ratio. Fourteen days after stress treatments, plants 
were harvested and shoot and tuber fresh weight (FW) was measured (n=10). Subsequently, 
dry weights (DW) of shoots and tubers were determined (n=5). Data points represent the 
mean of 5-10 plants ± SD. Stars (*) indicate significant differences between control and 
treatments based on Studentôs t-test (p<0.05). C: control; H: heat; HP: heat plate; CP: cold 
plate. 
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4.1.2. Effects of increased temperature on the soluble sugars and starch 

contents in leaves 

The increased temperature affected soluble sugar contents of leaves after 14 days of 

stress treatments. Glucose contents significantly increased 36.8% and 34.5% in HP 

and CP plants respectively (Figure 7A); fructose contents in HP, H and CP were 

significantly increased by 52.1%, 5.8% and 19.7% respectively (Figure 7B); while 

sucrose contents were not affected (Figure 7C).  Starch contents decreased around 

30%, 50% and 40% in HP, H, and CP, respectively, compared to control plants 

(Figure 7D). Cooling the root space of plants growing in the increased air 

temperature (CP) alleviated the heat effect and saved 10% reduction in the amount 

of transitory starch in leaves compared to the heat condition.  

 

 

Figure 7. Soluble sugar and starch contents after 14 days treatments in leaves. (A) glucose 
content, (B) fructose content, (C) sucrose content, (D) starch content. Data represent the 
mean of five independent samples ± SD. Stars (*) indicate significant differences between 
control and treatments based on Studentôs t-test (p<0.05). Similar results were obtained in 
three independent experiments. C: control; H: heat; HP: heat plate; CP: cold plate. 
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4.1.3. Effects of increased temperature on the content of soluble sugars, starch 

and Susy activity in tubers 

Tubers harvested from all stress conditions contained significantly 63.6%, 67.4% and 

61% less glucose level in heat plate, heat and cold plate condition respectively 

compared to the controls. Fructose content of CP plants reduced up to 50% and 

sucrose content of plants under increased root space temperatures was reduced by 

45.9% for heat plate and 62% for heat conditions compared to plants in the control 

conditions (Figure 8A-C). Consistent with the low sucrose amount in tubers of heat-

grown plants, the starch contents declined by approximately 60%. Cooling the root 

space in the CP condition significantly ameliorated starch accumulation in tubers, 

while increasing below-ground temperatures in heat plate conditions also significantly 

declined starch deposition (by ca. 40%).  

 

Figure 8. Soluble sugars and starch contents after 14 days treatment in tubers. (A) glucose 
content (B) fructose content (C) sucrose content (D) starch content. Data represent the mean 
of 5 independent samples ± SD. Stars (*) indicate significant differences between control and 
treatments based on Studentôs t-test (p<0.05). Similar results were obtained in 3 independent 
experiments. C: control; H: heat; HP: heat plate; CP: cold plate. 
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Previous work identified sucrose synthase (Susy) as a major determinant of tuber 

sink strength and starch accumulation (Zrenner et al., 1995; Baroja-Fernández et al., 

2009). Susy catalyses the conversion of sucrose into fructose and UDP-glucose 

(Geigenberger & Stitt, 1993). Susy activity was measured to investigate whether sink 

strength was affected by heat-mediated alteration of source-strength and/or sink-

capacity. The Susy activity decreased in tubers of plants treated with higher root 

space temperatures by 40.8% in HP and 53.8% in the heat condition. The reduction 

of starch contents correlated with the decline in Susy activity. As shown in Figure 9A, 

Susy activity was sensitive to increased temperatures. In addition, the transcript 

amount of Susy4, coding for the main isoform in tubers (Van Harsselar et al., 2017; 

Fu & Park, 1995), was strongly decreased in tubers grown under increased root 

space temperatures while cooling the root space temperatures led to lower inhibition, 

which was reduced by only 20% (Figure 9A).  

 

Figure 9. Effect of increased temperature on (A) Susy activity after 14 days stress treatment 
in tubers, data points represent the mean of 3 independent biological replicates and two 
technical replicates ± SD. (B) Susy 4 relative expression. Data points represent the mean of 
4 independent biological replicates ± SD. Stars (*) indicate a significant difference between 
control and treatment based on Studentôs t-test (p<0.05).C: control; H: heat; HP: heat plate; 
CP: cold plate. 
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4.1.4. Effects of increased temperature on primary metabolite contents in 

leaves and tubers 

Primary metabolite contents of leaves and tubers were measured using GC-MS 

which was done by Bioanalytic group of the chair of Biochemistry (Dr. Jörg Hofmann 

and David Pscheidt). Data were analyzed by principle component analysis (PCA) as 

illustrated in Figure 10. In leaves, the metabolites were well separated along the first 

PCA axis which accounted for 68.1% of the variances between plants treated under 

the increased air temperatures (H and CP) and those under the control air 

temperatures (C and HP). In tubers, the metabolites were separated between heat 

plants and other treatments along the first PCA axis accounting for 45.3% of the 

variance (Figure 10). 

 

Figure 10. The principle component analysis (PCA) of metabolite levels measured by 
GC_MS in (A) leaves (B) tubers. Data were taken from four biological replicates of control 
(C), heat plate (HP), heat (H) and cold plate (CP).  

Primary metabolite levels in leaves and tubers were altered by elevated temperatures 

(Figure 11). In leaves, increased air temperature significantly induced an increase in 

glucose-1.6-biphosphate (G1.6BP) (Figure 11C) and fructose-1.6-bisphosphate 

(F1.6BP) (Figure 11 E) contents, but it significantly reduced the amount of fructose-6-

phosphate (F6P) (Figure 11D) and relatively declined the glucose-6-phosphate (G6P) 

contents. The contents of the tricarboxylic acid (TCA) intermediates were not affected 

by heat treatment, except isocitrate (Figure 11M) and a-ketoglutarate (Figure 11N) 

which significantly increased under HP treatments. The contents of Ru-1.6-BP were 

significantly reduced under all heat treatment (Figure 11R). 
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In tubers, the sugar pool in tubers were not affected by heat stress treatment except 

Glc-1.6-BP (Figure 11C) and Fruc-1.6-BP (Figure 11 E) which decreased in H and 

CP condition respectively. The increased root space temperatures affected the 

amounts of the TCA intermediates such as citrate (Figure 11L), isocitrate (Figure 

11M), alpha-ketoglutarate (Figure 11N), fumarate (Figure 11O) and malate (Figure 

11Q). Interestingly, cooling down the root space temperature alleviated the decline of 

these metabolites amounts and increased adenosine triphosphate (ATP) (Figure 

11T) and succinate (Figure 11P) amounts in CP grown plants. The contents of Ru-

1.6-BP were significantly reduced under HP condition only (Figure 11R). 
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Figure 11. Primary metabolite contents in leaves and tubers after 14 days stress treatment. 
A)G6P, B)G1P, C)Glc-1.6-BP, D)Fruc6P, E)Fruc-1.6-BP, F)UDP-Glc, G)ADP-Glc, H)Ppi, I) 
DHAP, J)PEP, K)E4P, L)Citrate, M) Isocitrate, N) a-ketoglutarate, O)Succinate, P)Fumarate, 
Q)Malate, R)Ru-1.6-BP, S)3PGA, T)ATP, U)AMP, V)UDP, W)ADP, X)Shikimate. Leaf 
samples (Ǐ) were taken after 8h light, while tuber samples (ƴ) were taken immediately after 
harvest from the plant. Data points represent an average of 4 samples ± SE. Stars (*) 
indicate a significant difference between control and treatment based on Studentôs t-test 
(p<0.05). C: control; H: heat; HP: heat plate; CP: cold plate. 
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4.1.5. Effects of increased temperature on gene expression in leaves 

Gene expressions in leaves under different heat conditions were assessed by 

microarrays using cDNA probes taken from leaves and tubers harvested after ten 

days of treatments. Leaf samples were collected at the end of the dark period to 

reduce the over-expression of photosynthetic and other light-responding genes which 

could distract the identification of genes related to the altered source-sink 

relationship. The samples were prepared and hybridised by S. Reid, S. Sonnewald 

and J. Lorenz. 

Transcripts that were differentially expressed in each condition as compared to 

control were identified in leaves by volcano plot analysis (pÒ0.05, fold change of 

expression (FC)Ó2) (Table 3). Under heat conditions, 2949 transcripts were 

differentially expressed as compared with the control leaves, with 1604 transcripts 

up-regulated and 1345 downregulated. Under heat plate conditions, there were 343 

and 94 transcripts up-regulated and down-regulated, respectively with a total number 

of 437 transcripts. Under cold plate conditions, there were 1979 upregulated and 

2308 downregulated transcripts, with a total of 4287 differentially expressed 

transcripts (Table 3). All together, they sum up to a total number of 5093 differentially 

expressed transcripts measured in leaves (Table 3) 

Table 3. Number of statistically significant differentially expressed transcripts in leaves in 
each condition as compared to controls. Transcripts were identified by volcano plot analysis 
(pÒ0.05, FCÓ2). 
 

Comparisons against 
control in leaves 

Number of differentially 
expressed transcripts 

up-
regulated 

down-
regulated 

Heat (H) 2949 1604 1345 

Heat plate (HP) 437 343 94 

Cold plate (CP) 4287 1979 2308 

Total number of transcripts 5093     

The transcripts differentially expressed under each stress condition as compared to 

control samples were clustered into 25 functional groups categories (Table 4). For 

each comparison, the number of entities within each group and were determined. 

The ñnumber of entitiesò denotes the number of upregulated or downregulated 

transcripts in each functional group. The ñenrichmentò was calculated from the ratio of 
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the percentage of entities in a specific category related to the percentage of entities 

in this specific group on the whole array. 

Table 4. Functional assignment of up- and down-regulated transcript in individual stress 
treatments compared to control leaves. 

 

 
 

Differentially expressed transcripts identified by volcano plot analysis (pÒ0.05, FCÓ2) were 
assigned to specific functional groups. Numbers of entities were calculated based on the 
number of transcripts with altered regulated expression in the specific functional group. 
ñRelative to arrayò was calculated based on the ratio of the percentage of entities numbers in 
the specific regulated condition to the percentage of entity numbers in each functional group 
of the whole array indicating relative enrichment. Red and blue cells represent over- and 
under-regulated functional categories respectively. 

 

The most altered functional group due to increased temperature was 

ñPhotosynthesis.ò There were 6.38, 22.81 and 3.65 times more transcripts relative to 

array downregulated in heat, heat plate and cold plate grown plants respectively. The 

functional grouping revealed that transcripts coding for genes related to 

photosynthesis were strongly down-regulated in all treatments, especially genes 
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coding for components of photosystem II (Table 5). However, interestingly the 

subgroup ñCalvin cycleò was mostly upregulated under heat stress. 

 
Table 5. Differentially transcriptional changes in expression of ñphotosynthesisò group in 
leaves. Shown are log2 fold changes (FC) in the expression of the transcripts as compared 
to the control (pÒ0.05, FCÓ2). Red and blue cells represent over- and under-regulated 
expressions functional categories, respectively. 
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The upregulated transcripts in ñCalvin cycleò subgroup mainly represented by 

Rubisco small and large subunits, a Rubisco N-methyltransferase and Rubisco 

activase (Figure 12A). The expression of rubisco activase was verified by qRT-PCR 

using leaves samples after 14-day treatments from an independent experiment 

showing that its expression was higher in all stress conditions compared to control 

with the strongest increase (ca. 6-fold) in cold plate-grown plants (Figure 12B). 

However, 6 transcripts related to ñCalvin cycle,ò namely aldolase, phosphoglycerate 

kinase, Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), transketolase, and 

fructose-1,6-bisphosphatase (FBPase), were downregulated due to elevated air 

temperatures (Figure 12C). Cytosolic FBPase expression was verified by qPCR 

analysis using the corresponding gene (PGSC0003DMG400024109) showing a clear 

decrease of cytosolic FBPase expression under increased air temperatures. Under 

heat and cold plate conditions, the relative expression was downregulated 

approximately 5-fold and 2-fold compared to the control condition respectively (Figure 

12D).  
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Figure 12. Transcriptional changes in the expression of Calvin cycle enzymes related genes 
in leaves. 
A) normalized signal intensities of transcripts differentially up-regulated under increased air 
temperature B) relative expression of Rubisco activase (PGSC0003DMT400028767) as 
revealed by qPCR. C) normalized signal intensities of Calvin cycle genes significantly down-
regulated under increased air temperatures. D) relative expression of fructose-1,6-
biphosphatase (PGSC0003DMT400061949) as determined by qPCR. Bars represent the 
mean of 3-4 biological replicates ± SD. Stars (*) indicate a significant difference between 
control and treatment based on Student t-test (p<0.05). 
 

The group of ñpolyamine metabolismò was represented by 7.75 fold and 4.71 fold 

upregulated transcripts relative to the array in the heat and cold plate conditions. This 

group displayed only a few transcripts, namely 4 and 3 out of 17 transcripts. Within 

this group, S-adenosylmethionine decarboxylases (SAM-DC) was represented by 2 

genes, e.g.PGSC0003DMG400016009 and PGSC0003DMG400032117. Those 

genes were 3 to 7 fold upregulated in heat condition and 2 to 9 fold in cold place 

conditions (Figure 13). 
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Figure 13. Transcriptional changes in expression stress-related transcripts representing 
ñpolyamine metabolismò in leaves. Bars represent relative expression on array of S-
adenosylmethionine decarboxylases A) (PGSC0003DMG400016009) and B) 
(PGSC0003DMG400032117). 
 

The ñHormoneò group was mostly enriched in cold plate condition and only very little 

in the heat plate conditions. In terms of transcript numbers, ethylene related 

transcripts were the most altered (43%), followed by auxin-related (17%), ABA-

related (13%) and the lowest one were transcripts related to SA metabolism and 

signalling (1%) (Figure 14A). Expression of transcripts related to ethylene metabolism 

was affected mostly in the cold plate conditions, in which 26 transcripts were 

upregulated and 38 transcripts were downregulated (Figure 14B). In the heat 

conditions, 20 transcripts were upregulated and 26 transcripts were downregulated in 

this category.  

