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Abstract 

Retaining the edible dormant state of potatoes is incredibly important for their commercial and 

nutritional viability. To augment the natural dormancy processes and edibility, sprouting suppressants 

are widely used to enable storage and year-round food supply of potatoes. However, due to 

environmental and health risks, the approval of the most widely used suppressant has been 

withdrawn, leaving farmers and potato store managers with less effective and higher cost alternatives.  

To develop novel and targeted sprouting suppressants the mechanism of sprouting needs to be well 

understood. To date, the majority of studies exploring the mechanisms behind sprouting have been 

focused upon hormonal and transcriptomic changes that occur during sprouting, with little 

exploration into the metabolic processes underpinning the process. This represents a considerable 

gap in our fundamental understanding of the potato sprouting process. In this thesis I will explore the 

metabolomic changes that occur during the earliest stages of sprouting, and associate these changes 

with the physical development of the bud so that the mechanism of sprouting can be better 

understood with a view to the development of novel sprout suppressants. 

To provide physical context to the earliest stages of sprouting development, in Chapter 2 I have used 

various imaging approaches to develop a novel potato sprouting atlas that describes the 

morphological changes occurring between the dormant bud and established sprout. By developing a 

benchtop in-vitro sprouting assay approach it was possible to closely assess the earliest stage of 

sprouting without the need for sprouting initiators that could affect the sprouting physiology. Using 

the atlas I was able to categorise sprouting into six distinct developmental stages, which allows for 

inconsistency in the rate of sprouting to be accounted for, and allows for a deeper understanding of 

physical development. Furthermore, I show the applicability of the sprouting atlas in multiple cultivars 

and demonstrate how the atlas and the in-vitro sprouting assay approach can be used to assess 

commercial suppressants.  

Using the sprouting atlas and in-vitro sprouting assay, in Chapter 3 I then explore the metabolomic 

changes that occur during sprouting using untargeted mass spectrometry. Through the development 

of a high-resolution data processing protocol, I identified the metabolites that undergo significant 

change during sprouting. Using these insights I explore core metabolic pathways undergoing change 

and identify metabolic pathways that are associated with the early event in potato sprouting, including 

apparent asymmetry in many primary metabolism pathways.  

In chapter 4, I provide a deeper understanding to the metabolomic changes occurring in sprouting 

potatoes by investigating the spatial distribution of key metabolites and pathway intermediates. By 



 

v 
 

developing an ambient mass spectrometry imaging approach optimised for potatoes, I am able to 

provide novel insight in to metabolite distribution during the sprouting process. The spatial 

exploration of metabolome change provides novel insights into the metabolic activity of tubers, 

including further evidence of primary metabolism asymmetry.  

Finally, in Chapter 5, I provide a proof of concept for identifying novel sprouting suppressants using 

metabolomic insights. With the insights from chapters 3 and 4, I was able to identify a core metabolic 

pathway to the sprouting process and trial inhibiting it in-vitro. The selected inhibitor was effective at 

arresting development, providing clear evidence that metabolomic insights can be used in the 

development of novel suppressants.  
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/ƘŀǇǘŜǊ мΥ DŜƴŜǊŀƭ ƛƴǘǊƻŘǳŎǘƛƻƴ 
1. Introduction 

Potatoes (Solanum tuberosum) are the fourth most highly produced food crop in the world, after rice, 

wheat, and maize. They are a crop of high humanitarian and commercial importance (Robertson 2018; 

Devaux 2021). Their adaptability, high productivity, and great nutritional content make them an 

essential calorie source for a substantial portion of the global population, particularly as they are often 

cheap to produce and can provide essential resources in deprived areas (Haverkort 2013; Devaux 2014; 

Robertson 2018). Only the tubers of the potato plant are edible, and only in their dormant state. 

Potato tubers act as the seed for the development of the new plant. When the tubers lose dormancy 

and start to sprout, biochemical changes begin that cause the build-up of toxic glycoalkaloids and 

bitter sugars, making the tubers inedible (Pedreschi 2007; Schrenk 2020). As a result, retaining the 

dormant state of tubers is an incredibly important issue for food security (Haverkort 2013; Devaux 

2014; Robertson 2018). 

In the UK and Europe, chlorpropham (CIPC), a highly effective potato sprouting suppressant, has been 

extensively used for over 70 years to prevent sprouting and retain the edible dormant state of 

potatoes (Paul 2016). However, due to concerns about its environmental and health impacts, CIPC has 

been banned, leaving potato farmers and storage managers without their best tool for maintaining 

tuber viability (AHDB 2022). As a result, there has been a concerted effort to develop alternative 

solutions to the problem of preventing sprouting (Alamar 2017; Gumbo 2021; Saunders 2021; Hu 

2023). The development of alternative solutions is hindered by a fundamental lack of understanding 

of some of the core metabolic processes that underpin sprouting. Therefore, in an effort to shed light 

on the mechanisms by which potatoes sprout, this thesis will explore the metabolic activity that 

underlies sprouting and provide insights into the process that could benefit the development of CIPC 

alternatives. 

1.1. Potato tubers.  

1.1.1. Overview of the potato lifecycle. 

Potato crops have been grown in the Andes Mountains for over 7000 years, and the plants have 

evolved into a hardy, adaptable crop with an overwintering strategy that allows them to endure the 

cold winter months (Jefferies 1991; Wiltshire 1996; Haverkort 2013). This overwintering strategy is 

based on the establishment of potato tubers, which are modified stems known as stolons that form 

in the soil as the vegetative plant matures. During tuberization (the process of tuber formation), 

stolons act as resource sinks, drawing carbon and nitrogen resources from the vegetative plant and 
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storing them as starch and proteins (Appeldoorn 1999; Kloosterman 2005; Dutt 2017). As resources 

are accumulated, longitudinal growth of the stolon is endogenously inhibited (Appeldoorn 1999; 

Kloosterman 2005; Dutt 2017), and radial growth is initiated, leading to the swelling of the stolon and 

establishment of starch and protein-rich tubers. 

Vegetative growth is seasonal, and as conditions become cooler or resources become scarcer, the 

aerial plant senesces. At this time, the tuber detaches from the stolon and becomes isolated from the 

plant (Jefferies 1991; Wiltshire 1996; Haverkort 2013). The detached tuber can then rest in the soil for 

a prolonged period in a dormant state. This state is controlled biochemically and environmentally to 

prevent sprouting. When favourable conditions return and endogenous controls are released, 

dormancy breaks and the tuber begins to sprout, generating a new potato plant using the stored 

resources in the tuber. At this point, the lifecycle starts again, and the vegetative plant regrows. 

1.1.2. Potato buds: the site of new growth.  

Potato tuber buds contain dormant shoot apical meristems (SAMs) which can generate new shoots 

after dormancy breaks. Like other stems, potato stolons have an apical bud at the tuber tip and axillary 

buds containing separate meristems that spiral downwards (Park 2014; Teper-Balmnolker 2012). 

SAMs are highly prolific collections of cells that can rapidly proliferate and generate the structures of 

a new shoot, and are controlled by a combination of transcription factors, hormonal signalling, and 

small peptide signalling (Traas 2002; Murray 2012; Naseem 2020; Shimotohno 2022). 

Through a complex feedback loop involving KNOTTED, WUSCHEL, and CLAVATA transcription factors, 

the SAM region maintains a steady collection of undifferentiated cells at its surface while rapidly 

proliferating and generating new structures below and in the peripheral tissue. This allows for rapid 

cell production and structure formation while retaining the core collection of stem cells (Traas 2002; 

Öpik 2005; Murray 2012; Naseem 2020; Shimotohno 2022). The process of meristem proliferation and 

regulation is also mediated by hormones, such as auxin, cytokinin (CK), and gibberellins (GA). CK is 

associated with maintaining the stem cell region, auxin is highly involved in initiating organ 

development, and GA is linked to sustaining cell proliferation and expansion (Traas 2002; Öpik 2005; 

Murray 2012; Naseem 2020; Haider 2022; Shimotohno 2022). 

However, while SAMs have the capacity for rapid proliferation, their activity, and that of axillary 

meristems, is actively repressed when the tubers are in a quiescent dormant state. Only once 

dormancy has been released can the meristems proliferate and produce the new potato shoots. This 

thesƛǎ ǿƛƭƭ ŦƻŎǳǎ ƻƴ ǘƘŜ ŀŎǘƛǾƛǘȅ ŦƻƭƭƻǿƛƴƎ ŘƻǊƳŀƴŎȅ ǊŜƭŜŀǎŜΣ ŘǳǊƛƴƎ ǘƘŜ ǎƘƻƻǘΩǎ initial growth, as the 

biochemical and physiological changes that result from the dormancy release have major commercial 

impact. Dormancy release mechanisms have been widely investigated (see 1.1.3.), however, little 
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research has focused upon the initial sprouting process, and this presents an opportunity to provide 

novel insights into the transition from commercially viable tuber to agricultural waste.   

1.1.3. An overview of dormancy & sprouting. 

In potato research, the term "dormancy" is used to describe the temporary arrest of meristem growth 

in subterranean tubers (Lang 1987; Sorce 1996; Suttle 2004; Aksenova 2013). Dormancy begins when 

the tuber is established and longitudinal growth is suppressed (Kloosterman 2005; Dutt 2017). During 

dormancy, metabolism continues at a greatly reduced rate due to endogenous restrictions and the 

formation of a thick epidermis that starves the meristem region of oxygen, preventing respiration and 

continuous metabolic activity (Suttle 2004; Sonnewald 2014; Hu 2023). The SAM does not proliferate 

during dormancy and meristems are arrested in the G-1 phase of the cell cycle (Campbell 1996; Suttle 

2004; Aksenova 2013). As such, for the dormant period of the potatoes lifecycle the apical bud remains 

a small and discrete structure on the surface of the swollen tuber. 

Potato dormancy is categorised into three states: endo-dormancy, eco-dormancy, and para-dormancy 

(Lang 1987; Suttle 2004; Sonnewald 2014). Endo-dormancy is the endogenous suppression of 

sprouting regardless of environmental conditions, and ensures a prolonged dormancy period free 

from premature sprouting. During endo-dormancy biochemical controls are sufficient to prevent 

sprouting even in the presence of favourable conditions such as warmth and humidity. Over time 

these biochemical controls weaken and the potatoes enter an environmentally controlled eco-

dormancy. During eco-dormancy the dormant state is mediated by environmental conditions, most 

notably temperature, and the potatoes are capable of sprouting but are supressed by the environment. 

During eco-dormancy sprouting can initiate if favourable conditions are supplied. In comparison to 

endo- and eco dormancy, para-dormancy only occurs in axillary buds on the tuber. Para-dormancy is 

an endogenously controlled dormancy dictated by the apical meristem. In para-dormancy, the apical 

meristem actively inhibits the axillary meristems, preventing them from sprouting under a system 

known as apical dominance. Para-dormancy allows for a delay between when the apical bud sprouting 

and subsequent bud sprouting. 

Over time the strength of the dormancy will weaken, until eventually dormancy break occurs, and the 

buds are capable of sprouting. The term Ψdormancy breakΩ can refer to the loss of biochemical controls, 

or the ramping up of metabolic activity prior to visible growth, or even the act of sprouting itself (Lang 

1987; Wiltshire 1996; Suttle 2004). Regardless of the exact definition, dormancy break is a change in 

state that allows for sprouting to occur and requires the endogenous controls that maintain dormancy 

to be released and sprouting initiators to begin new growth.  



Chapter 1: General introduction.  

4 
 

The mechanisms behind dormancy 

Potato dormancy is a multifaceted process regulated by a complex interplay of hormones and 

signalling molecules. Over the course dormancy and sprouting, the tubers balance between growth 

inhibitory hormones such as abscisic acid (ABA) and growth promoting hormones such as gibberellins 

(GAs) (Suttle 2004; Aksenova 2013).  

ABA is a growth and development regulatory hormone that is considered the main endo-dormancy 

hormone in potatoes. ABA accumulates in the tubers during tuberization, and gradually declines over 

time post-harvest, losing regulatory strength until other factors become the primary source of growth 

inhibition (Sorce 1996; Destefano-Beltran 2006a). The decline in ABA is a key factor in the length of 

endo-dormancy, with its fall below a variable threshold being associated with the end of endo-

dormancy (Aksenova 2013; Haider 2022). Ethylene is another endo-dormancy hormone that is found 

in its highest concentrations during tuberization and appears to play a role in stabilising dormancy. 

Ethylene levels are high at the initiation of dormancy and in response to stress, and research has 

indicated that increasing the level of ethylene can stimulate ABA biosynthesis or regulate its 

catabolism (Tosetti 2021), demonstrating a role in the supplementing the maintenance of endo-

dormancy (Aksenova 2013; Alexopoulos 2009). As such, when continuously applied exogenously to 

the tubers, ethylene can prolong the dormancy period and hence it is used in potato storage as a 

dormancy extender (Dai 2016; Foukaraki 2016; Cunnington 2020). However, whilst ethylene appears 

to mediate the establishment and maintenance of endoτdormancy, Coleman et al (1998) 

demonstrated that during the late stages of dormancy, ethylene application can exacerbate the 

catabolism of ABA, weakening the dormancy and promoting sprouting. The exact mechanisms by 

which ethylene mediates dormancy and sprouting are not fully understood, and it appears to include 

complex interactions with ABA during the dormancy period. 

The low metabolic activity of endo-dormancy is a result of the restriction of resource availability. After 

tuberization the connections between the bud and phloem are gated, restricting metabolic activity by 

isolating the bud from resources (Viola 2007; Hancock 2008). Moreover, as the tuber matures, the 

periderm and cortex regions thicken, restricting oxygen availability in the subtending tissue and 

starving respiration of necessary metabolites (Suttle 2004; Sonnewald 2014). In this way, the meristem 

regions can be starved of essential resources and made unable to grow during endo-dormancy 

regardless of the increased sugar content due to a switch from starch to sucrose synthesis (Hancock 

2008).  

In comparison to the endogenous controls seen in endo-dormancy, eco-dormancy is regulated by the 

environmental conditions the tuber is experiencing. Temperature plays an essential role in 
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maintaining eco-dormancy, with eco-dormancy length being proportional to the storage temperature 

(Wiltshire 1996; Sonnewald 2014). At lower temperatures tuber respiration rate is lower, and 

metabolic activity is reduced (Wiltshire 1996), prolonging the dormancy status of the tuber. During 

the eco-dormancy period, artificially lowering the temperature can extend dormancy, and is a primary 

tactic used to extend crop life in commercial potato storage (discussed further in 1.2.1.). However, at 

lower temperatures (particularly below 4°C), the impact of temperature on metabolism can be 

detrimental to the quality of the tuber. Due to the reduced metabolic activity, there is an imbalance 

in the rate of starch hydrolysis and glycolysis causing reducing sugars to accumulate (Jansky 2014; 

Wiberley-Bradford 2014). This accumulation of sugars leads to a process of cold induced sweetening 

(CIS) which reduces the potato quality, darkens the colour of the flesh when fried, and facilitates the 

accumulation of toxic acrylamides (Sonnewald 2001; Jansky 2014; Wiberley-Bradford 2014; Zhang 

2017). The impact of moisture on eco-dormancy is less profound, and water availability does not 

appear to be a major factor in the maintenance of dormancy (Hu 2023; Muthoni 2014; Wiltshire 1996). 

However, whilst not directly involved, moisture and is a vector for bacteria and fungi, and damage by 

disease does not only reduce the viability of the crop but can also initiate a defence response such as 

scab formation (Alamar 2017; AHDB 2021). Light availability does not play a role in the regulation of 

dormancy, however it does play an important role in sprouting which will be discussed in the next 

section (Mani 2015; Gong 2021).   

Whereas endo- and eco-dormancy are established and maintained equally across the tuber, para-

dormancy is only exerted on axillary buds and not the dominant apical bud. Auxin is transported from 

the apical bud to the axillary buds to enforce dormancy. After apical bud break this control is released 

enabling heightened activity in the axillary buds (Mani 2015). Axillary buds will not be closely studied 

in this research, as the timing and rate of their sprouting is less predictable than that of the apical bud, 

and therefore the exact processes of para-dormancy will not be explored. 

1.1.4. An overview of dormancy break and sprouting 

Hormonal and environmental controls are also essential to initiating dormancy break and sprouting. 

The biochemical controls of dormancy break includes hormones that facilitate the dormancy break 

such as cytokinin (CK), and those that promote and sustain sprouting such as auxin. CK levels are low 

during endo-dormancy, however as endogenous controls weaken CK accumulates, instigating the 

dormancy break and the transition to eco-dormancy (Turnbull 1985). CK accumulation can restart the 

cell-cycle, allowing the meristem cells to leave G-1 and stimulate cell division, and it has been 

demonstrated that treatment with CK can induce dormancy break and lead to earlier sprouting 

(Aksenova 2013; Suttle 2007; Zubko 2005; Turnip 2020). In comparison to CK, which facilitates 

dormancy break, auxin and GA are believed to play important roles in the stimulation of sprouting and 



Chapter 1: General introduction.  