 

 

 

Figure 14. Differentially expressed transcripts in ñhormoneò group in leaves (pÒ0.05, FCÓ2), 
A) percentage of transcripts in a specific subgroup relative to its number within the entire 
group ñhormoneò, GA (gibberellin), JA (jasmonic acid), SA (salicylic acid), ABA (abscisic 
acid), BR (brassinosteroid), CK (cytokinin) (B) Number of upregulated and downregulated 
transcripts compared to control. 
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In the ñstressò group, transcripts were sub clustered with the highest altered number 

of transcripts in ñstress.abiotic.heatò (Figure 15). Within this subgroup, there were 45 

and 61 transcripts upregulated in the heat and cold plate conditions respectively, 

while only few numbers of transcripts in the heat plate conditions were altered.   

 

 

Figure 15. Transcriptional changes in the functional group of ñstressò in leaves.  
Differentially expressed transcripts involved in functional group ñstressò were subgrouped 
according to their putative functions. Bars represent transcripts numbers significantly upȤ or 

downȤregulated in each treatment compared with control (pÒ0.05, FCÓ2). 
 

Among transcripts in ñstress.abiotic.heatò subgroup, the highest expression was 

detected in chloroplast small Heat Shock Cognate (HSC) class 1. There were 8 

transcripts coding for 7 genes. Among those genes, Gene ID 

PGSC0003DMG400011632 was the highest, with 100 and 27 fold upregulation in 

cold plate and heat conditions respectively (Figure 16A). Among small Heat Shock 

Protein (sHSP), consisting of 4 transcripts coding for 3 genes, the highest relative 

expression was PGSC0003DMG400011977; its expression was 80 and 20 fold 

higher in cold plate and heat conditions (Figure 16B).  The highest expression of the 

Heat Shock Protein (HSP), represented by 4 transcripts coding for 4 genes, was 

PGSC0003DMG400020718 which was upregulated 61 fold and 21 fold in cold plate 

and heat conditions respectively (Figure 16C). The HSC 70 was represented by 2 

transcripts coding for 2 genes, PGSC0003DMG400000444, and 

PGSC0003DMG400027750 (Figure 16D). Both genes were upregulated 5-8 fold and 

2-5 folds in cold plate and heat conditions respectively.  
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Figure 16. Expression of selected transcripts related to ñstressò in leaves.  
Differentially expressed transcripts (pÒ0.05, FCÓ2) of different heat shock protein classes are 
shown:. A) Chloroplast small HSC class1, B) Small Heat Shock Protein (HSP), C) Heat 
Shock Protein (HSP), D) Heat Shock Cognate (HSC) 70. Bars represent relative expression 
on the array 
 

As seen in Figure 5, the increase in plant height due to elevated air temperatures 

indicated that there were transcripts involved in phototropism. The phototropism 

responses were induced by light signaling and auxin regulation (Table 6). In the 

subgroup of ñlight signaling,ò there were 17 transcripts involved in phototropic 

responses. The light signaling related transcript with the strongest decrease was 

StPhyB2 which decreased around 3-fold in heat plate and about 9-fold in the heat 

and cold plate conditions. However, NPH3 (Non-phototropic hypocotyl 3-like protein), 

belonging to a plant-specific NRL family (NPH3/RPT2-like) was upregulated under all 

heat treatments. Another NRL family involved in phototropism BZIP transcription 

factor (PGSC0003DMT400064176), homolog to NPY2 (NAKED PINS IN YUC MUTANTS 

2, AT2G14820), was also upregulated in all heat conditions. 

Some transcripts encoding root phototropism protein expressions were altered due to 

the heat treatments. The expression of BZIP transcription factor 

(PGSC0003DMT400031245) homolog to Arabidopsis RPT2 (Root Phototropism 2) 

was downregulated stronger in cold plate than other heat treatments. However, other 
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root phototropism proteins transcripts (PGSC0003DMT400044079 and 

PGSC0003DMT400047312) were upregulated in the cold plate and heat treatments.  

Some transcripts involved in the auxin pathway were also differentially expressed in 

the array. For example, there was up-regulation of the auxin efflux carrier PIN1 

(PGSC0003DMG400008379), auxin response factors (ARF) 4 and 6, auxin 

responsive SMALL AUXIN UP RNAs (SAUR) or GH3-like genes as well as of 

expansins, in particular when the plant was grown under heat and cold plate 

conditions. 
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Table 6. Expression of selected transcripts involved in phototropic responses in leaves. 
Shown are log2 fold changes (FC) in the expression of the representative transcripts as 
compared to control (pÒ0.05, FCÓ2). Red and blue cells represent over- and under- regulated 
transcripts, respectively. 
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As tuberization is regulated by the circadian clock (Abelenda et al., 2014), transcripts 

related to clock and tuberization were investigated. Transcripts showing significantly 

altered expression in at least one treatment were analyzed using hierarchical cluster 

analysis (Figure 17A). Some transcripts showed down-regulation by increased air 

temperature, such as StPhyB2, StCDFs, StSP6A and StMyb114 transcription factor, 

homolog to LATE ELONGATED HYPOCOTYLS (LHY) from Arabidopsis, and EARLY 

FLOWERING 4 (StELF4). 

The expression of StSP6A decreased in leaves grown under increased air 

temperatures. The result was supported by qRT-PCR that revealed a reduction of 

StSP6A expression in all stress conditions, with a severe decline in the heat condition 

(Figure 17B). Since StSP5G (Sotub05g026730.1) was not represented by an 

oligomer on the microarray, the relative expression was performed by qPCR analysis 

with samples from an independent experiment. The pattern of StSP5G relative 

expression was the opposite to the decreased pattern of StSP6A, in which it showed 

an increase under stress (Figure 17C).  

StFKF1 also decreased in heat condition but responded differently to the heat plate 

or cold plate (Figure 17A).The expression of StFKF1 was verified using qPCR and 

showed a decline under increased soil temperatures, but its mRNA level slightly 

increased by cooling the root space (Figure 17D).  
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Figure 17.Expressions of the clock- and tuberization-associated transcripts in leaves. A) 
Normalized expression values of transcripts associated with the circadian clock and/or 
tuberization (microarray data) were analyzed by hierarchical clustering using Genespring GX 
v12.5 with Pearson (uncentered) algorithm and Ward linkage rule. Selected genes were 
verified by qPCR. B) StSP6A (PGSC0003DMT400060057), C) StSP5G 
(Sotub05g026730.1.1), D) StFKF1 (PGSC0003DMT400051416). Ct-Values were normalized 
to the expression of ubiquitin and displayed relative to control values, which were set to one. 
Data points represent the mean of 3 independent samples with 2 technical replicates ± SD. 
Stars (*) indicate a significant difference between control and treatments based on Studentôs 
t-test (p Ò 0.05). Similar results were obtained in 3 independent experiments. 

Since a clear reduction in the accumulation of transitory starch was determined in 

leaves grown under heat condition (Figure 8D), expression of starch biosynthetic 

related genes based on annotation as described by Van Harseelaar et al., 2017 was 

investigated. In total, 75 transcripts coding for starch biosynthetic and degrading 

enzymes were present on the array. Out of them, 23 transcripts showed significantly 

altered expression in at least one stress condition. In leaves of heat plate-grown 

plants, GPT2.2 was the only gene which was significantly changed in expression, 

with an about 4.5-fold increase in the amounts of the 3 corresponding transcripts. 

Under the heat condition, these transcripts exhibited an up to 25-fold increase 

compared to control leaves, while it was only 2.3-fold in leaves of the cold plate-

treated plants. 
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In contrast, the expressions of important starch biosynthetic genes, such as ADP-

glucose pyrophosphorylase large subunits 1 and 3 (StAPL1, StAPL3), granuleȤbound 

starch synthase 1 (StGBSS1), or starch branching enzyme 3 (StSBE3), were 

downregulated under increased air temperatures. Expressions of most genes coding 

for starch degrading enzyme were unaltered or lower than in control leaves, but the 

expression of Amy23 increased ca. 2.5-fold in heat conditions (Figure 18, Table S1). 

 

 

 

Figure 18. Expression of selected transcripts involved in starch metabolism genes in leaves. 
Shown are log2 fold changes (FC) in expressions of starch biosynthesis genes that showed 
significant regulation in at least one stress condition as compared with the control condition 
(pÒ0.05, FCÓ2). 
 
 

4.1.6. Effects of increased temperature on gene expression in tubers 

Microarray data analysis revealed that among 1467 significantly regulated transcripts 

under at least one stress condition in tubers (pÒ0.05; FCÓ2), 1384 numbers were 

altered due to heat application in which 710 transcripts were upregulated and 674 

numbers were downregulated. Heating the root space in heat plate conditions altered 

158 transcripts in which 76 and 82 transcripts were upregulated and downregulated 

respectively. In cold plate treatments, there were 175 transcripts were up-regulated 

and 169 transcripts were down-regulated in total were 344 transcripts (Table 7). 
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Table 7. Number of statistically significant differentially expressed transcripts in tubers in 
each condition as compared to controls. Transcripts were identified by volcano plot analysis 
(pÒ0.05, FCÓ2). 

Comparisons against control 
in tubers 

Number of differentially 
expressed transcripts 

up-regulated down-regulated 

Heat (H) 1384 710 674 

Heat plate (HP) 
158 76 82 

Cold plate (CP) 
344 175 169 

Total number of transcripts 
1467 

 
    

 

Similar to the leaves, each transcript was assigned to a functional group and 

analyzed with an enrichment analysis (Table 8). For each functional group, the 

ñnumbers of entitiesò and ñenrichmentò were determined. 

 

Table 8. Functional assignment of up- and down-regulated transcript in individual stress 
treatments compared with control conditions in tubers. 

 
 
 

Differentially expressed transcripts identified by volcano plot analysis (pÒ0.05, FCÓ2) were 
assigned to specific functional groups. ñNumber of entitiesò was calculated based on the 
number of transcripts with altered regulated expression in a specific functional group. The 
ñenrichmentò was calculated based on the comparison of the percentage of entities in a 
functional group to the percentage of entities in each functional group of the whole array. 
Red and blue cells represent over- and under-regulated functional categories, respectively. 
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Based on the above assignment, the groups related to ñstressò and ñother 

metabolismò were enriched among the upregulated transcripts, while ñhormone 

metabolismò was mostly downregulated, especially under cold plate condition.  Within 

the stress related group, transcripts involved in  ñstress.abiotic.heatò subgroup were 

clearly enriched in tubers grown under all stress conditions, especially in heat (Figure 

19). 

 

Figure 19. Transcriptional changes in the tuber in the functional group related to ñstressò.  
Differentially expressed transcripts involved in ñstressò-response were subgrouped according 
to their putative functions. Bars represent the number of transcripts significantly upȤ or 

downȤregulated in each treatment compared to the control condition (pÒ0.05, -2ÒFCÓ2). 
 

Among the transcripts related with abiotic heat stress, the highest fold change was 

detected for HSP 83 represented by 3 transcripts, which were up to 2-, 6- and 3- fold 

upregulated in HP, H and CP compared to control condition respectively. It was 

followed by small HSP and HSP 17.6 which were also strongly upregulated (Table 9). 
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Table 9. Changes in expression of selected transcripts of th subgroup ñstress.abiotic.heatò 
enriched in tubers. Shown are log2 fold changes (FC) in the expression of the representative 
transcripts as compared to control (pÒ0.05, FCÓ2). Red and blue cells mark up- or down-
regulation, respectively. 

 

 



Result 
 

56 
 

The group of ñdevelopmentò comprises 33 transcripts. This group contained the 

storage protein patatin, few transcripts coding for nodulin MtN3 family proteins and 

auxin-induced proteins 5NG4 which expression were downregulated (Table S2). The 

last two proteins are highly similar to Sucrose efflux carriers SUGARS WILL EVENTUALLY 

BE EXPORTED TRANSPORTERS (SWEETs) and USUALLY MULTIPLE AMINO ACIDS MOVE IN 

AND OUT TRANSPORTERS (UMAMITs) from A. thaliana. Transcripts with the strongest 

down-regulation in all stress conditions were related to UMAMIT14 (Figure 20). Also, 

the expression of StSWEET1 (PGSC0003DMG400024818) was reduced in all 

conditions, especially under heat conditions (Figure 20). 

 

 

Figure 20. Functional assignment of up- and down-regulated transcripts in group 
ñdevelopmentò compared to control in the tuber. Bars illustrate the log2 fold changes (FC) in 
the expression of selected transcripts compared to control condition (pÒ0.05, FCÓ2). 
 

In ñenergy metabolismò group, most transcripts were downregulated in heat condition, 

especially pyruvate dehydrogenase (PDH) E1 alpha subunit, the subunits of the 

trimeric ATP-citrate synthase, NADH dehydrogenase and cytochrome b-c1 coding for 

components of complex I and III of the respiration chain (Table 10). PDH E1 alpha 

subunit was downregulated up to 2 fold in heat treatment. The trimeric ATP-citrate 

synthase was downregulated almost 50% under heat treatment compared to control. 

NADH dehydrogenase expression decreased due to the H, but cooling down the root 

space in cold plate conditions induced 10-fold upregulation. The cytochrome b-c1 

was down-regulated in H condition but cytochrome c oxidase subunits (COX5C, 

COX2) and ATP synthase subunit 9 were upregulated in the same condition. 
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Table 10. Changes in expression of selected transcripts of the functional group ñenergy 
metabolismò in tubers. Shown are the log2 fold changes (FC) in the expression of the 
representative transcripts as compared to control (pÒ0.05, FCÓ2). Red and blue cells 
represent up- and downr-regulated transcripts, respectively. 
 

Transcript ID 
log2 FC control vs. 

UniRef based putative functional annotation 
Arabidopsis 

homolog HP H CP 

PGSC0003DMT400001261 0.6 2.56 0.88 Cytochrome c oxidase subunit 5C   
PGSC0003DMT400001259 0.75 2.73 0.77 Cytochrome c oxidase subunit 5C   

PGSC0003DMT400005614 0.44 1.28 0.17 ATP synthase subunit 9, mitochondrial   

PGSC0003DMT400023125 -0.12 1.59 0.04 Carbonic anhydrase family protein AT3G52720  

PGSC0003DMT400043387 0.47 1.26 0.84 Mitochondrial substrate carrier family protein AT4G03115 

PGSC0003DMT400080385 0.66 1.21 0.51 Cytochrome c oxidase subunit 2 ATMG00160  

PGSC0003DMT400005639 0.05 -1.1 -0.63 
Hydrogen-transporting ATP synthase, rotational 
mechanism 

AT4G29480 

PGSC0003DMT400010678 0.91 -2.64 3.42 Internal rotenone-insensitive NADH dehydrogenase AT1G07180  

PGSC0003DMT400010676 1.2 -2.25 3.33 Internal rotenone-insensitive NADH dehydrogenase AT2G29990  

PGSC0003DMT400010677 0.83 -2.1 3.1 Internal rotenone-insensitive NADH dehydrogenase AT2G29990  

PGSC0003DMT400053201 -0.47 -1.06 -0.79 Cytochrome b-c1 complex subunit 8 AT5G05370 

PGSC0003DMT400069976 -0.23 -1.17 -0.29 ATP:citrate lyase AT3G06650  

PGSC0003DMT400069975 -0.35 -1.21 -0.34 ATP-citrate synthase AT5G49460  

PGSC0003DMT400078304 -0.49 -1.04 -0.78 Cytochrome b-c1 complex subunit 8 AT5G05370 

PGSC0003DMT400023749 -0.61 -1.05 -1.12 ATP synthase epsilon chain, mitochondrial AT1G51650 
PGSC0003DMT400035288 -0.04 -1.06 -0.43 Pyruvate dehydrogenase E1 alpha subunit  AT1G01090  

PGSC0003DMT400047154 -0.39 -1.13 -0.7 ATP-citrate synthase AT1G09430  

 

Fifty transcripts involved in ñhormoneò group were affected by increased temperature 

(Table S3). The most affected hormone was ethylene followed by auxin, JA, GA, 

ABA, BR, CK and SA (Figure 21A). Subgroup related with transcripts encoding 

ethylene metabolism was represented by 18 transcripts with the highest upregulation 

in expression in an ethylene-responsive transcriptional coactivator-related-transcript. 

This transcript was similar to Arabidopsis MULTIPROTEIN BRIDGING FACTOR 1C 

(MBF1C; AT3G24500). Its expression was up to 5.5, 2.5 and 2 fold changes in the H, 

CP and HP conditions respectively (Figure 21B). The subgroup related with 

transcripts encoding ñauxinò metabolism was represented by 14 transcripts which 

expressions were mostly downregulated under all stress conditions. The strongest 

reduction was detected in Auxinïinduced protein 6B which was up to 4 fold 

downregulated in heat compared to control conditions (Figure 21B).  

The subgroup related with ABA transcripts was represented by two transcripts with 

the strongest reduction in the ABI3 which was downregulated up to 1.5 to 2 fold 

compared to the control condition in all heat stress conditions. The ñcytokininò 

subgroup was downregulated in all stress conditions with the strongest 

downregulation in cytokinin oxidase/dehydrogenase which was downregulated up to 
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2 fold in the heat treatment. The JA hormone was represented by 7 transcripts which 

expressions were slightly downregulated. The GA and SA hormone were represented 

by 3 and 1 transcript respectively which was downregulated compared to control. 

 

Figure 21. Expression of selected transcripts of the functional group ñHormoneò in tubers A) 
percentage of transcripts in a specific group relative to its number within the entire group, 
gibberellin (GA), jasmonic acid (JA), abscisic acid (ABA), brassinosteroid (BR), cytokinin 
(CK) and salicylic acid (SA) and B) Changes in the expression of transcripts involved in 
ñHormoneò. Bars illustrate the log2 fold changes (FC) in the expression of selected 
transcripts compared to control condition (pÒ0.05, FCÓ2). 
 

In the group ñDNA,ò some transcripts were strongly up-regulated , particularly in heat 

plate treatment. Within these transcripts, a nucleosome assembly protein (NAP) was 

represented by 3 transcripts, with 2 transcripts representing the same gene 

(PGSC0003DMG402004883) and another transcript encoding a subunit of the 

replication protein A (Table S4). NAPs are chaperones for core histones (H2A, H2B). 

Expressions of both NAP-specific transcripts were increased about 5-fold under heat 

plate conditions and ca. 12-fold in heat, but they were less increased (3.8-fold) in cold 

plate (Table S4). 

4.1.7. Alteration of gene expression profile dealing tubers starch metabolism 

Heat stress also affected the expression of starch metabolism genes. The annotation 

of the corresponding transcripts was done based on Van Harsselaar et al., 2017. 

They were divided into starch biosynthesis, starch degradation, sucrose biosynthesis, 

and sucrose breakdown (Table 11). Although the starch contents in tubers was 

reduced in heat and heat plate conditions (Figure 8D), expression of starch genes 

was only slightly altered in tubers (Table 11). The array data indicated there only 2 

gene transcripts were statistically significantly altered more than 2 ïfold as compared 
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to control. Within this group, were Beta-amylase 1 (BAM1) and phosphoglucan 

phosphatase (SEX4) coding for starch degradation.  

 

Table 11. Transcripts involved in starch metabolism in the tuber under stress conditions as 
compared to control. Numbers marked in bold indicate significant expression compared to 
control sampels (pÒ0.05, FCÓ2). 
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4.1.8. Alteration in expression profiles of genes that may control with source 

capacity or sink strength 

Genes involved in regulation and adjustment of source capacity or sink strength were 

identified based on source leaf transcripts that were affected by sink strength or sink 

tuber transcripts that were altered by changes in the source. The rationale for this 

was the consideration that there is a different effect due to heating or cooling the root 

space temperature on leaf or tuber gene expression.  

Under increased root  space temperatures (as in heat plate), the sink strength was 

assumed be reduced and signals might be transmitted to modify the source 

metabolism to adjust sink demand, while by cooling the root space, there might be an 

opposite manner as by heating the root space. Therefore, transcripts showing the 

opposite manner to heat plate/heat and cold plate condition was investigated.The 

analysis revealed that in the leaf, there were 10 transcripts representing eight genes 

(Figure 22A).  

There was a strongly altered transcript accumulation of NbPCL1 and Polyphenol 

oxidase due to increased root space temperature, but not air space. Some transcripts 

were strongly decreased due to cooling root space, for example, such as those 

encoding for phototropism protein homolog to AtDOT3, and for cell wall invertase 

Lin6-like (PGSC0003DMG402028252). Both of Phytolock1 and DOT3 are involved in 

light signaling. 

In contrast, tuber-specific genes that are affected by altered source capacity were 

assumed to be expressed in opposite manner in cold plate and in heat plate. In this 

comparison 11 transcripts encoding nine genes were identified in tubers (Figure 

22B). In the tuber, there were some transcripts downregulated due to heat 

application but upregulated due to cooling the root space. They were StExpansin 

(homolog to AtExpansin11), and Multicopper oxidase (homolog to AtSKS5). 

Moreover, different expressions due to the heat and cold plate condition were 

detected for transcripts coding for the ABA receptor (Pyl4). The expression of NADH 

dehydrogenase-specific transcripts was up-regulated under cold plate conditions, 

was downregulated under heat. 
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Figure 22. Expression of selected transcripts that respond to sink signal in the leaves or to 
source signals in the tubers. A) leaf transcripts that were altered by tuber sink strength and 
B) tuber transcripts altered by the leaf source capacity. Shown are log2 fold changes (FC) in 
expression of the transcripts as compared to control (pÒ0.05, FCÓ2). 

4.2. Characterization of FKF1 and its potential role in potato plants 

4.2.1. Identification of StFKF1 homology with AtFKF1 

One of the interesting genes identified in the array analysis was FKF1. Its expression 

decreased due to increased temperature in root space and the whole plants, but 

cooling the root area has increased its expression (Figure 17D). It indicates that 

FKF1 might integrate sink-derived signals to adapt source capacity under increased 

temperature. Therefore, the role of this gene in potato plants was further explored.  

There are some reports about FKF1 in Arabidopsis, but little is known in potato 

plants. Therefore, the amino acid sequences of FKF1 and its homologs containing 

LOV, F box and Kelch-repeat domains in potato, tomato and Arabidopsis were 
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aligned using Geneious software. Among those, SlFKF1 and StFKF1, as well as 

AtFKF1, were grouped into one subclade (Figure 23).  

 

Figure 23.  Dendrogram of FKF1, LKP and ZTL proteins of Arabidopsis, tomato and potato. 
Protein sequences of AtFKF1 (At1G68050.1), StFKF1 (PGSC0003DMP400034658),SlFKF1 
(Solyc01g005300.2.1), AtFKF1-like (AAF32300.1), AtLKP1(At5G57360.2), AtLKP2 
(AtT2G18915.2), StZTL (Sotub07g010590.1.1), SlZTL (Soluyc07g017740.2.1), St Ubiprot 
ligase (PGSC0003DMP400046057), St Kelch motif fam protein (Sotub11g011440.1.1), 
StPhototropin (Sotub01g035280.1.1), St LOV protein (Sotub05g011350.1.1), StKelch repeat 
protein (Sotub03g028490.1.1) were selected. Full-length amino acid sequences were aligned 
and Bootstrap values were performed based on 1,000 replicates with Geneious software. 
 

The expression of FKF1 in Arabidopsis has been reported to fluctuate and tend to 

increase following the developmental age (Sawa et al., 2007). Thus, the daily FKF1 

expression in potato plant was investigated and the result revealed that the 

expression of FKF1 of S. tuberosum cv. Solara fluctuated during the day (Figure 24A) 

and increased following the plant developmental age (Figure 24B).  
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Figure 24. A) StFKF1 diurnal expression, B) StFKF1 expression along the developmental 
ages of plants (days), data represent the mean of 4 plants sample ± SD. Arrow indicates the 
time of tuberization in potato plants cv. Solara. 

 

To further analyze the role of FKF1 in potato plants, StFKF1 overexpressing, and 

RNAi-FKF1 lines were generated in previous work of AG. S. Sonnewald. The StFKF1 

overexpressing lines harbored a 1850 bp fragment coding for FKF1 that was fused to 

a GFP tag, then cloned into a binary vector RB carrying CaMV35s promoter and 

OCS terminator (Figure 25A). Besides, silencing lines were generated using the 

RNAi technique with the gateway system. The double-stranded RNA mediated 

interference (RNAi) was designed using the 250 bp fragment consisting FKF1 

transcripts (PGSC0003DMT400051416) from position 854 till 1108 and its antisense 

strand revealed a hairpin-like stem-loop structure. This construct was cloned into 

pENTR and subsequently inserted into a pK7GWIWG2 binary vector carrying 

CaMV35S promoter (Figure 25B). 
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Figure 25. Schematic representation of binary constructs used for plant transformation. A) 
OE-FKF1, B) RNAi-FKF1. 
 

Agrobacterium tumefaciens C58C1 was selected for the generation of potato plants 

(cv. Solara) transgenic plants. In order to verify the performance and biological 

activity of the OE-FKF1 construct, assays on transient expression in N. benthamiana 

was executed, in which construct harboring 35S::GFP-FKF1 was infiltrated in the 

leaves of N. benthamiana and the expression was monitored after 24 h. The 

subcellular localization was analyzed using the confocal laser scanning microscope 

(CLSM) Leica SP5 II according to its protocol. Both confocal microscope images 

showed that the subcellular location of FKF1 was in the nucleus (Figure 26A-B). 
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Figure 26. GFP-fusion in OE-FKF1 constructs and its transient expression in N. 
benthamiana and S.tuberosum. 
A) Agrobacterium-mediated transient expression of the FKF1:GFP in OE_FKF1 constructs in 
leaves of N. benthamiana two days after Agrobacterium infiltration and B) stable expression 
of FKF1-GFP in OE_FKF1 construct in S. tuborosum. The leaf epidermis cells were imaged 
under a Confocal laser Scanning microscope (CLSM).  
 

Among 34 StFKF1 overexpressed and 21 silenced lines (FKF1 RNAi), 3 lines were 

selected for subsequent analysis with increased FKF1 mRNA level (OE_8, OE_9, 

OE_14) and decreased level for RNAi lines (RNAi_1, RNAi_12, RNAi_20). (Figure 

27A-B). Screening of the generated transgenic lines was conducted using qPCR 

analysis and Western Blot (Figure 27C-D). The OE-FKF1 plants exhibited a smaller 

phenotype than the WT plants, whereas, the silencing lines were phenotypically not 

different from WT. 
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Figure 27. Analysis of StFKF1 modified plants A) Phenotype of FKF1-overexpressing OE-
FKF1 (OE_8, OE_9, OE_14) and; B) RNAi-FKF1 lines (RNAi_1, RNAi_12, RNAi_20); C) 
quantification of StFKF1 expression by qPCR; D) Verification of FKF1 expression by western 
blot. 
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4.2.2. Effect of StFKF1 modification on time of tuberization, plant growth and 

vegetative development 

As tuberization is affected by photoperiod and temperature, the effect on time of 

tuberization of OE-FKF1 and RNAi-FKF1 plants was investigated.  Therefore, some 

series of experimental set-ups were designed. The first experiment was under LD (16 

h light/8 h dark, 22/20 ºC) in the greenhouse, but unfortunately, the temperature 

increased up to 28 ºC due to summer time. Twenty-one plants of each line of WT, 

OE-FKF1 (OE_8, OE_9 and OE_14) and RNAi lines (RNAi_1, RNAi_12 and 

RNAi_20) were planted. RNA samples were taken with cork borer #8 from 4 different 

plants after 8 h light and physiological parameters were investigated. Starting from 2 

weeks after planting (WAP) until 7 WAP, three plants of each line were harvested. 