6 
 

the initiation and maintenance of growth. Auxin and GA levels are lowest throughout endo-dormancy, 

with dramatic increases in abundance occurring with dormancy break and sprouting. Exogenous 

application of GA has been demonstrated as an effective method for initiating sprouting early (Suttle 

2004; Tout 2019), however transgenic tubers with reduced GA do not exhibit prolonged dormancy, 

indicating the interactions of GA and sprouting are complex (Aksenova 2013). In a similarly complex 

dynamic, it has been demonstrated that low levels of exogenous auxin application can induce 

sprouting, whereas high levels of application can inhibit bud growth (Suttle 2007). In addition, it is the 

transport of auxin to the axillary meristems that is associated with para-dormancy as the hormone 

allows apical dominance to be maintained (Mani 2015), further complicating the dynamic interactions 

of auxin in sprouting buds. The exact roles of GA and auxin in sprouting remain unclear, however both 

hormones are known growth promoters, and as such it is likely that their role in sprouting is associated 

with the promotion of growth after dormancy has broken and not directly with dormancy break 

(Sonnewald 2014).  

The role of Jasmonates (JA) in dormancy and sprouting is not understood. JA is known to initiate cell 

expansion in the stolon in response to photoperiod change and aerial plant senescence, facilitating 

the development of the swollen tuber (Takahashi 1994). JA appears in highest abundance during 

tuberization, dropping to low levels throughout endo- and eco-dormancy (Aksenova 2013). Hartmann 

et al (2011) demonstrated that there is a brief increase in the level of JA in buds during the onset of 

sprouting, however this quickly returns to base levels. Whilst not explicitly involved in dormancy and 

initiation of sprouting, JA is a known defence hormone, playing an important role in plant immunity 

and defence to damage and attack. Koda and Kikuta (1994) demonstrated that when potato tissue 

was excised and places on wet filter paper the JA levels increased by 10x in the first hour and reached 

a maximum 100x higher than dormant or sprouting tissue levels by the fourth hour. This rapid increase 

was followed by a similar decrease, returning to near normal levels 8hrs after the initial excision. This 

indicates that during dormancy and sprouting, the role of JA is likely defence related and not 

associated with either enforcing or breaking dormancy. 

dormancy break, the process of sprouting is facilitated by an improved resource availability to the 

meristem region and a shift in primary metabolism dynamics. During endo-dormancy there is no 

discernible activity of starch metabolism enzymes (ADP-glucose pyrophosphorylase and starch 

phosphoylase), however as endogenous controls are released the enzyme activity ramps up in the bud 

and vasculature regions, making sugars readily available for growth (Sergeeva 2012).  As the activity 

of the bud increases, the symplastic connections between the vasculature and the bud region are re-

established, allowing for the transfer of sugars and other resources into the bud (Viola 2007; Hancock 

2008). As such, the once isolated bud is reconnected with supplies from the tuber, allowing the 
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transfer of resources that can support rapid growth. Moreover, the increase in sucrose levels causes 

an accumulation of trehalose-6-phosphate, a sugar signalling molecule that further promotes 

sprouting by decreasing the buds sensitivity to the dormancy hormone ABA (Debast 2011; Sonnewald 

2014; Alamar 2017). 

Dormancy break and sprouting are also strongly mediated by environmental controls. As discussed, 

the rate of respiration is directly proportional to temperature, and therefore in the post-winter 

warmer environment the level of respiration in the tubers steadily increases in eco-dormant tubers 

(Wiltshire 1996). Light also plays an important role in the sprouting process as naturally the tubers are 

in dark environments, and the lack of light initiates stem elongation to push the bud through the soil 

(Gong 2021). In fact by increasing the light availability to the tubers sprout elongation can be limited 

as the phototropism does not drive extensive elongation. However, supplying light in potato stores 

risks causing photosynthetic material being generated in the tuber skin, resulting in greening and the 

tubers becoming toxic (Gong 2021; Hu 2023).  

1.2. Potato sprouting suppressants 

Sprouting in potatoes coincides with significant biochemical changes that cause the accumulation of 

toxic glycoalkaloids and bitter photosynthetic material (Pedreschi 2007; Schrenk 2020). Therefore, it 

is essential to prevent sprouting and maintain the dormancy of tubers to retain their commercial and 

nutritional viability. Potatoes are lifted from the soil at around tuber maturation, after the tuber has 

fully formed and the stolon has detached from the senescent vegetative plant. At this point the tubers 

are in their deepest endo-dormant state and edible. Harvested tubers are then moved to storage 

buildings that are designed to control ventilation and temperature, and stored either in bulk (loose) 

or in crates (Cunnington 2018). In these storage conditions the natural mechanisms that control 

dormancy will last roughly 3-4 months post-harvest. Effective store management is essential for 

maintaining tuber quality and mitigating crop losses (due to disease, respiration, or sprouting). 

Sprouting is a major cause of crop loss, as even though the sprouts can be removed to keep the 

potatoes viable for a little longer, any sprout growth corresponds to a loss of tuber mass, size, and 

turgidity, as well as the accumulation of undesirable biochemical compounds (Gumbo 2021; Jaiswal 

2022). 

1.2.1. Enhancing the natural dormancy mechanisms.  

The natural dormancy mechanisms discussed in 1.1.3 can be used to enhance dormancy, but they 

have some limitations. Lowering the storage temperature of tubers can significantly extend the 

dormancy period by greatly reducing metabolic rates (Wiltshire 1996). However, too much cooling can 

increase the risk of CIS (Sonnewald 2001; Jansky 2014; Wiberley-Bradford 2014; Zhang 2017). Through 
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genetic modification, Clasen et al. (2016) were able to prevent the accumulation of reducing sugars in 

the tuber flesh, eliminating the cause of CIS. This approach enabled colder potato storage without the 

risk of CIS, but it was demonstrated in transgenic potatoes that are not commercially approved. Aside 

from the risk of CIS, the energy costs of refrigerating large stores in a warming climate are a significant 

challenge for cold storage (Swain 2009; Cunnington 2018; AHDB 2021; Visse-Mansiaux 2021). 

Nevertheless, low temperatures (between 6 and 12°C) remain a cornerstone of effective potato 

storage (Harper 2015; Wang 2016; Cunnington 2018; Gumbo 2021; AHDB 2021). 

In addition to lowering storage temperature, cultivar selection can be used to prolong dormancy and 

minimise CIS. Different cultivars vary in their response to temperature and the rate at which they 

catabolise endogenous signals (Brocic 2016; Gumbo 2021; Mouzo 2022). Therefore, breeding 

programs can be tailored to enhance the biochemical controls on dormancy. For example, Mouzo et 

al. (2022) identified the proteome components that correspond to longer dormancy, and Destefano-

Beltran et al. (2006b) highlighted the gene families associated with ABA catabolism. However, 

breeding new cultivars is a slow process (up to 10 years in conventional breeding), and there are 

significant restrictions on the use of genetic modification, meaning that developing better cultivars is 

a slow process (Alamar 2017). 

Therefore, the variation of natural mechanisms can only provide a limited degree of dormancy 

extension. As a result, farmers and store managers turn to the use of sprouting suppressants and 

artificial dormancy extenders to keep their crops viable. 

1.2.2. CIPC: 70+ years of being a crutch to farmers and store managers.   

Chlorpropham (CIPC) was first made commercially available to farmers as a cheap and effective 

sprouting suppressant in 1951 (Paul 2016; Visse-Mansiaux 2021; Zair 2021). It was applied to potatoes 

as a fog just after harvest, and one or two applications were enough for over 18 months of storage 

(Lewis 1999; Paul 2016). Even at low levels, CIPC was extremely effective at suppressing sprouting 

(Gouseti 2015), and its reliability was seen as a great advantage by farmers (Potato Council 2013). The 

exact mode of action of CIPC is still not fully understood, but it is a clear mitotic inhibitor that disrupts 

microtubule organisation and prevents cell division (Grand 2021). 

The efficacy and persistence of CIPC in the environment have led to concerns over its environmental 

impact, particularly as residues are incredibly stable and can persist in stores for a long time (Smith 

2012; Douglas 2018; Garthwaite 2020). Moreover, as CIPC is broken down, its derivatives are both 

toxic and potentially carcinogenic, leading to further concerns over its appropriateness for use in food 

systems (Smith 2012; Paul 2016). As a result, there has been increased regulation of CIPC, and approval 
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for its use has been withdrawn in the UK and Europe, essentially banning it in potato stores since 2019 

(AHDB 2021; Cunnington 2022). 

CIPC was used by over 80% of UK potato stores due to its effectiveness, low-cost application, and 

reliability (Paul 2016). The industry had relied on CIPC for over 70 years, and alternative sprouting 

suppression methods occupied a very small market share and had not been tested on a large scale. 

Therefore, the potato storage industry experienced a dramatic shift in 2019 when one of its most 

important tools was withdrawn quickly and relatively unexpectedly (AHDB 2021; Cunnington 2022). It 

has therefore become increasingly important to identify novel alternatives to CIPC and to gain a 

deeper understanding of their modes of action. 