The second experiment was conducted with a set-up of the experiment: SD (12 h 

light/12 h dark, 22/20ºC) in a growth chamber. Plants of the same OE-FKF1 and 

RNAi-FKF1 lines were cultivated, the same RNA samples collection method and 

harvesting method were applied. The last set-up was conducted under LD (16 h 

light/8 h dark, 22/20ºC) with the same sampling method and plant lines (Figure 28). 

 

Figure 28. Schematic representation of the experimental set-up. WT and transgenic plants 
were cultivated under A). Experiment 1: Long day, 16 h light/8 h dark 22-28/20ºC. B). 
Experiment 2: Short Day, 12 h light/12 h dark 22/20ºC. C). Experiment 3: LD, 16 h light/8 h 
dark 22/20ºC. Vertical lines indicate harvesting time starting from 2 weeks after planting 
(WAP). 
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The time of tuberization and physiological parameters were observed, swollen stolon 

was calculated as a tuber if it was at least in stage 4 according to Kloosterman et al., 

2005. The number of plants showing tubers was denoted in Table 12. In experiment 

1, the time of tuberization was in 3 WAP for OE_14 and 4 WAP for OE_8 and OE_9; 

while the WT and RNAi lines showed tuber in 5 WAP. In experiment 2, all OE-FKF1 

lines showed tuberization in 2 WAP, whereas the WT and RNAi lines were in 4 WAP. 

In experiment 3, OE-FKF1 lines tuberized 1 week earlier than WT and RNAi which 

tuberized in 5 WAP. The result revealed that overexpression of FKF1 induced earlier 

time of tuberization. Early tuberization of OE lines in potato was quite surprising, as 

according to the current model, the expression of FKF1 increases the binding with GI 

and then induces the CO expression; the CO expression induces the expression of 

StSP5G and subsequently represses the StSP6A expression. 

 

Table 12. Time of tuberization. Three plants of each line were harvested every week starting 
from 2 WAP. The conditions of experiments: Experiment 1 was LD (16 h light/8h dark), 22-
28/20 ºC, Experiment 2 was SD (12 h light/12 h dark), 22/20 ºC, Experiment 3 was LD (16 h 
light/8 h dark), 22/20 ºC. 
 

 Experiment 
  

 
Genotype / Time of 

tuberization 

Number of plants with tubers 

2 3 4 5 6 7 

Weeks after planting (WAP) 

 1. 
 
LD 
(16 h light/ 8 h dark),  
22-28/20ºC 

WT 
   

3 3 3 

OE_ 8 
  

2 3 3 3 

OE_9 
  

2 3 3 3 

OE_ 14 
 

1 3 3 3 3 

RNAi_ 1 
    

3 3 

RNAi_12 
   

3 3 3 

RNAi_20 
    

3 3 

2. 
 
SD  
(12 h light/ 12 h dark),  
22/20ºC 
 

WT 
  

3 3 3 3 

OE_ 8 2 3 3 3 3 3 

OE_9 2 3 3 3 3 3 

OE_ 14 2 3 3 3 3 3 

RNAi_ 1 
  

3 3 3 3 

RNAi_12 
  

3 3 3 3 

RNAi_20 
  

3 3 3 3 

3. 
 
LD  
(16 h light/ 8 h dark), 
22/20 ºC 

WT 
   

3 3 3 

OE_ 8 
  

3 3 3 3 

OE_9 
  

3 3 3 3 

OE_ 14 
  

3 3 3 3 

RNAi_ 1 
   

3 3 3 

RNAi_12 
   

3 3 3 

RNAi_20 
   

3 3 3 
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The plant's growth was monitored by measuring the plant's height and shoot fresh 

biomass each week during harvest periods starting from 2 WAP until 7 WAP (Figure 

29A-C). The heights of OE-FKF1 lines were significantly lower than WT starting in 4 

WAP, 5 WAP and 3 WAP in experiment 1, 2, and 3 respectively.  

At the end of the experiment period (7 WAP), the height of RNAi-FKF1 plants was not 

significantly different from WT (Figure 29D). Among the experiments, day length and 

temperature affected plant heights. This result could be noticed that plants of each 

line treated in experiment 2 (12 h light/12 h dark, 22/20ºC) were shorter than the 

plants treated in the other two experiments. In experiment 1, plants of each line were 

significantly higher compared to experiment 2 and 3 due to increased temperature 

during the experiment. The plant heights of WT and RNAi-FKF1 lines increased 

along with weeks after planting which was related to developmental age but OE-

FKF1 lines did not grow higher along the developmental age as seen in Figure 29, 

Table 13.  

 

Figure 29. Plant heights of WT, OE-FKF1 and RNAi lines in A) experiment1, B) experiment 
2, C) experiment 3 and D) end of the experiment (7 WAP). Data represent the mean of 3 
plants ± SD. Stars (*) indicate a significant difference between WT and OE-FKF1 plants in 
each week, there is no significant difference between WT and RNAi lines. Letter above the 
bars represents significant difference between (a) experiment 1 and the other experiments in 
the same lines, (b) WT and transgenic lines in experiment 1, (c) WT and transgenic lines in 
experiment 2, (d) WT and transgenic lines in experiment 3 based on ANOVA test (p<0.05). 
Slopes and intercepts of each linear plot were depicted in table 13. 
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Table 13. Linear regression equations for plants height in the experiment periods  
 

Experiment Genotypes Intercept ± SE Slope ± SE 
The coefficient 

of determination(R2) 

1 

WT 32.52 ± 4.51 18.36 ± 0.94 0.96 

OE_ 8 19.58 ± 4.42 9.77 ± 0.92 0.87 

OE_9 22.46 ± 5.86 12.65 ± 1.22 0.87 

OE_ 14 14.19 ± 4.41 7.02 ± 0.92 0.79 

RNAi_ 1 44.03 ± 7.76 21.89 ± 1.61 0.92 

RNAi_12 28.70 ± 4.93 17.72 ± 1.03 0.95 

RNAi_20 31.25 ± 4.37 19.27 ± 0.91 0.97 

2 

WT 5.08 ± 2.07 4.60 ± 0.43 0.88 

OE_ 8 1.85 ± 0.68 0.76 ± 0.14 0.64 

OE_9 3.41 ± 1.02 0.89 ± 0.21 0.52 

OE_ 14 1.65 ± 0.32 0.27 ± 0.07 0.52 

RNAi_ 1 4.59 ± 1.75 3.76 ± 0.36 0.87 

RNAi_12 5.53 ± 2.8 4.48 ± 0.59 0.78 

RNAi_20 8.65 ± 3.01 4.97 ± 0.63 0.79 

3 

WT 18.01 ± 1.81 11.33 ± 0.28 0.98 

OE_ 8 2.78 ± 1.12 1.17 ± 0.23 0.61 

OE_9 4.09 ± 1.55 1.65 ± 0.32 0.62 

OE_ 14 1.47 ± 0.88 1.27 ± 0.78 0.65 

RNAi_ 1 16.19 ± 1.48 10.73 ± 0.31 0.99 

RNAi_12 12.90 ± 1.45 10.11 ± 0.30 0.99 

RNAi_20 12.79 ± 2.58 10.41 ± 0.54 0.96 

 

As seen in Figure 30A-C, the fresh shoot weight increased linearly with the 

developmental age for the WT and RNAi lines in all experiments. Fresh shoot 

weights of OE-FKF1 lines were significantly different with WT starting from 4 WAP, 2 

WAP and 3 WAP in experiment 1, 2, and 3 respectively. The week points were the 

same as that of plant height in experiment 1 and 3. However, the conditions of WT 

and OE-FKF1 lines in experiment 2 were already different starting from the beginning 

(tissue culture). At the final experiment, it could be noticed clearly that the OE-FKF1 

lines remained smaller than WT and RNAi lines, tremendously in experiment 2 

(Figure 30D).The accumulation of shoot biomass along weeks of planting of OE-

FKF1 lines was less linear with the developmental age than the lines of WT and 

RNAi-FKF1 (Table 14). 
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Figure 30. Shoot weights of WT, OE and RNAi lines at A) exp.1, B) exp. 2, C) exp. 3 and D) 
the end of the experiment (7 WAP). Data represent the mean of 3 plants ± SD. Stars (*) 
indicate a significant difference between WT and OE plants in each week, there is no 
significant difference between WT and RNAi lines. Letter above the bars represents 
significant difference between (a) experiment 1 and the other experiments in the same lines, 
(b) WT and transgenic lines in experiment 1, (c) WT and transgenic lines in experiment 2, (d) 
WT and transgenic lines in experiment 3 based on ANOVA test (p<0.05). Slopes and 
intercepts of each linear plot were depicted in table 14. 
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Table 14. Linear regression equations for shoot FW in the experiment periods 
 

Experiment Genotypes Intercept ± SE Slope ± SE 
The coefficient of 

determination (R2) 

1 

WT 32.52 ± 4.51 18.36 ± 0.94 0.96 

OE_ 8 19.58 ± 4.42 9.77 ± 0.92 0.87 

OE_9 22.46 ± 5.86 12.65 ± 1.22 0.87 

OE_ 14 14.19 ± 4.41 7.02 ± 0.92 0.79 

RNAi_ 1 44.03 ± 7.76 21.89 ± 1.61 0.92 

RNAi_12 28.70 ± 4.93 17.72 ± 1.03 0.95 

RNAi_20 31.25 ± 4.37 19.27 ± 0.91 0.97 

2 

WT 5.08 ± 2.07 4.60 ± 0.43 0.88 

OE_ 8 1.85 ± 0.68 0.76 ± 0.14 0.64 

OE_9 3.41 ± 1.02 0.89 ± 0.21 0.52 

OE_ 14 1.65 ± 0.32 0.27 ± 0.07 0.52 

RNAi_ 1 4.59 ± 1.75 3.76 ± 0.36 0.87 

RNAi_12 5.53 ± 2.8 4.48 ± 0.59 0.78 

RNAi_20 8.65 ± 3.01 4.97 ± 0.63 0.79 

3 

WT 18.01 ± 1.81 11.33 ± 0.28 0.98 

OE_ 8 2.78 ± 1.12 1.17 ± 0.23 0.61 

OE_9 4.09 ± 1.55 1.65 ± 0.32 0.62 

OE_ 14 1.47 ± 0.88 1.27 ± 0.78 0.65 

RNAi_ 1 16.19 ± 1.48 10.73 ± 0.31 0.99 

RNAi_12 12.90 ± 1.45 10.11 ± 0.30 0.99 

RNAi_20 12.79 ± 2.58 10.41 ± 0.54 0.96 

 
 

As seen in Figure 31, the potato yield was affected by the experiment conditions 

which had different photoperiod and temperature. At the end of experiment 1 (LD, 

16h light/8 h dark, 22-28 ºC), potato plants of all lines produced less tuber weight 

than the other two experiments (Figure 31A). This result might be affected by 

increased temperature during the experiment period. In experiment 2 (SD, 12h light/8 

h dark, 22 ºC) plants produced tubers with more weight for WT and RNAi-FKF1 lines. 

The OE lines produced lower tuber weights compared to WT and RNAi-FKF1 plants 

in all experiment set-ups. Regarding tuber number (Figure 31B), experiment 2 

produced fewer tubers than the other experiments. There was no significant 

difference between WT and RNAi-FKF1 in all experiments; the significant differences 

were only in tuber weight between WT and OE_14 in experiment 1 and those 

between WT and all OE lines in experiment 3. 
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Figure 31. Tuber yields in 7 WAP of FKF1 transgenic lines in 3 different experimental set-
ups A) tuber number and B) tuber weight per plant. Data represent the mean of 3 plants ± 
SD. Letter above the bars represents significant difference between (a) experiment 1 and the 
other experiment in the same lines, (b) WT and transgenic lines in experiment 1, (c) WT and 
transgenic lines in experiment 2, (d) WT and transgenic lines in experiment 3 based on 
ANOVA test (p<0.05). 
 

 

The chlorophyll contents and assimilation rates were measured when the plants were 

in 4 WAP. The chlorophyll contents of OE lines were significantly higher than WT 

while those of RNAi lines were not significantly different with WT (Figure 32A). The 

assimilation rate of RNAi plants was not significantly different with WT, but the OE-

FKF1 lines were relatively higher than WT (Figure 32B). 

 

 
 
Figure 32. A) Chlorophyll content and B) Assimilation of WT and StFKF1 modified plants. 
Parameters were measured in 4 WAP; data points represent the mean of 3 independent 
samples. Stars (*) above the bars indicate significant differences based on Studentôs t-test 
(p<0.05) to WT plants. 
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4.2.3. Investigation of StFKF1 expression on genetically modified plants 

To characterize FKF1 roles in potato, the expressions of StFKF1 in OE-FKF1 and 

RNAi-FKF1 were analyzed during the developmental age. The qPCR was performed 

from leaf samples taken after 8h light at 3 WAP, 5 WAP and 7 WAP. Under all 

experimental conditions, the increased StFKF1 expression in WT plants was in line 

with the developmental age (Figure 33A-C). The StFKF1 expression of OE-FKF1 

lines increased around 8 fold compared to WT in all time points. Whereas, the 

StFKF1 expression of RNAi-FKF1 lines were lower than WT (Figure 33A-C). 