1.2.3. The current alternatives to CIPC. 

Alternatives to CIPC have been commercially available for a while, however their use was limited (Paul 

2016). None of the current CIPC alternatives are as effective, as long lasting or as cheap to apply as 

CIPC had been (AHDB 2021). In Table 1.1.1 an overview of six of the currently favoured sprouting 

suppressants is provided. This does not represent a complete list of the sprouting suppressants 

available to farmers (see Hu et al (2023) for a more extensive list) and the essential oils have been 

grouped together due to their shared attributes. Each of the alternatives to CIPC have advantages and 

disadvantages, and the mode of suppression differs between them. To simplify the explanation on 

how each works, the suppressants are split into four types as denoted in the table.  
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The first category of sprouting suppressants are "dormancy extenders" such as CIPC and maleic 

hydrazide (MH). These chemicals prevent sprouting and hold potatoes in their dormant state for 

longer by disrupting cell division. CIPC can be applied externally to potato tubers in storage to suppress 

sprouting, but MH must be taken up by the aerial plant. Therefore, MH is applied in the field, and the 

timing of application is crucial (Cunnington 2019). MH must be applied late enough that the tuber has 

fully established (to avoid suppressing tuber growth), and long enough before senescence so that the 

plant can take it up and transfer it to the tubers. The application must also be timed well with the 

weather so that there is sufficient humidity for the plant to take up the foliar spray. The complexity in 

the application is one of the leading concerns with the wider use of MH.  

¢ƘŜ ǎŜŎƻƴŘ ŎŀǘŜƎƻǊȅ ƻŦ ǎǳǇǇǊŜǎǎŀƴǘǎ ŀǊŜ άŘƻǊƳŀƴŎȅ ŜƴƘŀƴŎŜǊǎέ ǎǳŎƘ ŀǎ мΣп-dimethylnaphthalene 

(1,4-DMN) and ethylene, which augment the endogenous dormancy controls and prevent sprouting 

initiators from being effective. In 1,4-DMN this is achieved by promoting cell cycle inhibitors, retaining 

the G-1 phase in the cell cycle (Campbell 2010; Campbell 2020; de Mendoca-Neto 2022). For ethylene, 

continuous application has been shown to inhibit ABA catabolism, enhancing dormancy by preserving 

a key maintenance hormone (Zhai 2015; Dai 2016; Foukaraki 2016; Tosetti 2021). However, the impact 

of ethylene can be negative, as temporary supply can actually encourage sprouting rather than 

inhibiting it (Coleman 1998; Gumbo 2021).  

¢ƘŜ ǘƘƛǊŘ ŎŀǘŜƎƻǊȅ ƻŦ ǎǇǊƻǳǘ ǎǳǇǇǊŜǎǎŀƴǘ ŀǊŜ άǎǇǊƻǳǘ ǇǊǳƴŜǊǎέ ǎǳŎƘ ŀǎ ǘƘŜ ŜǎǎŜƴǘƛŀƭ ƻƛƭǎ όŀƴŘ ǘƻ ǎƻƳŜ 

extent 3-decen-2-one), which cause irreparable damage and kill of the sprout so that it can be knocked 

off during processing (Teper-Bamnolker 2010; Gomez-Castillo 2013; Finger 2018; Thoma 2022). There 

are various essential oils available on the market, the most popular being spearmint oil, orange oil, 

caraway oil and neem oil (Teper-Bamnolker 2010; Thoma 2022). The use of essential oils, particularly 

spearmint oil (SPO), is often in tandem with other sprouting suppressants, as they offer no direct 

method of prolonging dormancy, instead provide suppression by causing severe damage to the buds 

which then takes time to recover (Finger 2018; AHDB 2021).  

 CƛƴŀƭƭȅΣ ǘƘŜ ŦƻǳǊǘƘ ŎŀǘŜƎƻǊȅ ƻŦ ǎǳǇǇǊŜǎǎŀƴǘ ƛǎ ŀ άŘƻǊƳŀƴŎȅ ǊŜǎǘƻǊŜǊέΣ о-decen-2-one, which prunes off 

the sprout and returns respiration in the bud to dormancy levels (Knowles 2012; Immaraju 2019). 

Similar to the essential oils, 3-decen-2-one causes irreparable damage to the sprouts and kills off the 

sprout structure. At the same time 3-decen-2-one initiates a spike in respiration that drains the sugars 

in the bud thus starving respiration of resources (Knowles 2012; Immaraju 2019). Unlike the other 

suppressants listed, 3-decen-2-one is new to the market, and trials of its application are still limited 

(AHDB 2021).  
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Each alternative sprouting suppressant presents its own challenges compared to CIPC. All require 

more management than CIPC, whether it is MH being applied in the field or ethylene that needs 

constant application and completely airtight stores. Moreover, the need for multiple applications has 

its own costs and logistical issues. For example, many suppressants have a regulated interval between 

when they can be applied and when the tubers can be sold to market. 1,4-DMN currently has a 30-

day interval period, which is enough time for sprouting to re-establish considering the compound does 

not have long-lasting residual effects (AHDB 2022). As such farmers may be unable to sell potatoes 

they can see actively sprouting in stores as they must wait until the end of the interval period, allowing 

considerable weight and yield losses.  

In addition, the timing of essential oils, 3-decen-2-one and 1,4-DMN applications in storage is also 

crucial to their effectiveness. These suppressants target the fresh structures of newly emerged sprouts 

and therefore need to be timed when the sprouts are vulnerable. However, allowing too much growth 

to ensure vulnerability will result in losses in tuber size and weight. In this way delays in application 

can be costly, but are needed to ensure efficacy (Jaiswal 2022). This complexity in applications is 

exacerbated by a lack of tools for store owners to use to predict sprouting in storage or to assess the 

level of growth occurring. If a farmer or store manager could predict sprouting or have some early 

warning of the onset of sprouting, they would have a far greater opportunity to be efficient and cost-

effective with their suppressant application. Therefore in this thesis, as a secondary goal, I aim to 

provide some potential options for predicting and assessing sprouting in stores that could be 

developed into useful in-store tools.  

1.3. Understanding sprouting to facilitate novel suppressant discovery 

With the increasing regulation of potato sprouting suppressant compounds (AHDB 2021; Saunders 

2021), there is a growing interest in the development and optimization of alternatives to CIPC. Ideally, 

novel suppressants would be highly targeted and have well-documented modes of suppression 

(Alamar 2017; Devaux 2021). To achieve this, we need a deep understanding of the mechanisms of 

potato sprouting. 

Investigations into hormonal and transcriptomic changes have provided insights into the triggers and 

modulators of potato bud sprouting (Suttle 2004; Aksenova 2013; Sonnewald 2014; Gong 2021; Hu 

2023). However, with the exception of sugars, there has been little investigation into the metabolic 

activity that occurs during potato bud sprouting (Hajirezaei 2003; Ferreria 2012; Sonnewald 2014; 

Wiberley-Bradford 2014). Understanding the metabolic changes that occur during sprouting can 

provide insights into the key resources and metabolic pathways that underpin the process. This 
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information can then be used to generate targeted suppressants and to disrupt metabolism to 

suppress sprouting. 

1.3.1. Providing physiological context. 

Before it is possible to study the metabolic changes that occur in sprouting potatoes, it is necessary to 

understand the physical process of sprouting. Surprisingly, little research has been done on the 

morphological changes that occur during potato bud sprouting. The morphological changes of the 

whole of the potato lifecycle have been well-documented, with indexes created to map out the 

physical growth stages over the entire life cycle of the plant (Huaman 1977; Jeffries 1991; Feller 2008). 

However, in these large lifecycle indexes, the sprouting process is often limited to a few minor 

comments on the bud structure, with no real detail about the initial changes that occur as a tuber 

begins to sprout. Moreover, physiological assessments of growth often overlook physical change, 

focusing instead on biochemistry (Firman 1992; Wiltshire 1996; Sonnewald 2001; Suttle 2004; Mani 

2008; Aksenova 2013). This gap in our understanding of potato sprouting is significant, as an 

understanding of the physical changes that occur during sprouting is needed to contextualise the 

underlying biochemical changes. 

In-depth appraisals of physical growth are frequently carried out during developmental research to 

provide references for biochemical investigations. For example, in an investigation into the gene 

expression controlling bamboo flower development, Wang et al. (2014) divided physical development 

into five stages to closely interrogate the gene expression associated with each morphological event. 

This close examination of physiology provided the necessary context for the genomic changes, 

enabling the identification of the first gene markers for bamboo flower development. Without a 

similar index for potato sprouting, it will be difficult to align any insights into the metabolism with 

structural changes.  

Natural variation is unavoidable, but it can be overcome in population-scale studies by providing a 

large sample dataset. This generates an average response that can be investigated (Coleman 1994; 

Wang 2014). However, an average response can often obscure any small incremental changes that 

are occurring. Understanding and categorising physical development can help overcome this issue. 

Regardless of natural variation, samples can be grouped by their actual physical state, not their 

expected physical state. For example, Kloosterman et al. (2005) conducted a study into the 

mechanisms of starch synthesis during tuberization. They found that at the same timepoint, tuber 

development could be in significantly different stages. As a result, the direct comparison of genomic 

data based on time was misleading. To overcome this, the samples were assigned a developmental 

stage and the genomic data was explored from a developmental perspective. By categorising the 
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developmental stages that the stolon goes through as it swells, Kloosterman et al. (2005) were able 

to demonstrate patterns in the gene expression profiles associated with gibberellin catabolism during 

the first two stages of tuber initiation and a decline in glycolysis in the swollen tubers during this stage. 

Based on time alone, many samples would have extended these changes into the stage 3 and 4 

developing tubers. However, by performing a correct physical assessment, the data was correctly 

associated with early tuber development. In this way, the creation of the developmental categories 

allowed for the standardization of the genomic data. This allowed for a better understanding of the 

timing and impact of genetic changes. 

In addition to providing context for biochemical analyses, a better understanding of sprouting could 

be incredibly useful for optimising and developing sprouting suppressants. Many suppressants 

(particularly essential oils) are only effective on freshly exposed new sprouts and have little effect on 

the protected dormant bud (Teper-Bamnolker 2010; Rasheed 2016; Finger 2018; Gumbo 2021). 

Therefore, it is highly important to time the application of suppressants with sprout emergence. 

However, with no clear understanding of the physiological changes that occur in the earliest stages of 

sprouting, farmers and storage managers rely on observing the etiolated white sprout to determine if 

sprouting is occurring (S.A. Agronomy, in conversation). This leaves a lag between the first observation 

of sprouting and the application of suppressants, leading to increased crop losses due to growth. By 

providing insights into the earliest physical indications of sprouting, this window between observing 

sprouting and treatment can be reduced, and suppressants can be applied just as the bud becomes 

vulnerable. 

There are currently no developmental indexes of sprouting that consider the physical changes that 

occur during the initiation of sprouting. Most studies only acknowledge sprouting once the bud has 

grown to be 3-5mm in length and has begun etiolation (Coleman 1998; Hartmann 2011; Zhao 2015; 

Dai 2016; Fourkaraki 2016; Buchholz 2021). This overlooks the considerable physical change that 

occurs between a dormant bud and a growing sprout. Therefore, in Chapter 2 of this thesis, I will 

closely assess the physical process of sprouting. 

1.3.2. Mass spectrometry based metabolomics can provide insight into sprouting bud 

metabolic activity.  

The biochemical changes occurring during potato bud sprouting have rarely been assessed at high 

resolution, and rarer still are studies of the metabolic activity of sprouting buds outside of the 

movement of sugars. Sugars are essential to the sprouting process, and there are numerous studies 

exploring the roles of sugars during sprouting (Sonnewald 2001; Hajirezaei 2003; Viola 2007; Debast 

2011; Mani 2014; Sonnewald 2014). However, much of the sprouting metabolism that has not been 
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explored, and assessing the wider metabolic processes occurring is important for truly understanding 

the sprouting process.  

In this thesis, mass spectrometry (MS) will be used to assess the metabolic changes that occur 

throughout sprouting. MS is a high throughput analytical chemistry approach that identifies and 

quantifies compounds based upon their molecular mass and ionic charge. To achieve this compounds 

are ionised and fired past an electromagnetic field so that they separate out by their mass to charge 

ratio. The flight of these ionised compounds will be determined by their mass to charge ratio, which 

are detected and their relative abundance recorded. A mass spectra is then produced that plots the 

relative abundance against the mass to charge ratio for all ions detected, allowing insight into the 

compounds that are present in the sample (see McLafferty (2011) for an overview of the history and 

technology of MS). MS analysers and detectors have become increasingly sensitive, allowing the 

separation of molecules to an extremely high resolution (Alseekh 2021). This high resolution can be 

both a huge aid in understanding the metabolic content of a sample, and a considerable hurdle in the 

data analysis as it can provide too great a dataset to meaningfully analyse (Mahieu 2015; Alseekh 

2021). This trade-off between sensitivity and analysis will be explored in Chapter 3.  

MS analysis of biological samples most often takes the form of metabolomics or proteomics. 

Metabolomics constitutes the study of the metabolome; the collection of small molecules (molecular 

weight less than 1000Da) and metabolites such as amino acids, carbohydrates and carboxylic acids 

that make up the metabolic content of the sample. Proteomics is the large-scale study of proteins in 

the sample. Both approaches provide an exact phenotype for the products of gene expression and 

metabolism, allowing insight into the downstream effects of any genomic change, treatment or 

developmental process (Kosmides 2013; Putri 2013; Perez de Souza 2019).  

The field of metabolomics has grown considerably in recent decades, and MS-based metabolomics is 

becoming an integral tool for the plant sciences (Alonso 2015; Pérez de Souza 2019). Metabolomics 

can fingerprint a plant's biochemical state, which can be used to understand metabolic activity and a 

plant's response to treatment (Keuger 2012; Putri 2013). MS-based metabolomics is either targeted 

(looking at a select collection of metabolites) or untargeted (assessing the entire metabolome). 

Targeted analysis allows for high-resolution assessments of specific metabolites. For example, Ordaz-

Ortiz et al (2015) were able to demonstrate that phyto-hormones (particularly ABA) accumulated in 

the skin of potato tubers over the course of dormancy, even while their abundance declined in the 

main tuber flesh. The targeted MS analysis allowed for incredibly high sensitivity in the detection and 

exact quantification of the phyto-hormone content in the tuber skin using calibration curves 

generated with standards of the select phyto-hormones. However, targeted analysis is limited to an 
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assessment of only a few metabolites, when the metabolomic change may be widespread, and 

requires that the metabolites that will change are known prior to the analysis (Keuger 2012). 

In comparison, untargeted analysis allows insights into the wider metabolome and enables novel 

discoveries into how the metabolic content is changing (Steinfath 2010; Wang 2019). It should be 

noted that there is no single method appropriate for assessing the entire metabolome due to 

variations in metabolite ionisation and separation which depend on the specific parameters of the 

instrumentation (Kosmides 2013). 

Untargeted metabolomics studies allow for a broader and more exploratory screen of the 

metabolome. By assessing as much of the metabolome content as possible, untargeted approaches 

ŎǊŜŀǘŜ ŀ άƳŜǘŀōƻƭƛŎ ŦƛƴƎŜǊǇǊƛƴǘέ ǘƘŀǘ ƛǎ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ƻŦ ǘƘŜ ƳŜǘŀōƻƭƛǘŜ ŎƻƴǘŜƴǘ ƛƴ ǘƘŜ sample at that 

moment in time (Putri 2012; Kosmides 2013). This can be useful in identifying differences in the 

response of organisms. For example, Pushpa et al (2014) used untargeted metabolomics to identify 

metabolic pathways associated with resistance to the highly damaging Phytophthora infestans. By 

broadly comparing the metabolomes of resistant and susceptible cultivars, it was possible to identify 

the metabolic pathways upregulated in the resistant varieties, which could then be targeted in 

breeding programmes. Similarly, the metabolic fingerprint can be used to identify biomarkers for 

stress. For example, Ghosson et al (2018) identified metabolites in barley that changed drastically in 

response to sulphur stress by comparing the metabolic fingerprint of barley grown with and without 

a sulphur fertiliser. Not only did the fingerprint provide insights into how the primary metabolism of 

the plants was affected, but it also provided quantifiable biomarkers that could be used in plants to 

determine their level of sulphur stress and inform the application of fertilisers. 

Lastly, metabolic fingerprinting allows for changes in the metabolism over time to be investigated. In 

an investigation into the metabolic changes underpinning seed development, Kambhampati et al 

(2021) demonstrated that as the seed matures, there is a shift in carbon metabolism as the seed 

prioritises carbohydrate accumulation over lipid accumulation. By comparing the metabolic 

fingerprint of seeds at incremental steps in their maturation, the dynamic change in metabolic activity 

could be identified, and the temporal changes that were occurring during the maturation process were 

highlighted. Similar metabolomics investigations into development have been carried out in other 

plants (Chang 2017; Omidbakhshfard 2021; Yang 2021). However, there has been little research into 

the metabolic changes occurring in potato buds, particularly during the initial stages of the sprouting 

process. Considering the significant metabolic change that must be occurring between dormant 

meristem buds and sprouting buds, this work represents a knowledge gap of significant importance; 

a knowledge gap that will be addressed in Chapter 3.  
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1.3.3. Mass spectrometry imaging can provide novel metabolomic insight.  