 

Figure 33. StFKF1 relative expression of experiment 1, 2 and 3 in A) 3 WAP, B) 5 WAP and 
C) 7 WAP. The sample was taken from the leaves at 8 h after light. Data represent the mean 
of 3 plants ± SD. The letter above the bars represents a significant difference between 
(a)experiment in the same lines, (b) WT and transgenic lines in experiment 1, (c) WT and 
transgenic lines in experiment 2, (d) WT and transgenic lines in experiment 3 based on 
ANOVA test (p<0.05). 
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In addition, the expression of StFKF1 in both tubers and stolons were investigated 

from experiment 3 in 7 WAP. In tuber, the StFKF1 expression was 6-9 folds higher in 

OE-FKF1 and was very less in RNAi compared to WT plants (Figure 34A). While, the 

expressions of StFKF1 in stolon of OE-FKF1 lines were 6-8 folds higher than tuber 

and those of RNAi lines were lower than WT plants (Figure 34B). 

 

 

Figure 34. StFKF1 relative expression of A) tuber and B) stolon. Samples were taken from 
experiment 3 in 7 WAP. Data represent the mean of 3 plants ± SD. Stars (*) above the bars 
represent a significant difference between transgenic lines and WT based on Studentôs t-test 
(p<0.05). 
 

4.2.4. Effect of StFKF1 modified plants on StSP6A and StSP5G gene 
expressions 

According to the model, StFKF1 binds to StCDF1, induce the StCO expression and 

subsequently leads to the induction of the expression of StSP5G, a tuberization 

repressor. Thereby, the StSP6A expression is repressed. Assuming that Over-

expression of StFKF1 might induce more StSP5G expression, it was expected that 

the OE-FKF1 plants would have no tubers or late tuberization. However, the result 

was contradictory, in which OE-FKF1 performed earlier tuberization, although with 

tiny tubers.   

Therefore, StSP5G and StSP6A expressions, as important players in tuberization, 

were investigated. The patterns of StSP6A and StSP5G expressions were opposite. 

The expression of StSP6A in WT and RNAi lines increased along with developmental 

age from 3 WAP to 7 WAP in all experiments, while the expression of StSP6A in OE 

lines tended to decrease over compared to the WT (Figure 35 A). In 7 WAP, the 

expression of StSP6A of OE lines was significantly decreased up to 50% compared 
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to the WT lines. The StSP6A expressions of RNAi lines were significantly increased 

up to 1.3 and 1.4 in experiment 2 and 3 respectively compared to WT. However, as 

seen in Figure 35B, the StSP5G expressions of WT and RNAi lines decreased, 

whereas those of OE-FKF1 increased from 3 WAP to 7 WAP in all experiments. The 

StSP5G expressions of OE-FKF1 lines were significantly higher and those of RNAi 

lines were lower than WT.  

 

Figure 35. Effect of StFKF1 modified plants on the expressions of A) StSP6A and                      
B) StSP5G.  
Samples were taken from the leaf at 8h after light. Data represent the mean of 3 plants ± SD. 
Letters above the bars represent a significant difference between transgenic lines and WT in 
(a)experiment 1, (b)  experiment 2 and (c) experiment 3 based on Studentôs t-test (p<0.05). 
 
 

As StFKF1 is reported to bind with StGI and control the expressions of StCOL1. 

Those gene expressions were investigated using qPCR (Figure 36). The leaf 

samples were taken from experiment 3 (LD 16 h light/8 h dark, 22/20 ºC) in 3 WAP 

and 7 WAP. As seen in Figure 36A, the StCOL1 expressions of OE-FKF1 lines were 

up to 50% lower but that of RNAi lines were up to 1.5 fold higher than the WT. Along 

with the developmental age, the expression of StCOL1 increased in OE-FKF1 lines 

and decreased in RNAi lines. Meanwhile, the expressions of StGI of OE-FKF1 lines 

were relatively higher than WT, whereas of RNAi lines tended to be lower than WT. 

The expressions of StGI were decreased along with developmental age (Figure 36B).  
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Figure 36. Relative expression of A) StCOL1 and B) StGI in tuber-derived plants. Samples 
were taken from the leaf of plants in 3 WAP (Ǐ) and 7 WAP (ƴ). Data represent the mean of 4 
plants ± SD. Stars (*) above the bars represents a significant difference between transgenic 
lines and WT based on Studentôs t-test (p<0.05). 
 
 

4.2.5. Effect of StFKF1 modified plants on soluble sugar and starch contents 

The soluble sugar and starch contents were measured in the leaves in all 

experiments at the end of the day and the end of the night in 7 WAP. In experiment 

1, the soluble sugar contents of RNAi-FKF1 lines and OE-FKF1 lines were not 

significantly different from WT, except sucrose contents of OE 14 (Figure 37.I A-C). 

The starch contents at the end of the day and the end of the night of OE lines were 

significantly less than WT. The contents at the end of the night of OE-FKF1, WT and 

RNAi-FKF1 lines reduced up to 29%, 23% and 19% respectively. 

The alteration of starch and soluble sugar contents of OE modified plants compared 

to WT was more pronounced in experiment 2. The glucose contents of OE-FKF1 

lines were higher but their sucrose and starch contents were lower than WT. The 

soluble sugar and starch contents of RNAi-FKF1 lines were not significant compared 

to WT (Figure 37. II A-C). The reduction of starch contents at the end of the night was 

up to 18%, 22% and 18% in WT, OE and RNAi lines. 

In experiment 3 (16 h light/8 h dark, 22/20 ºC), the starch contents of OE-FKF1 lines 

at the end of the night were significantly lower than WT (Figure 37.III A-C). The 

starch contents at the end of the night reduced up to 21%, 27% and 16% in the WT, 

OE-FKF1 and RNAi-FKF1 lines. 

 



Result 
 

78 
 

 

Figure 37. Effect of StFKF1 modification on contents of soluble sugar and starch in leaves at 
7 WAP of (I) experiment 1, (II) experiment 2 and (III) experiment 3. A) glucose content B) 
sucrose content C) starch content. Data points represent the mean of 4 independent 
samples Ñ SD. Stars (*) above the bars indicate significant differences based on Studentôs t-
test (p<0.05) compared to WT. 
 
 
 

The soluble sugar and starch contents in tubers that were measured from the 4 

independent samples of each experiment in 7 WAP. Glucose, sucrose and starch 

contents of OE-FKF1 lines were significantly reduced in WT but not in RNAi-FKF1 

lines. Meanwhile, the fructose contents were significantly increased in all experiments 

(Figure 38A-D). 
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Figure 38. Effect of StFKF1 modification on soluble sugar and starch tuber contents in 
experiment 1, 2 and 3 after harvest. A) glucose content B) fructose content C) sucrose 
content D) starch content. Data points represent the mean of 4 independent samples ± SD. 
Letters above the bars indicate significant differences based on Studentôs t-test (p<0.05) 
compared to WT control plants in (a) experiment 1, (b) experiment 2, (c) experiment 3. 
 
 
 

4.2.6. Effect of StFKF1 modified plants on tuber sprouting 

After 10 weeks harvest, the number of tubers that showed sprouting was calculated 

(Figure 39). The RNAi lines had earlier sprouting than WT and OE-FKF1 lines. In 10 

w after harvest, there were 58-100%, 8 ï 57% and 50% of tubers of RNAi-FKF1,  

OE-FKF1 and WT lines have sprouted respectively. 
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Figure 39. Effect of StFKF1 modification on tubers sprouting after 10 weeks of harvest. (A) 
images of representative sprouting tubers (B) percentage of tuber sprouting. 
 

4.3. Characteristics of transgenic plants derived from the tuber 

The small phenotype of OE-FKF1 plants should be further examined whether it was 

an effect of tissue culture. Therefore, some WT, OE-FKF1, and RNAi-FKF1 plants 

were cultivated from tubers, in which the OE8 was selected as a representative of 

overexpression lines and RNAi 12 as that of RNAi-FKF1 lines. The plant heights and 

shoot FWs of OE_8 lines were significantly shorter than WT, whereas the RNAi did 

not show a significant difference with the WT (Figure 40A-B). The tuber derived 

plants produced more numbers but smaller tubers in OE-FKF1 than the WT. There 

was no significant difference between RNAi-FKF1 and WT (Figure 40C-D). 
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Figure 40. Physiological parameters of tuber-derived plants A) plant height, B) shoot FW, C) 
tuber number and D) tuber weight. Data represent the mean of 10 plants ± SD. Stars (*) 
above the bars indicate significant differences between WT and transgene plants based on 
Studentôs t-test (p<0.05). 
 

The StFKF1 expressions of the tuber derived plants were also analyzed; the result 

revealed that the StFKF1 expression of OE-FKF1 was 29 fold higher and that of 

RNAi was lower than WT plants (Figure 41). This expression profile confirmed the 

high expressions of OE-FKF1 lines and low expressions of RNAi noticed in plants 

grown from tissue culture (Figure 33). 

 

Figure 41. StFKF1 relative expression of tuber derived plants. Samples were taken from the 
plant leaves after 2 w sprouting. Data represent the mean of 4 plants ± SD. Stars (*) above 
the bars represent the significant difference between transgenic lines and WT based on 
Studentôs t-test (p<0.05). 
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The expression of StSP6A of tuber derived plants was significantly 3 fold higher while 

the RNAi lines were 40% lower than WT in the earlier developmental age (2w after 

sprouting) (Figure 42A). The expression of StSP5G in the OE lines and RNAi lines 

were not significantly different compared to the WT (Figure 42B). 

 

 

Figure 42. Relative expression of A) StSP6A and B) StSP5G of tuber-derived plants. 
Samples were taken from the leaf of plants after 2 w planting. Data represent the mean of 4 
plants ± SD. Stars (*) above the bars represent a significant difference between transgenic 
lines and WT based on Studentôs t-test (p<0.05). 
 
 
 

4.4. Effect of increased temperature on StFKF1 modified plants 

4.4.1. The phenotype of StFKF1 modified plants under increased temperature 

As the FKF1 transcript was significantly altered in the microarray analysis, the 

response of StFKF1 modified plants to heat stress would be investigated. The        

OE-FKF1lines were represented by OE_8 and RNAi-FKF1 lines by RNAi_12. The 

plants were cultivated under conditions of SD 12 h light/12 h dark, 22/20 ºC for 4 

weeks. Then the plants were acclimated in LD 16 h light/8 h dark, 22/20 ºC for 1 

week and subsequently transferred to heat stress condition at 29/27 ºC (16 h light/8 h 

dark) for 4 weeks. The control condition remained at 22/20 ºC (16 h light/8 h dark). 

The leaf samples were taken for cDNA synthesis at time points: before heat stress 

application, 2 weeks after stress (WAS) and 4 WAS. Three plants were harvested 

from each line in 2 WAS followed by the harvest of 5 plants of each line in 4 WAS 

(Figure 43).  
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Figure 43. Schematic representation of the experimental set-up for observation of FKF1 
transgenic plants responses to heat stress. Plants were grown for 4 w under short day 
condition (12 h light/12 h, 22/20 ºC). Then the plants were acclimated for 1 w under 
conditions of (16 h light/8 h dark, 22/20 ºC) followed by treatments of two conditions with 
different air temperatures: Control (C) at 22/19 ºC (16 h light/8 h dark) and heat stress (HS) 
at 29/27ºC (16 h light/8 h dark). Arrows indicate the time of harvest. Plants were harvested at 
two times points, 2 weeks after stress (WAS) for 3 plants and 4 WAS for 5 plants. 

 

The phenotype of OE lines was small in the control condition but it was bigger under 

increased temperature (Figure 44A). Upon 4 WAS, all tubers in WT, OE-FKF1 and 

RNAi-FKF1 lines showed secondary growth or early sprouting (Figure 44B). 

 

Figure 44. The phenotype of StFKF1 modification plants after 4 week heat stress in control 
(con) and heat stress (HS). (A) the whole plants, (B) the tubers. 
 

 
The plant heights of all lines significantly increased compared to the control due to 

heat stress. After 2 and 4-week stress treatments, the heights were 2 times increased 

for WT and RNAi-FKF1, and 3 times increased for OE lines than those at control 
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condition (Figure 45A). The increased temperature significantly altered the shoot FW 

of WT and RNAi-FKF1 plants in 4 WAS, in which the WT and RNAi-FKF1 were 23% 

and 31% respectively decreased under heat. However, the shoot weights of OE-

FKF1 lines were significantly increased by 3 fold and 22 fold in 2 WAS and 4 WAS 

respectively (Figure 45B). The tuber weight was significantly decreased in WT and 

RNAi lines after 2 w and 4 w stress treatments, whereas the weight of OE-FKF1 lines 

decreased only after 4 w heat stress (Figure 45C). Under heat condition, tuber 

numbers of each line increased, WT and RNAi plants had significantly more tuber in 

2 and 4 WAS respectively (Figure 45D). The tuber per shoot DW ratio was 

significantly decreased in all FKF1 modified plants and WT after 4 weeks heat stress 

treatments (Figure 45E). 

 

Figure 45. The phenotype of StFKF1 modification plants in 2 and 4-w after stress (WAS). A) 
plant height, B) shoot FW, C) tuber weight, D) tuber number per plant E) tuber per shoot DW 
ratio of modified plants in 4 WAS (29/22 ºC). Data represent the mean of 3 plants ± SD in 2 
WAS and 5 plants ± SD in 4 WAS. Stars (*) indicate a significant difference between control 
(con) and heat stress (HS) based on Studentôs t-test (p<0.05). 
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4.4.2. Gene expression in StFKF1 modified plants under increased temperature 

Similarly to the microarray result (Figure 17D), the expression of StFKF1 in WT was 

significantly decreased due to heat stress. Meanwhile, the expression of StFKF1 of 

OE and RNAi lines was not significantly altered by heat stress (Figure 46). 

 

Figure 46. The expression of StFKF1 modification plants along the time course of the 
experiment. Data represent the mean of 3 plants ± SD in 2 WAS and 5 plants ± SD in 4 
WAS.  Stars (*) indicate a significant difference between control (C) and heat stress (HS) 
based on Studentôs t-test (p<0.05). 
 