MS-metabolomics can be an invaluable source of information about the metabolic profile of an 

organism, and in potato buds, it presents an opportunity to assess the metabolic changes that occur 

during sprouting. However, the MS approaches most commonly used to conduct targeted and 

untargeted analyses require the homogenisation of the sample, losing any insights into metabolite 

spatial distributions. By appreciating the distribution of metabolites, it is possible to gain greater 

insight into the metabolic mechanisms at work as the metabolomic data is put into its spatial context 

(Lee 2012; Heyman 2016; Boughton 2016; Parrot 2018).  

The distribution of metabolites can be explored through various histological approaches. One 

commonly used approach for spatial analysis is fluorescence tagging, which often requires the 

generation of transgenic lines with fluorescent tags or probes for the metabolic pathway or protein of 

interest, or the application of a fluorescent stain that binds to certain molecules in the cell (Lee, 2012; 

Hong, 2021). Fluorescence tagging can be highly efficient for assessing the distribution of a target 

metabolite, particularly in species such as Arabidopsis thaliana where generation of transgenic lines is 

relatively fast (Hong, 2021). However, the data from fluorescence-tagged analyses is highly specific to 

the targeted metabolite, providing a very limited view of the metabolome. 

A slightly broader approach that captures more of the metabolome is the use of radioactive carbon or 

nitrogen to track the movement of metabolites through the plant (Lee 2012). Using radioactive 

isotopes, the metabolism can be interpreted as the isotope is metabolised into other compounds 

which are then tracked by measuring radiation. Viola et al. (2007) utilised both fluorescence and 

radioactive isotopes to track phloem unloading in sprouting potatoes. The fluorescent dye 

carboxyfluorescein diacetate does not attach to a metabolite, and is therefore not a direct source of 

data about the metabolome, but does highlight where metabolite movement is occurring. This insight 

was then paired with analysis of [14C] sucrose and [14C] glucose to determine where they were being 

metabolized and whether there was any involvement in the metabolite transport. While informative 

about the sugar metabolism and translocation in sprouting buds, these insights are highly limited as 

they only consider a handful of metabolites. 

Therefore, instead of using fluorescence tagging or using radioisotopes, this research utilises mass 

spectrometry imaging (MSI) as it allows the distribution of a broad selection of metabolites to be 

analysed simultaneously and does not require a specific metabolite target. 

MSI is a metabolomics technique that measures the relative abundance of a metabolite across a 

sample section, allowing the visualisation of where the metabolite is in high or low abundance in the 

tissue. As a broad range of the metabolome is collected using this approach, it is possible to assess 
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many metabolites rather than a select few, and the metabolites of interest do not always need to be 

known prior to the analysis (Heymann 2016). There are various ionisation approaches to MSI, which 

will be explored in the introduction of Chapter 4, however to demonstrate the basic principles of MSI 

a diagram of the desorption-electrospray ionisation (DESI) MSI approach is presented in Figure 1.1.1.  

The main difference between MSI approaches is the ionisation method. However, despite their 

differences, all approaches perform localised ionisation of the sample metabolome, which is then 

analysed by the MS (Vickerman, 2011; Boughton, 2016; Dong, 2016). The ionisation method shown in 

Figure 1.1.1, DESI, is an ambient MSI approach that ionises metabolites directly off the sample surface 

Figure 1.1.1: Mass spectrometry imaging allows the distribution of metabolites to be visualised. 
The above diagram represents the core features of desorption electrospray ionisation mass 
spectrometry imaging system (DESI-MSI). Firstly (A), an ionised solvent is fired in a highly refined spray 
at the surface of the sample. This spray causes the desorption and ionisation of the metabolites from 
the surface of the sample in that region, which are then collected by the MS detector and analysed 
using standard MS to produce a mass spectrum for that region. The sample is mounted on a moving 
stage, so the region of the sample being analysed is incrementally changed. As more regions are 
analysed (B) a grid of mass spectrums are produced. By assessing one metabolite in all mass 
spectrums it is possible to generate a heat map of metabolite abundance, which clearly distinguishes 
where in the sample the metabolites are in high or low abundance.   
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using a charged solvent spray under standard atmospheric conditions. The charged solvent causes the 

ionisation and desorption of metabolites in the small spray area and the ions are then accelerated into 

the MS to be analysed (Bennet, 2013; Parrot, 2018). By collating mass spectra across the sample, the 

relative abundance of any selected ion can be visualised, allowing areas of high or low abundance to 

be identified. Each mass spectrum represents a metabolic fingerprint for each location making it 

possible to assess a wide range of ions rather than the limited few possible with other histological 

approaches. Akin to other MSI approaches, ionisation of the whole sample enables both targeted and 

untargeted analyses. However as with other MS approaches, using targeted MS limits the broad 

metabolome insights, whereas untargeted MS allows a better understanding of the metabolic content 

as a whole. Whilst targeted MS can provide higher sensitivity by being optimised for ionisation of a 

specific metabolite, there is no impact on the rate at which samples can be analysed using MSI and 

the data extent is more limited. As such, untargeted MSI will be used as wider insights into metabolic 

activity can be achieved.  

MSI provides both metabolomic data and spatial information, allowing physical context to be aligned 

with metabolic insights. The Maia et al. (2022) used MSI to provide physical context to the increased 

metabolism seen in grapevine leaves after Plasmopara viticola infection, which allowed a better 

interpretation of the pathogen's mode of infection. By assessing where primary metabolism 

metabolites had increased abundance, the researchers were able to demonstrate that the metabolic 

response was highly localized to the infected region. This inferred a pathogenic influence on the 

metabolic activity of the infected cells and allowed the researchers insights into the mechanism of 

how the pathogen infected the plants. There are few examples of MSI analysis on potatoes, and those 

that have been conducted focus on aspects of tuber quality such as glycoalkaloid abundance rather 

than assessing metabolic activity (Ha 2012; Cabral 2013; Dong 2016; Hashizaki 2016; Deng 2021). Here 

too the lack of insight into the metabolic activity of sprouting potato buds is apparent, and therefore 

in Chapter 4 of this thesis I will explore the metabolic changes occurring in potato buds spatially.  

1.3.4. Going from fundamental insights to mechanisms of sprouting suppression.  

The withdrawal of CIPC approval in the EU and UK there has been a concerted effort to develop and 

improve the catalogue of sprouting suppressants that are available to farmers (Alamar 2017; Gumbo 

2021; Saunders 2021; Hu 2023). The development of novel agrochemicals is reliant on the provision 

of leads for bio-active agents and targets for the chemicals to disrupt. It is increasingly important for 

novel agrochemical agents to have known modes of action, and as such agrochemical development is 

moving away from the traditional random screening process (Kraehmer 2014), and using a more 

targeted approaches (Liu 2016; Sparks 2017). For example, through an extensive understanding of the 

chitin formation process in insects, benzoylphenylurea insecticides have been developed and 
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diversified with targeted modes of action to kill pests as they develop (Sun 2015). In this way, 

fundamental insights into the mechanisms of the agricultural problem can provide the framework for 

the creation of new agrochemicals.  

In this thesis, I am to provide a greater understanding of the sprouting process, providing high 

resolution insights in the physiological changes the buds go through as they sprout. With an improved 

understanding of the mechanisms of sprouting, it will be possible to identify key metabolites and 

pathways in the sprouting process, which could present novel targets for sprouting suppressants. To 

this end, in Chapter 5 of this thesis I will demonstrate a proof of concept for how metabolomic insights 

can provide a frame work for novel sprouting suppressant discovery.  

1.4. Thesis aims and objectives 

The lack of understanding about the core metabolomic changes that occur during potato sprouting 

represents a huge gap in the collective knowledge, and a considerable obstacle for the development 

of future suppressants. Therefore, in this thesis I aim to provide novel insight into the metabolism of 

sprouting potato buds through the use of MS-metabolomics and ambient MSI. Using these insights I 

aim to highlight the key metabolic changes occurring in the sprouting buds, identifying targets for 

novel suppressants. In addition to providing insights into the metabolic activity of sprouting buds I aim 

to provide an in depth analysis of the physical process of sprouting, that will allow the categorisation 

of development so as to standardise sprouting experiments, and provide context to the metabolomic 

studies.  

1.4.1. Thesis objectives.  

1. Create a sprouting atlas that describes the morphological changes that occur during the 

process of potato sprouting and categorise growth into distinct developmental stages.  

2. Using the atlas created in [1] assess the metabolomic changes that occur in the potato 

bud throughout the sprouting process, and categorise the metabolomic shift.  

3. With the insights gained by [2] identify metabolites and metabolic pathways of 

heightened importance during the sprouting process.  

4. Conduct a spatial metabolomics analysis, assessing the localisation of key metabolites and 

metabolic pathway intermediates identified in [3].  

5. Using the insights gained from [2], [3] and [4], identify novel targets in the metabolism of 

sprouting potato buds that could be disrupted to suppress sprouting.  
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1.4.2. Hypotheses.  

1. Using in-vitro sprouting assays and high-resolution imaging, it will be possible to 

categorise the physical changes that occur in in potato buds during the earliest stages of 

potato sprouting.  

2. The physical changes observed in [1] will be accompanied by a metabolomic shift as the 

metabolome of the potato bud accommodates to, facilities, or adjusts in line with the 

change in form.  

3. Any metabolomic shift identified in [2] will be detectable using high-resolution untargeted 

mass spectrometry imaging, and it will be possible to identify metabolites that change as 

a result of the metabolomic shift.  

4. The distribution of metabolites will correspond to the key metabolic pathways identified 

in [3], and metabolites will accumulate in the bud of a sprouting tuber to facilitate 

sprouting.  

5. Insights into the metabolism of sprouting buds form [3] and [4] will allow for the 

identification of novel sprouting suppression targets.  
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/ƘŀǇǘŜǊ нΥ /ŀǘŜƎƻǊƛǎƛƴƎ ǘƘŜ ǇƘȅǎƛƻƭƻƎȅ ƻŦ 
ŜŀǊƭȅ ǎǇǊƻǳǘ ŘŜǾŜƭƻǇƳŜƴǘΦ 
2.1. Introduction. 

Our current understanding of potato sprouting physiology lacks insight into the physical changes that 

occur during the transition from dormant bud to elongating sprout. Assessments of potato physiology 

often overlook these subtle morphological changes in favour of assessing biochemical changes 

(Firman 1992; Wiltshire 1996; Sonnewald 2001; Suttle 2004; Mani 2008; Aksenova 2013). This is a 

significant gap in our understanding of potato sprouting, as appreciating morphological change is 

essential to understanding the sprouting process. Therefore, in this chapter, I will describe the physical 

features of sprouting and provide a reliable method for assessing bud development. 

2.1.1. Why the physiology of sprouting needs to be categorised. 

Understanding the physical process of sprouting can provide three advantages: [1] it will provide 

morphological context to the biochemical changes that are occurring during sprouting. [2] Being able 

to categorize developmental progress will allow us to overcome variation in sprouting rates, enabling 

more refined assessment of growth. [3] A better understanding of normal sprouting phenotypes will 

allow us to better interpret how sprouting suppressants have affected growth. The biochemical 

changes occurring in sprouting will be explored in subsequent chapters of this thesis, and in this 

chapter, I will be exploring the categorisation of sprouting and the impact of suppressants on potato 

bud morphology.  

2.1.1.1. Variation in sprouting rates can hinder investigations. 

As discussed in the introduction, potato tubers transition from endo-dormancy to eco-dormancy when 

the endogenous compounds that initiate and maintain dormancy are depleted. At this stage, tubers 

are liable to begin sprouting as soon as favourable environmental conditions (i.e., warmth and 

humidity) are provided (Sonnewald 2001; Suttle 2004; Mani 2008). However, the initiation of 

sprouting is not always immediate during eco-dormancy, and some tubers will lag behind. This 

variation in sprouting can introduce uncertainty into investigations of the earliest stages of sprouting, 

which is the goal of this research.  

Even in highly controlled, glasshouse-grown tubers that are vegetative clones, multiple factors can 

introduce variation into sprouting rates. These factors include slight genotypic discrepancies between 
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tubers caused by random polymorphisms to the genome, slight changes in epigenetic regulation of 

the DNA (Dann 2011), differences in tuber size (Turnip 2020), the depth at which a tuber grew 

(Destefano-Beltrán 2006), and minor differences in storage conditions (i.e., airflow, light, humidity, 

etc.) (Cunnington 2022). As a result, the rate of sprouting can differ significantly from tuber to tuber, 

and time alone is not a reliable indicator of bud development. Figure 2.1.1 shows the apical buds of 

two identically treated tubers of roughly the same size, from the same harvest and sprouting assay, 

after 96 hours in favourable conditions after eco-dormancy had been established. The level of growth 

seen in each bud is significantly different, with Figure 2.1.1A showing little to no outward growth, and 

Figure 2.1.1B having established a stem and elongating away from the surface of the tuber.  

The two tubers in Figure 2.1.1 are as close to identical as possible, having been cloned from the same 

seed potato and formed on the same plant. They were harvested together, cured together, and stored 

in the same bag before being assessed in the same sprouting assay. Nevertheless, the extent of their 

growth is different after 96hrs, demonstrating that sampling based on timing alone will not be a 

reliable method for predicting developmental progress. Therefore, a more nuanced approach is 

needed to ensure that samples are assessed at the same stages of development, particularly for the 

biochemical investigations discussed in Chapter 3, where physiological context is essential to 

understanding the metabolic mechanisms underpinning sprouting. 

Figure 2.1.1: Identically treated tubers sprout at different rate. 
Comparison of 2 buds from the same crop, harvest, storage, and assay 96hrs after sprouting initiation. 
(A) Is far less developed than (B) despite identical treatment. Black scale bars represent 1mm. 
 

A)  B)  

1mm 1mm 
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2.1.1.2. It is not optimal to overcome variation by artificially synchronising sprouting. 

Many potato research studies reduce this variation by chemically synchronising sprouting. This 

involves artificially promoting new growth in endo- or eco-dormant tubers by applying exogenous 

sprouting initiators instead of relying on natural sprouting mechanisms. Various sprouting initiators 

have been used, including gibberellic acid (GA3) (Hartmann 2011; Karjadi 2021; Tout 2019), hydrogen 

peroxide (Bajji 2007; Mani 2015; Suttle 2012), rindite (Varga 1956), and bromoethane (BE) 

(Alexopoulos 2009; Campbell 2008; Destefano-Beltrán 2006). However, each treatment interferes 

with the natural processes of sprouting, compromising its usefulness in biochemical investigations. 

Chemical sprouting initiators can directly alter the biochemical content of samples or be applied when 

tubers are not in a natural sprouting state, resulting in an unrealistic starting point for the sprouting 

process. For example, Destefano-Beltrán et al. (2006) applied BE to synchronize sprouting and allow 

direct comparisons of ABA levels throughout the process. However, to achieve the desired level of 

synchronisation, BE was applied to completely endo-dormant tubers, artificially breaking dormancy at 

day 40 of storage instead of day ~125 when natural dormancy break would occur. This approach 

accounted for phenotypic differences between tubers and standardised growth, enabling direct ABA 

comparisons throughout the actual sprouting process. However, it also altered the underlying 

biochemical landscape naturally seen before sprouting, starting with endo-dormant biochemical 

content. Shortening the storage time interrupts the natural mechanisms maintaining dormancy, 

undermining the natural processes that prevent sprouting. The metabolic profile of tubers mid-way 

through dormancy will contrast significantly with the metabolic profile of tubers on the cusp of 

sprouting, and hence analysis of artificially sprouted buds is not indicative of the industrial dilemma.  

As sprouting initiators can alter the natural biochemical landscape of tubers, they cannot be used to 

synchronise sprouting in these investigations. Instead, tuber-to-tuber variation must be accounted for 

by using physiological change to categorise developmental progress. To do this, the physiology of buds 

during sprouting will be closely assessed and each feature that appears will be mapped into a timeline 

for growth. Using this timeline, the developmental progress of each sample can be determined and 

the data from similarly developed samples can be collated to account for tuber-to-tuber sprouting 

variation. However, no such timeline exists for the earliest stages of potato sprouting, so this chapter 

will delve into the physical process of sprouting to create one. 

2.1.1.3. Current morphology assessments do not provide detail on early bud growth.  

Despite the importance of sprouting to commercial viability and food security, there is limited 

research on the physical process of sprouting in potatoes. To the best of our knowledge, there are 

only four indexes available for physical development in potatoes that describe the physiological 
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attributes of sprouting. These indexes are the BBCH-Scale [Biologische Bundesanstalt, 

Bundessortenamt und CHemische Industrie] (Feller 2008), the IBPGR index [International Board for 

Plant Genetic Resources] (Huaman 1977), the "potato growth key" (Jeffries 1991), and the dormancy-

to-sprout phenotyping scale used by Morris et al (2018). The first three indexes cover the entire potato 

lifecycle, including sprouting, but they provide only a brief and limited description of the actual 

sprouting process. With the recent interest in hybrid potato production, there have been some 

updates to these scales, but the process of sprouting is still described in only a few lines (Meier 2009; 

CRD 2019; Kacheyo 2021). The scale developed by Morris et al (2018) does provide a closer focus upon 

the bud-to-sprout transition, however very little detail is provided about the features of each growth 

stage in the transition to sprouts and the structural implications of each stage are not explained. As a 

result, the current descriptors of sprouting development are insufficient to distinguish the minor 

differences between buds in early sprouting development. Since physical indicators will be used to 

categorise growth and overcome tuber-to-tuber variation, a more refined timeline of sprouting 

development is needed. 