4.4.3. Soluble sugar and starch contents in StFKF1 modified plants under 

increased temperature 

The soluble sugar and starch contents were measured from leaf and tuber samples 

taken in 2 WAS. The soluble sugar and starch content of all lines were significantly 

altered due to heat application. The glucose content was 28%, 26%, and 51% 

significantly increased in WT, OE_8 and RNAi_12 lines (Figure 47A) compared to 

respective lines in the control. The fructose content was increased up to 74% for WT, 

65% for OE 8 and 99% for RNAi 12 compared to the condition of respective lines in 

the control (Figure 47B). However, the sucrose content decreased up to 21%, 42% 

and 16% compared to control due to heat application (Figure 47C), and it was similar 

to the starch content in which WT, OE_8 and RNAi_12 were decreased up to 11%, 

40% and 23% in heat condition (Figure 47D). 
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Figure 47. Effect of increased temperature on soluble sugar and starch contents in leaves in 
2 WAS. (A) glucose content, (B) fructose content, (C) sucrose content, (D) starch content. 
Samples were taken after 8 h light. Data points represent the mean of 4 independent 
samples ± SD. Stars (*) above the bars indicate significant differences in respective lines in 
control (C) and heat stress (HS) conditions based on Studentôs t-test (p<0.05). 
 

In the tuber, the glucose contents of OE_8 and RNAi_12 in the control condition were 

significantly different to WT, application of heat stress has increased the content up 

to 22%, 27% and 13% for WT, OE_8 and RNAi_12 (Figure 48A). The fructose 

content was not significantly different between control and heat treatment (Figure 

48B). Compared to control, the sucrose content was significantly decreased up to 

18%, 30% and 22% for WT, OE_8 and RNAi_12 respectively (Figure 48C). The 

starch content was significantly decreased due to heat stress (Figure 48D). 
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Figure 48. Effect of increased temperature on tubers soluble sugar and the starch contents 
after 2 weeks stress treatments. (A) glucose content, (B) fructose content, (C) sucrose 
content, (D) starch content. Data points represent the mean of five independent samples ± 
SD. Stars (*) above the bars indicate significant differences in respective lines in control (C) 
and heat stress (HS) condition based on Studentôs t-test (p<0.05). 
 
 

4.5. Identification of genes co-expressed with StFKF1 

Investigation of the effect of heat stress on potato plants has been reported by 

Hancock et al., 2014. The work of Hancock et al.(2014) was undertaken regarding 

the response of potato plants cv. Desiree to mild heat stress (30/20 ºC, 16 h light/8 h 

dark). After 1 week of treatment, the RNA samples of leaves and tubers were 

harvested every 4 h for 48 h and analyzed with the microarray.  

The microarrays result of Hancock et al. (2014) was compared with the microarray 

result from this study. From both microarrays, a Pearson correlation of StFKF1 was 

investigated to evaluate the similarity profile with a value greater than 0.75 (Table 

15). The highest correlation of StFKF1 was Cold regulated gene 27 (COR27) 

followed by Early Flowering 4 (ELF4) and JUMONJI DOMAIN PROTEIN 5 (JMJD5).  
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Table 15.  Identification of gene co-regulated with StFKF1. Microarray data were analyzed 
available in Hancock et al., 2014 and this study. Pearson correlation coefficients were 
calculated using StFKF1 expression as reference.  
 

gene ID UniRef based putative functional annotation 
Hancock et al., 

2014 
This study 

PGSC0003DMG400019971 FKF1 1 1 

PGSC0003DMG402007970 COLD REGULATED GENE 27 0.97 0.83 

PGSC0003DMG400039436 EARLY flowering 4  0.97 0.76 

PGSC0003DMG400006620 EARLY flowering 4  0.97 0.86 

PGSC0003DMG400021346 TF JMJD5 0.96 0.71 

PGSC0003DMG400008313 proteinDUF561 0.95 0.73 

PGSC0003DMG400003229 Candidate G-Prot Coupled Receptor 1 0.94 0.75 

PGSC0003DMG400002144 NbPCL1 protein 0.94 0.76 

PGSC0003DMG400001221 EARLY flowering 4  0.92 0.76 

PGSC0003DMG400018925 Polyphenol oxidase B 0.89 0.76 

PGSC0003DMG400018919 Polyphenol oxidase 0.87 0.84 

PGSC0003DMG400012618 CCT motif family protein 0.86 0.75 

PGSC0003DMG400010655 Phosphoric diester hydrolase 0.85 0.74 

PGSC0003DMG401031251 GDP-mannose transporter 0.83 0.85 

PGSC0003DMG400000440 Ring zinc finger protein 0.82 0.72 

PGSC0003DMG401025647 Hydrolase 0.79 0.75 

PGSC0003DMG400015211 Beta-galactosidase 0.78 0.71 

PGSC0003DMG400008223  HSF30 0.78 0.72 

PGSC0003DMG401001710 Pentatricopeptide repeat-cont prot 0.77 0.79 

PGSC0003DMG400010387 Glycine-rich protein 0.77 0.73 

PGSC0003DMG400017680 Serine/threonine-protein kinase PBS1 0.76 0.73 

PGSC0003DMG400030348 MYB-like TF DIVARICATA 0.76 0.74 

PGSC0003DMG401022886 Inter-alpha-trypsin inhibitor heavy chain 0.76 0.75 

PGSC0003DMG400017680 Protein kinase superfamily protein 0.76 0.76 

PGSC0003DMG400024784 DnaJ 0.76 0.72 

PGSC0003DMG400018348 Prenyl-dependent CAAX protease 0.75 0.88 

 

The above Pearson correlation was supported by the network of AtFKF1 performed 

by ATTED (http://atted.jp/data/gonetwork/GO:0007623.shtml). This network 

performed that AtFKF1 was in circadian rhythm connection with COR 27, ELF4 and 

JMJD5 (Figure 49). Interestingly, three genes coding for ELF4 appeared to correlate 

with StFKF1. Therefore, the expression of StELF4 was investigated with qPCR 

(Figure 50). The result denoted that StELF4 expression was not significantly altered 

due to heat stress. 
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Figure 49. AtFKF1 related circadian rhythm network in Arabidopsis. Red circles denote 
circadian-related genes; yellow circles denote plant hormone signal transduction and blue 
denote ribosome biogenesis related gene. Straight lines and red lines denote the interaction 
in gene level and protein level respectively. Modified from 
(http://atted.jp/data/gonetwork/GO:0007623.shtml). 
 
 
 

 

Figure 50. Effect of increased temperature on StELF4 expression after 2 w heat stress in 
WT and transgenic plants with modified StFKF1 expression. Data points represent the mean 
of 4 independent samples Ñ SD. There was no significant difference based on Studentôs t-
test (p<0.05). 
 

 

 

http://atted.jp/data/gonetwork/GO:0007623.shtml
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5. Discussion 

5.1. Analysis of responses of potato plants to increased temperature 

As potato plants originated from an area with cool temperatures and short-daylengths 

(Rykaczewska, 2013; Spooner et al., 2005), increased temperatures have been 

reported to decrease the potato yield (Hijman et al., 2003; Wolf et al., 1991). 

Moreover, increased temperatures induce plant morphology and metabolism 

alteration (Lafta & Lorenzen, 1995; Hancock et al., 2014; Wolf et al., 1991), inhibit 

tuberization (Singh et al., 2015; Van Dam et al., 1996) and cause second-growth of 

the tubers (Bodlaender et al., 1964). However, previous works lack data on the 

impact of elevated temperatures on source-sink relations. In this research, the 

alteration in the source-to-sink relations due to heat stress was investigated in heat-

sensitive cv. Agria (Saviĺ et al., 2012). 

5.1.1. Effect of increased temperature on phototropism and stress adaptation 

in leaves 

One of the potato plant´s responses to elevated temperature was the increase in 

plant height, especially under heat conditions (Figure 5). These results indicate 

thermo-morphogenic responses. The plants showed smaller leaves and longer 

internodes resembling thermo-morphogenic changes that have been described in 

Arabidopsis (Quint et al., 2016) or potato (Rykaczewska, 2013; Lafta & Lorenzen, 

1995; Wolf et al., 1990). 

The increase of plant height due to phototropism responses as induced by light 

signaling and auxin regulation. Due to increased air temperature, the expression of 

PhyB2 was strongly downregulated (Table 6). The functions of PhyB2 in potato 

plants are not known yet. What is known currently is the role of PhyB. The role of 

PhyB is quite clear that this compound functions as R light receptor and a 

thermosensor which is not transcriptionally regulated but post-translationally in 

Arabidopsis (Jung et al., 2016; Castillon et al., 2007). In potato plants, Abelenda et 

al. (2016) indicated that StPhyB functions in R light accumulation and StCOL1 

stabilization. In addition, PhyB negatively regulates tuber induction by inhibiting tuber 

formation under noninductive conditions (1996). The authors have suppressed the 

PhyB expression in potato plants cv. Andigena, the result revealed that tubers were 
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formed in all day length conditions. The expression of transcripts coding for blue light 

protein, PAS/LOV protein - homolog to AT2G02710, decreased in all heat conditions 

(Table 6). Another blue light receptor containing a LOV domain, FKF1, also reduced 

in expression due to heat and heat plate condition but was increased in cold plate 

(Figure 17A). However, the expressions of another blue light receptor, POTH1 which 

also consists of a LOV domain, increased in heat plate and heat conditions, but its 

expression was lower in cool plate than heat condition (Figure 17A). 

In contrast, other transcripts dealing with light signaling were upregulated due to 

increased air temperature, e.g., NPH3, a part of plant-specific NRL family. This gene 

involves in the root phototropism response (Liscum et al., 2014). Despite its role in 

phototropism, NPH3 has a role in the control of the lateral auxin contents (Haga et 

al., 2015).  

Thus, it indicates that blue light signaling pathway(s) are altered due to increased air 

temperature. The phototropic signaling and response pathway comprise a signal 

cascade regulated by a LOV domain which regulates temperature perception and 

determination of chloroplast position at ambient temperature (Fujii et al., 2017). In 

addition, blue light induces phototropism by regulating the auxin gradients, thereby 

triggering asymmetrical cell elongation and cell growth (Hohm et al., 2013). The roles 

of auxin in phototropism responses were supported by the altered expression of 

auxin regulating transcripts, e.g. auxin efflux carrier (PIN1), auxin response factors 

(ARF) 4 and 6, auxin responsive SAUR or GH3-like genes which were upregulated 

due to increased air temperature (Table 6). These genes belong to primary auxin 

response factors (Hagen & Guilfoyle, 2002) and play a role to promote cell elongation 

(Quint et al., 2016) as shown in plants exposed to increased air temperature. 

Therefore, the increased expression of auxin-related transcripts is probably linked to 

the heat-induced shoot elongation which was stronger in heat and cold plate 

conditions; this upregulated expression may contribute to the shift of biomass 

partitioning. 
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In order to protect potato plants from further negative effects of heat stress, the 

expressions of polyamine metabolizing enzymes-related transcripts, represented by 

two gene id of SAM-DC, increased. SAM-DC regulates decarboxy-S-adenosyl 

methionine decarboxylases, a direct precursor of the polyamines spermidine and 

spermine (Tiburcio et al., 2014). These compounds are involved in the adaptation to 

abiotic stresses and enhance heat tolerance of transgenic tomato plants (Tiburcio et 

al., 2014; Cheng et al., 2009). Besides, many transcripts coding for heat shock 

protein were upregulated. Of the HSP families, small HSC (sHSC), small HSP 

(sHSP), HSP and HSc70 were significantly upregulated due to increased air 

temperature (Figure 16). The HSc70 overexpression was related to increasing the 

heat tolerance in potato plants (Trapero-Mozos et al., 2018a).  

5.1.2. Impact of increased temperature on photosynthesis and carbon 

partitioning in leaves 

There was a clear effect of heat stress on potato plants cv. Agria indicated by the 

decreased assimilation rate. Comparing the assimilation rates between control and 

heat treatment, it can be noticed that the rate of photosynthesis decreased not only 

due to developmental age but also heat stress, even when the heat stress was only 

applied on root space (Heat plate) (Table 2). The decline of photosynthesis rate is 

induced by the closure of stomata. This result reveals that increased temperature at 

29 ºC has negatively affected the assimilation rate in leaves of S. tuborosum cv. 

Agria. A similar finding has been reported in some papers indicating the decreased 

assimilation rate due to increased temperatures (Hammes & De Jager, 1990; Prange 

et al., 1990). 

Elevated temperatures induced an increase of transpiration after 7 days of heat 

treatments, especially under increased air temperature.  This high transpiration rate 

may represent an adaptation response to cool down the leaves. However, the 

transpiration rate was significantly lower in cold plate-grown plants than in heat-

grown plants. Thus, it indicates that by heating or cooling the root space, there may 

be a feedback signal from the below-ground signal, mainly from bulking tubers, to the 

source leaf to adjust assimilation and transpiration rate.  
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The decline of assimilation rate is in agreement with the downregulation of transcripts 

represented in the group of ñphotosynthesis.ò The decrease of this group was mainly 

due to the downregulation of many transcripts related to photosystem II (Table 5). 

Photosystem II is vulnerable to increased temperature as there is a change of 

thylakoid membrane fluidity due to heat stress (Asada, 2006; Yamamoto, 2016).  In 

order to balance the photosynthesis reduction, some transcripts encoding for genes 

of Calvin cycle like Rubisco small and large subunits, a Rubisco N-methyltransferase 

as well as Rubisco activase were up-regulated, while others transcripts encoding for 

aldolase, phosphoglycerate kinase, Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH), and transketolase were downregulated. Although the expressions of 

rubisco related transcripts were upregulated, at the metabolite level, there was a 

significant reduction of ribuloseȤ1.5Ȥbisphosphate amounts under all stress conditions 

in leaves (Figure 11R). 

Under heat stress, Rubisco is deactivated leading to the decrease of total 

assimilation (Salvucci & Craft-Brandner, 2004, Sage et al., 2008). The activation of 

Rubisco is determined by the balance between inhibition of Rubisco active sites in an 

inactive form and the reactivation of the active part induced by Rubisco activase 

(Spreitzer & Salvucci, 2002; Portis, 2003). Under increased temperature, the ratio of 

O2 to CO2 enhances and Rubisco is favoring oxygenase activity (Craft-Brandner & 

Salvucci, 2002). Therefore, the upregulation of Rubisco transcript level may promote 

oxygenase rather than carboxylase activity leading to the decrease of photosynthesis 

rate.   

The decrease of assimilation rate affects the soluble sugar and starch contents in 

leaves. Heat stress increased the contents of glucose and fructose but decreased the 

starch contents (Figure 7D). The altered soluble sugar contents due to heat stress 

are in agreement with the change of metabolite levels in leaves. The level of Glc-1.6-

BP increased due to elevated air temperature (Figure 11C). This metabolite functions 

to regulate phosphoglucomutase which involved in the metabolism of transitory 

starch (Carreras et al., 1986; Caspar et al., 1985). The level of Fruc-1.6-BP was 

increased but Fruc6P amount was decreased indicating a reduced sucrose 

biosynthetic capacity. 
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The increase in glucose and the decrease in starch contents were also observed in 

Potato cv. NorChip and Up-to-Date under heat stress (Lafta & Lorenzen, 1995). It is 

thought that the soluble sugars function as a protector from harmful effects of 

increased temperature in plants such as Saccharum officiarum (Rasheed et al., 

2011), Cicer arietinum (Kaushal et al., 2011) and many different legumes (Sassi-Aydi 

et al., 2014).  

Interestingly, although the leaves were not directly exposed to increased 

temperature, heating the root space caused an increase in the glucose and fructose 

contents (Figure 7). This indicates that there is a feedback signal from the below-

ground part to the source leaves to adjust the photosynthesis activity. 

At the transcript levels, the expressions of starch biosynthetic genes in the leaves 

were altered due to increased temperature.  Under elevated air temperature, the 

expressions of important starch biosynthetic genes, such as StAPL1, StAPL3, 

StGBSS1 and StSBE3 were downregulated, while the expression of starch 

degradation gene, StAMy23, was upregulated. However, in all heat conditions, the 

glucose-6-phosphate/phosphate translocator 2.2 (StGPT2.2) was significantly 

upregulated. The increase of StGPT2.2 expression may fuel a re-import of glucose-6-

phosphate into the plastids due to the sink limitation (heat and heat plate) and/or due 

to a lower flux into sucrose biosynthesis (heat and cold plate). Hence, the 

downregulation of starch biosynthesis genes together with the upregulation of 

StAMy23 expression account for the decline of transitory starch contents in the 

leaves. 

Also, fresh and dry matter accumulation was affected due to increased temperatures 

in which tubers were more affected than shoots (Figure 6A-D). The shift of biomass 

accumulation from tuber into shoot resulted in a lower ratio of tuber to shoot FW as 

compared with control plants (Figure 6F-G). This altered biomass allocation toward 

the shoots of potato plants in response to increased temperatures has been reported 

before, e.g. (Hancock et al., 2014; Lafta & Lorenzen, 1995; Wolf et al., 1991). The 

decrease of biomass accumulation was in accordance with the reduction of 

assimilation rate, especially in heat grown-plants (Table 4). However, cooling the root 

space has increased biomass accumulation by increasing assimilation rates. 

Together, this indicates that there is a signal communication from the source to adapt 
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the sink strength during heat stress and a signal from the sink to adjust the source 

capacity.  

5.1.3. Effect of the increased temperature on assimilate accumulation and 

translocation in tubers 

Tubers of heat-treated plants contained less soluble sugar and starch contents 

compared to those of control plants (Figure 8). This might be caused by reduced 

amount of transported sucrose from leaves source to sink organs (Figure 7). Heat-

treatment led to a more than 50% decrease in sucrose level compared to control 

tubers (Figure 8C). Besides, elevated root space temperatures also induced the 

decrease of sucrose contents, but cooling the root space had a less severe effect on 

sucrose contents compared to the heat treatment. Consistent with the low amount of 

available sucrose, the accumulation of starch is reduced by approximately 60% in 

tubers of heat-grown plants (Figure 8D). Among the soluble sugars, fructose contents 

were the lowest ones; it has been observed in previous studies (Biemelt et al., 2000; 

Hajirezai et al., 2003; Viola et al., 2007).  

The decrease of starch contents were related to the decline of Susy activity under 

heat stress (Figure 9A). Susy is a major determinant of tuber sink strength and starch 

accumulation (Zrenner et al., 1995; Baroja-Fernández et al., 2009). The reduction of 

Susy activity in all heat experiments might be caused by the decline of StSusy4 

expression which has been verified by qPCR (Figure 9B). However, cooling down the 

root space temperature caused a lower reduction than heat treatment. In addition, 

expressions of starch genes in tubers were only slightly altered (Table 11). It 

indicates that the decrease of starch accumulation in tubers of elevated soil 

temperature-grown plants was not only due to altered starch-related gene 

expressions but also most likely due to a reduced substrate partitioning from the 

source and/ or limited energy supply. 
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In addition, the decrease of tuber weight was also induced by the downregulation of 

the highest soluble protein in the tuber, patatin (Table S2). Moreover, the decrease of 

tuber weight can be caused by lower expressions of transcripts coding for nodulin 

Mtn3 family or protein 5NG4. Those proteins were similar to UMAMITs and SWEET 

in Arabidopsis respectively. Among UMAMIT family, two genes 

(PGSC0003DMG400027740 and PGSC0003DMG400029672) which were closely 

related to UMAMIT14 from Arabidopsis strongly decreased under all stress 

conditions (Figure 20). In Arabidopsis, UMAMIT14 is involved in the unloading of 

various amino acids out of the phloem; whereas a mutant of UMAMIT14 has 

decreased shoot-to-root transfer of amino acids (Besnard et al., 2016). The 

StSWEET expressions decreased in all stress conditions, especially in heat 

conditions (Figure 20). In Arabidopsis, this gene functions as a glucose uniporter 

(Sonnewald, 2011). This may contribute to a reduced carbon partitioning into tubers, 

especially under heat condition. 

5.1.4. Effect of increased temperature on energy metabolism and stress 

adaptation in tubers 

The increased temperature did not only alter assimilate translocation but also energy 

metabolism in the tubers. Transcripts related to energy metabolism were 

downregulated due to increased temperatures (Table 10). Among the downregulated 

transcripts were pyruvate dehydrogenase (PDH) E1 alpha subunit and ATP-citrate 

synthase. The downregulation of those transcripts indicates reduction of TCA cycle 

rate. The PDH E1 alpha subunit belongs to the mitochondrial matrix multi-enzyme 

complex and provides a link between glycolysis and TCA pathway by converting 

pyruvate into Acetyl-CoA (Millar et al., 1998). ATP citrate lyases regulate cytosolic 

Acetyl-CoA formation (Fatland et al., 2005). Therefore, the reduction of PDH and 

ATP citrate lyases expression indicate a decline of Acetyl-CoA flux for anabolic 

processes as well as for energy production through the respiratory chain. This result 

was in agreement with the metabolite data (Figure 11L-Q).  

 

 

https://en.wikipedia.org/wiki/Mitochondrial
https://en.wikipedia.org/wiki/Glycolysis
https://en.wikipedia.org/wiki/Pyruvate
https://en.wikipedia.org/wiki/Acetyl-CoA
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Moreover, the changes of TCA activity were induced by the alteration of transcript 

abundance of NADH dehydrogenase and cytochrome b-c1. The first transcript was 

downregulated in the heat but 10-fold upregulated in cold plate conditions (Table 10). 

In Arabidopsis, the NAD(P)H dehydrogenasecodes for complex I and III of the 

respiratory chain and becomes one component of the alternative electron transport 

system (Wallström et al., 2014). Furthermore, the authors mentioned that the 

downregulation of this gene caused a decrease of ATP production efficiency, thereby 

silencing this gene leading to slower growth in Arabidopsis plants (Wallström et al., 

2014). In contrast, the expression of cytochrome c oxidase subunits (StCOX5C and 

StCOX2) and ATP synthase subunit 9 were upregulated due to increased 

temperature. This upregulation might be a compensatory reaction to maintain ATP 

synthesis under limiting conditions. Together, these changes reflect a decreased 

entry of carbon into the TCA cycle and an attenuation of respiration in particular 

under heat, when the source-and-sink capacities were reduced.  

In tubers, heat treatment altered the amount of TCA cycle metabolites. The levels of 

citrate, isocitrate, alphaȤketoglutarate, fumarate, and malate reduced due to heating 

the root space. The lower availability of these metabolites may lead to the reduced 

respiratory rate. However, cooling the below-ground part increased significantly 

succinate amount than control plants. As the rise of succinate amount was not 

followed by the increase of fumarate content, this indicates there might be an 

alternative pathway. The increase of succinate amount may be supported by the 

alternative pathway of glutamate which is converted into the ɔ-aminobutyric acid 

(GABA) and subsequently is catalyzed by enzyme GABA transaminase into succinic 

semialdehyde, then followed by conversion into succinate before entering TCA cycle 

(Busch & Fromm, 1999). Therefore, it can be proposed that the respiration rate in 

mitochondria of plants treated in the cold plate condition increases and can produce 

more ATP contents than tubers of the control plants. 
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On the array, the most altered functional group in tuber was ñstress groupò which was 

upregulated in all heat stress condition. Within this group, HSP83 was the highest 

upregulated gene, followed by sHSP, HSP17.6, andHSC70. The increase of 

StHSC70 level was also observed in previous papers (Trapero-Mozos et al., 2018a, 

Trapero-Mozos et al., 2018b). The sHSP functions to protect protein translation 

factors under elevated temperature (McLoughlin et al., 2016). AtHSP83 is homolog to 

AtHSP90 (Conner et al., 1990), and functions as a chaperone harboring an ATPase 

domain acting in ATP hydrolysis hindering the protein denaturation by promoting 

protein refolding (Cha et al., 2013). Both HSC17.6 and HSC70 have been reported to 

be involved in heat stress protection (Trapero-Mozos et al., 2018b). In Arabidopsis, 

the AtHSFA1 expression is regulated by an ethylene-responsive transcriptional 

coactivator, homolog to AtMBF1C (Ohama et al., 2017). This gene is the main 

activator of heat stress response and becomes a regulator of thermotolerance 

(Suzuki et al., 2008; Suzuki et al., 2011). 

In addition, the plants responded to heat stress by increasing expressions of some 

other protectors such as nucleosome assembly protein (NAP) 

(PGSC0003DMG402004883) which were highly increased in heat plate and heat 

conditions, but only slightly increased in cold plate (Table S4). The high expression of 

NAP is in agreement with its function as a chaperone for core histones (H2A, H2B) 

(Zhu et al., 2006). The protection of core DNA histone is necessary for the DNA 

transcription, DNA replication and repair (Zhou et al., 2015).  

5.1.5. Effect of the increased temperature on the tuberization signaling 

pathway 

The expression of StSP6A, a key regulator of tuberization, was downregulated by 

increased temperature (Figure 17B). The decrease of StSP6A expression is parallel 

with the increase of StSP5G expression. The last gene is a repressor of StSP6A 

(Abelenda et al., 2016). Besides, StCDFs levels also decreased due to elevated air 

temperature. CDFs functions as a positive regulator of SP6A through its binding to 

CO and thereby inhibits CO expression; this gene subsequently inhibits the 

expression of StSP5G (Kloosterman et al., 2013). Moreover, StBEL5, another 

important gene in tuberization, decreased due to increased air temperature. The 

expressions of StFKF1, involving in CO regulator, were down-regulated in heat plate 
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and heat treatment but up-regulated in cold plate condition. The qPCR analysis 

supported this result (Figure 17D) in which StFKF1 expression decreased under 

elevated soil temperatures but its mRNA level increased by cooling the soil.  

In addition, tuberization is also influenced by the circadian clock (Abelenda et al., 

2016). The expression of Myb114 transcription factor, with weak homology to the 

morning loop circadian clock in Arabidopsis LHY and CCA1, decreased due to 

elevated air temperature. The amplitude of those clock genes was altered under 

increased air temperature (Gould et al., 2006). Furthermore, the expression of the 

evening complex of the circadian clock, StELF4, decreased in the increased air 

temperature than the control conditions (Table 6). Therefore, the changes of clock 

gene-related transcript under elevated temperature indicate the influence of 

temperature to the clock regulations. 

5.1.6. Effect of the increased temperature on source capacity or sink strength 

Altered transcript expressions denoted a link between source leaves and tuber sink 

organs by heating or cooling the root space area. This temperature change may 

affect the source leaves or vice versa. In the leaves, a transcript that was reduced by 

the heat plate but increased by the cold plate condition was the NbPCL1 protein 

(PGSC0003DMG400002144) homolog to AtPhytoclock 1 (Figure 22A). 

PHYTOCLOCK 1, or Lux arrhythmia, belongs to the GARP family and functions as 

the clock oscillator protein in Arabidopsis (Onai & Ishiura, 2005) and its fluctuation is 

affected by blue light and temperature (Mizuno et al., 2014). In contrast, StDOT3 

transcription was downregulated by increased air temperature and upregulated by 

heat plate. It denotes that the expression of StDOT3 is affected by air temperature 

regardless of root space temperature.AtDOT3 belongs to NPH3Ȥfamily and is 

involved in the root phototropism response (Liscum et al., 2014). This gene plays a 

role in phototropism after being activated by phototropin which response to blue light 

(Motchoulski & Liscum, 1999).  

Another transcript which was downregulated due to cooling the root space was a 

tomato cell wall invertase, Lin6-like, indicating that the increase of invertase 

expression was related to the increased temperature. This gene plays a role in 

tomato growthȤpromoting hormones, the clock, and sucrose regulations (Proels & 
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Roitsch, 2009); thereby it functions as a marker for a source to sink relations 

modification.  

In tubers, there were some transcripts downregulated by heat condition but 

upregulated by cooling or heating root space area (Figure 22B). Within this group 

was transcript coding for Pyl4 (ABA receptor) which showed upregulation in heat 

treatment and downregulation regardless of root space temperature. This indicated 

that ABA sensitivity was altered due to increased air temperature. Besides, cooling 

the root space area increased the expression of two transcripts coding for Expansin. 

This gene functions in loosening the cell wall and promote tuber growth (Jung et al., 

2010).  

Therefore, the relationship between source and sink is conducted by sending a signal 

from the sink to adjust the source capacity whenever the sink was under stress. 

Meanwhile, the sink would adjust its strength whenever there is not enough influx 

from the source and the sink tries to cope with the stress by adjusting the distribution 

of assimilates. 

5.2. Characterization of StFKF1 and its potential role in potato plants 

5.2.1. Effect of altered StFKF1 expression on time of tuberization 

FKF1 protein of potato is closely related to its homolog from protein tomato and 

Arabidopsis (Figure 23). The gene of potato shared high similarity in LOV domain 

with others gene functioning as blue light photoreceptors (Figure 23). The expression 

of StFKF1 fluctuated diurnally (Figure 24A) which is in line with the diurnal regulation 

of AtFKF1 (Imaizumi et al., 2003). The expression increased due to the 

developmental age in potato plants (Figure 24B). 

The circadian clock genes together with light regulate tuberization via the mobile FT 

gene, StSP6A (Navarro et al., 2011). According to the current model, the expression 

of StFKF1 will induce StCO and subsequently StSP5G which represses StSP6A 

expression as well as tuberization (Abelenda et al., 2016). However, the results 

revealed that overexpression of StFKF1 induced early tuberization regardless of 

photoperiod and temperature. The silencing StFKF1 did not affect the time of 

tuberization (Table 12). The result is in agreement with observation in Arabidopsis, in 
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which reducing expression of AtFKF1 has shown late flowering, but overexpressing 

promoted early flowering (Lee et al., 2017; Nelson et al., 2000). 

The transition of tuberization time is determined by expression changes of StSP6A 

and StSP5G. In WT, the expression of StSP6A increased with the developmental 

age, while the expression of StSP5G expression decreased. This was also seen in 

RNAi-FKF1 lines. However, expression of StSP6A was high in OE-FKF1 lines at the 

early developmental age (3 WAP) and decreased with developmental age (7 WAP) 

(Figure 35A). This tendency was opposed by StSP5G mRNA level (Figure 35B). The 

increase of StSP6A in the early time point of OE-FKF1 lines is not understood yet; it 

is in contrast to the current model, in which StFKF1 expression will induce the 

activation of StCOL1 and subsequently reduced the StSP6A expression. The 

changes in StSP5G and StSP6A expressions are possibly affected by the expression 

of StCOL1 which expression was relatively increasing from 3 WAP to 7 WAP in OE-

FKF1 lines but decreasing in WT and RNAi-FKF1 lines (Figure 36A). This change in 

CO expression in WT and RNAi lines is in agreement with the expression of AtCO in 

Arabidopsis. The shift in StCOL1 expression in OE-FKF1 lines showing lower 

expression at the early time point is not yet understood. 

5.2.2. Effect of altered StFKF1 expression on vegetative development, soluble 

sugar and starch accumulation, and sprouting time 

The effect of the StFKF1 modification on plant growth was clearly seen in OE-FKF1 

lines which were shorter and smaller than WT, while the height of RNAi-FKF1 lines 

was similar to that of WT ones in all experiments. In experiment 1, the height of the 

OE-FKF1 plants increased more linearly compared to the height of the plants in other 

experiments indicated from the R2 values; it denotes that the increase in plant height 

is a response to mildly elevated temperature. The height and shoot FW of RNAi-

FKF1 and WT lines increased linearly along the time (Figure 29 and 30).  

In all experimental set-ups, the tubers of OE-FKF1 lines were small and poorly 

developed. Hence, it can be hypothesized that the rate of carbon accumulations of 

OE-FKF1 lines, especially in tubers, are slower than those in other lines.  Although 

chlorophyll contents and the assimilation rates per leaf area were higher in OE-FKF1 

than the WT plants (Figure 32), due to the tiny leaves, higher assimilation rates 
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cannot afford the whole plants needs leading to a decreased amount of available 

sucrose for the tuber sink. Therefore, tubers cannot properly develop. This finding is 

in agreement with the result that the sucrose contents in OE-FKF1 lines leaf tended 

to decrease with a significant decrease in experiment 2 (Figure 37). The decrease of 

leaf sucrose contents also contributes to the decline of tuber starch contents in OE-

FKF1 lines (Figure 38). Another interesting observation in OE-FKF1 lines was that 

the senescence was delayed. 

The dwarf phenotype of OE-FKF1 lines was not an effect of tissue culture 

propagation. Although the OE-FKF1 plants derived from tubers were taller, they were  

significantly shorter than WT ones (Figure 40A). The tubers of OE-FKF1 lines 

cultivated from tuber were not well developed; it indicates either the possibility of lack 

of input or hampering of tuber bulking process. The RNAi-FKF1 lines were similar to 

WT regarding plant height, shoot FW and tuber yield (Figure 40A-D). 

Alteration of plant stem elongation is a typical light response and has been reported 

in some photoreceptor mutants, such as the height of Arabidopsis plants harboring 

35S::AtFKF1 were significantly shorter than the WT ones (Lee et al., 2017). The 

antisense expression of AtPhyB increased the stem length of in vitro potato plants 

(Jackson et al., 1996); while overexpression of UV resistance locus 8 (UVR8)-UV B 

photoreceptor triggers the shortening of the hypocotyl (Huang et al., 2014). Besides, 

a dwarf phenotype was observed in potato plants overexpressing AtCO under control 

of 35S promoter leading to decrease of the internode length (Martinez-Garcia et al., 

2002). The height reduction has also been observed in AtCO overexpression in 

Arabidopsis (Simon et al., 1996). The overexpression of AtZTL, FKF1 homolog, 

increased hypocotyl length (Nelson et al., 2000). 

The dwarf phenotype of OE-FKF1 lines may indicate that FKF1 is dealing with 

photomorphogenetic. In Arabidopsis, one of the genes dealing with 

photomorphotropism is ELONGATED HYPOCOTYL 5 (HY5) which induction was 

downstream of phytochromes, cryptochromes and UV-B photoreceptor (Gangappa & 

Botto, 2016). This gene physically interacts with AtCOP1, whereas the AtCOP1 

protein expression is inhibited by AtFKF1 (Lee et al., 2017). Furthermore, the same 

authors stated that the inhibition of hypocotyl elongation was induced by the AtFKF1 
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protein expression which negatively affected AtCOP1 dimerization rather than by 

regulation of AtHy5 stability. 

Ten-week after harvest, tubers of WT, OE-FKF1 and RNAi-FKF1 lines have shown 

sprouting (Figure 39). The RNAi lines had a higher percentage in tuber sprouting 

number compared to OE lines and WT. Earlier sprouting of RNAi lines might be 

induced by relatively higher sucrose and starch contents of tuber compared to OE-

FKF1 lines. It indicates the high soluble sugar and starch contents may accelerate 

the process of sprouting.   

5.2.3. Effect of altered StFKF1 expression on heat stress responses 

The increase in plant height is a general heat response. In this study, the increase of 

OE lines height was stronger than in WT and RNAi lines (Figure 45). Surprisingly, the 

shoot FW of OE 8 lines increased under heat stress and the leaves showed no 

senescence symptoms. This response may be influenced by higher chlorophyll 

contents of OE lines (Figure 45).  

In contrast, the shoot FW of WT and RNAi lines decreased and became strongly 

reduced after 4 week heat stress. The tubers weight of all lines remained lower than 

the control condition. This can be induced by the shift of assimilate accumulation into 

the shoot as the ratio of tuber per shoot DW is lower in heat stress conditions (Figure 

45E). It can be hypothesized that whenever the temperature is increased, factors 

suppressing plant height might be altered and needs further investigation. 

5.2.4. Identification of StFKF1 co-regulated genes 

As a particular interest of this study to identify the similar expression patterns with 

StFKF1, using a 70% Pearson correlation cut-off, two sets of microarray data were 

identified that showed similar expression patterns to StFKF1 (Table 12). Interestingly, 

this list includes some genes related to circadian clock such as COR 27, ELF4 and 

JMJD5 (Table 12). It indicates that the expression of StFKF1 regulation might be 

controlled by the clock genes. The network of FKF1 in Arabidopsis with those 

circadian clock-related genes was supported by the circadian rhythm network 

performed by ATTED (http://atted.jp/data/gonetwork/GO:0007623.shtml). 

http://atted.jp/data/gonetwork/GO:0007623.shtml
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In Arabidopsis, the circadian network is related to AtCCA1, one of the core circadian 

clock genes. Under heat stress, AtCCA1 expression was altered by ROS (Lai et al., 

2012). Moreover, the authors stated that the alteration of AtCCA1 expression 

influences the expressions of AtFKF1 and Evening Element - such as AtCOR27 and 

AtJMJD5. 

5.3. Future prospects 

This thesis contributed to increasing the knowledge of responses of potato plants to 

elevated temperatures. With the described toolset, the effect of source capacity in 

adjusting sink strength and role of sink strength to adjust source assimilation rate 

were analyzed revealing bidirectional communication. Thus, when the plants were 

cultivated under increased air temperature but the root space was cooled (cold plate), 

tuber yield increased. One of the transcripts which expression was upregulated in 

leaves under cold plate conditions was StFKF1. Potato plants were engineered with 

increased or decreased expression of StFKF1. Surprisingly, the time of tuberization 

was earlier in overexpression lines which did not fit with the current model. Moreover, 

the overexpression lines showed a dwarf phenotype, delayed senescence, increased 

shoot height and weight in response to heat stress. Therefore, this thesis could be a 

starting point for further intense research to uncover the role of StFKF1 in 

tuberization and the network between light perception and temperature. The 

response of light receptor to temperature, especially FKF1, is not yet known. A 

deeper understanding of the pathway(s) regulating the time of tuberization and 

functions of FKF1 under heat stress (not only as a blue light receptor) will contribute 

to a better understanding of the regulation of tuberization and plant responses to 

increased temperature.  
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Appendices 

Table S1.Changes in expression of transcripts coding for starch metabolism in leaves under 

stress condition compared to the control condition. 
Numbers marked in bold indicate statistically significant expression compared to the control samples 
(pÒ0.05, FCÓ2). Red and blue cells represent over- and under-regulated functional categories, 
respectively 
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Table S2. Changes in expression of transcripts coding for ñdevelopment in tubers under stress 
conditions as compared to the control condition. 
Numbers marked in bold indicate statistically significant expression compared to the control samples 
(p Ò 0.05, FC Ó 2). Red and blue cells represent over- and under-regulated functional categories, 
respectively. 
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Table S3. Changes in expression of transcripts coding for ñhormoneò in tubers under stress 
conditions as compared to the control condition. 

 
Numbers marked in bold indicate statistically significant expression compared to the control samples 
(pÒ0.05, FCÓ2). Red and blue cells represent over- and under-regulated functional categories, 
respectively. 
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Table S4. Transcripts of the group ñDNAò differentially expressed in all conditions as 
compared to controls in tubers. 
 
Numbers marked in bold indicate statistically significant expression compared to the control samples 
(pÒ0.05, FCÓ2). Red and blue cells represent over- and under-regulated functional categories, 
respectively. 
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List of abbreviations 

 

%  Percentage 

ºC  degree celcius 

AA  Amino acid 

ANOVA  Analysis of variance 

ca.  circa (around) 

CamV  Cauliflower mosaic virus 

CO2  Carbon dioxide 

DEPC  Diethyl pyrocarbonate 

DMSO Dimethyl sulfoxide 

dNTP  deoxyribonucletide 

DTT  Dithiothreitol 

e.g.  exempli gratia (for example) 

EDTA  Ethylenediaminetetraacetic acid 

et al.  et alia (and others) 

g  gram 

GmBH gesellschaft mit beschränkter haftung (company with limited liability) 

GFP  Green fluorescent protein 

h   hour  

HCL  Hydrochloric acid 

HEPES hydroxyethyl-piperazineethane-sulfonic acid 

HPLC  high-performance liquid chromatography 

l  litre 

mg  milligram 

mM  millimolar 

min  minute(s) 

ml  millilitre 

mRNA  messenger RNA 

O2  Oxygen 

OE  Over-expression 

oD  optical density 

PCR  polymerase chain reaction 

PGSC  Potato Genome Sequencing Consortium 

qPCR  quantitative real-time PCR 
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RNA  ribonucleic acid 

RNAi  RNA interference 

RT   Room temperature 

rpm  revolutions per minute 

SE  standard error 

SD  standard deviation 

TBST  Tris Buffered Saline with Tween 20 

(v/v)  volume:volume ratio 

WT  wild-type 

(w/w)  weight: weight ratio 

ɛl  microliter 

ɛg  microgram 

  

 

https://en.wikipedia.org/wiki/Revolutions_per_minute
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=12&ved=2ahUKEwiMof6EnL3eAhUFtIsKHYtYA3AQFjALegQICRAB&url=https%3A%2F%2Fwww.gbiosciences.com%2FBuffers-Reagents-Chemicals%2FElectrophoresis-Related-Buffers-Chemicals%2FTBST-10X&usg=AOvVaw1is2-RvS-cmtEWJ0AGl7B6
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=12&ved=2ahUKEwiMof6EnL3eAhUFtIsKHYtYA3AQFjALegQICRAB&url=https%3A%2F%2Fwww.gbiosciences.com%2FBuffers-Reagents-Chemicals%2FElectrophoresis-Related-Buffers-Chemicals%2FTBST-10X&usg=AOvVaw1is2-RvS-cmtEWJ0AGl7B6
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