In all three indexes, the transition between dormancy and sprouting is distinguished by bud length. 

Bud length is an important factor for the potato industry as it can determine a tubers commercial 

viability. However, it provides little insight into the morphology of the buds. The Agricultural and 

Horticultural Development Board (AHDB), which offers guidance to UK farmers on best practices, 

defines any bud longer than 5mm as a sprout (AHDB 2021). Once a sprout reaches 10mm, it is actively 

growing and the sprout is easily visible, compromising commercial viability (Harper 2015). The potato 

processing industry demands complete 'freedom from sprouting,' establishing a general guideline that 

any potato with a sprout exceeding 5mm is not suitable for consumption (AHDB 2021). There are 

measures that can be taken to knock off or prune sprouts, however beyond 10mm the sprouting 

effects on the rest of the tuber become more apparent, such as weigh loss to respiration, softening of 

the tuber and wrinkling of the skin. Such potatoes are either designated as waste, animal fodder, or 

seed potatoes, all of which hold a significantly lower economic value compared to produce for human 

consumption (Cunnington 2018). Managing sprouting in buds beyond 5mm becomes notably 

challenging, as the mechanisms maintaining dormancy diminish, and those promoting active growth 

intensify (Harper 2019). Consequently, sprouted buds necessitate repetitive pruning to hinder further 

growth since enhancing or prolonging dormancy is no longer feasible (Paul 2016). As such, in the 

industry, measuring bud length serves as a primary method for assessing the progression of sprouting, 

despite not providing an explanation of developmental progress. Hence, in this chapter I will delve 

into the relationship between bud length and sprouting progress. 
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The use of bud length to classify sprouting development is prevalent in academic research as well. 

Specific thresholds based on bud length are employed to categorize a tuber as either sprouted or un-

sprouted. In academic studies focused on potato sprouting, a significantly shorter threshold of 2-3mm 

is often used, with length remaining the primary criterion for sprouting categorisation (Coleman 1998; 

Hartmann 2011; de Mendoca-Neto 2022). This 2-3mm threshold holds particular relevance in studies 

where the quantity of sprouted buds correlates with the level of sprouting (Coleman 1998; Hartmann 

2011; Zhao 2015; Dai 2016; Fourkaraki 2016; Buchholz 2021). In these experiments, the morphology 

of the buds is typically overlooked, and only the number of actively sprouting buds is considered 

relevant, not their physiological state. While anatomical features are occasionally qualitatively noted, 

the assessment scope is limited. For instance, Suttle (2012) and Alexopoulos et al (2019) regarded 

changes in the physiological features of the bud as signs of active growth. In these investigations, 

physiology was considered alongside length when classifying buds as either dormant or sprouting. In 

the former case, sprouting was categorized as when a "newly formed sprout protrudes beyond the 

subtending scale leaves", whereas the latter was less stringent, categorizing any visible signs of growth 

as a sprouted tuber. In both cases, the physical appearance of sprouting aids in distinguishing a 

sprouting tuber, but there is limited detail provided regarding these features and when they appear 

in early development. 

To the best of our understanding, there is no extensive assessment of the features of early bud growth. 

Therefore, the work in this chapter aims to provide a more detailed understanding of the physiology 

of potato bud growth. With this, a more extensive understanding of the physical attributes of the 

earliest stages of sprouting can be developed, and early development can be more effectively 

categorised. 

2.1.1.4. Understanding morphological change is best achieved using developmental atlases.  

While the sprouting morphology of potatoes has not been comprehensively described, extensive 

physical development maps have been created in other plants. In-depth timelines chart the 

morphological changes occurring during growth, providing crucial physical context for developmental 

investigations (Bar 2014; Wang 2014; Dirks-Mulder 2019). These intricate mappings often adopt an 

"atlas" format, whereby anatomical features act as markers that distinguish separate growth stages. 

Studies employing sprouting atlases depend on identifiable physical features to denote the plant's 

developmental stage, and with a timeline for when these features appear the atlas can shed light on 

preceding and subsequent morphological changes (Bar 2014; Wang 2014; Cox 2021). For example, 

Cox (2021) created an atlas delineating leaf-primordia development in rice, aiming to contextualise 

the ongoing molecular changes during leaf maturation. This atlas delineated the structure and 

organization of physical leaf attributes, enabling a better appreciation of the when and where 
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anatomical features appeared during leaf development. This understanding enabled the identification 

of molecular drivers behind different stages of the leaf development process, offering insights into 

potential mechanisms that could enhance water use efficiency if the morphology was modified. 

Similarly, Kierkowski et al (2019) developed an atlas mapping the morphological progression in both 

simplistic and complex leaf development. This atlas assisted in pinpointing the timing and molecular 

mechanisms driving leaf differentiation by collating common features from between samples and 

constructing a generic growth timeline. Without this general timeline to development the variation 

between complex and simplistic leaves complicated analysis of the underlying mechanisms that 

determined leaf shape.  

As such, whether the atlas is at a cellular level (Donnelly 1999; Huijser 2011), individual organ level 

(Kloosterman 2005; Park 2014) or at the whole plant scale (Jefferies 1991; Wang 2014), a timeline to 

development can prove to be an invaluable tool for assessing development. An atlas can highlight 

physiological impacts caused by different conditions or treatments, it can provide background to 

biochemical changes that are detected, and generally provide context for a samples state. There is 

currently no such atlas for potato sprout development, a gap in the literature this chapter will address. 

By creating an atlas to potato bud sprouting, it will be possible to categorise development accurately 

based upon exact morphological traits.  

2.1.2. Creating an adaptable and informative assay approach.  

In addition to establishing a standardised system for assessing bud development, it is crucial to design 

an experimental approach suitable for dependable sprouting screening. A preferable approach 

involves adapting an in-vitro sprouting assay that minimizes tuber-to-tuber variation, facilitates rapid 

and straightforward evaluations of bud development, and enables comparable trials of different 

sprouting suppressant treatments.  

2.1.2.1. Industry assay approaches are too bulky to be conducted continuously. 

Tuber-to-tuber variation can introduce significant uncertainty into experimental results. In the 

industry, where the resource quantity is substantial and definitive results are imperative, 

investigations on dormancy, sprouting suppression, and tuber quality often rely on large-scale trials 

to mitigate this uncertainty. By collecting data as bulk averages (i.e., measuring a crate of tubers rather 

than individual ones), inconsistencies between tubers can be accounted for, and generalized 

responses to treatments can be explored. For instance, Briddon and Stroud (2021) utilised 10 pallet 

boxes, each weighing 1300kg and filled with potatoes, to evaluate the impact of various sprouting 

suppressant combinations. These pallets are standard for storage; however, to accommodate them, 

airtight sealed rooms were constructed for controlled suppressant application. The experiment 
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involved recording sprouting buds, weight, and fry colour of hundreds of potatoes from each crate to 

determine the average impact. While representative of the industry's approach, these bulk trials tend 

to progress slowly, and experiments must align with normal harvest schedules (typically once, maybe 

twice a year) due to the large quantities of potatoes required (AHDB 2021). Briddon and Stroud (2021) 

were able to test only four suppressants throughout a year, with all results obtained from a single 

harvest. This alignment with normal harvest times limits the number of experiments possible, leading 

to annual, extended-duration experiments, a constraint not feasible in the context of a PhD. 

Not all industry investigations are conducted at the crate scale, but even lab-based experiments tend 

to be sizable due to the need for a substantial quantity of tubers to mitigate variation. In a study 

examining the effectiveness of various sprouting suppressants, Visse-Mansiaux et al (2021) conducted 

experiments in relatively smaller chambers measuring 1.2m x 0.8m x 2m. However, this reduction in 

size led to fewer samples per treatment (200kg per treatment), and hence additional measures to 

counter variation were needed. Only tubers of specific sizes could be included. However, as tuber size 

can vary significantly, and gathering enough appropriately sized tubers requires a sizable sample 

population. For this reason, Visse-Mansiaux et al (2021) were constrained to annual experiments 

rather than continuous investigations. 

The restrictions of a PhD and the nature of the research requires experiments to be run continuously. 

Thus, the potato sprouting experiments must be decoupled from standard harvest times and 

conducted year-round using glasshouse potatoes. The sheer number of tubers required for industry 

trials is too great to grow on-site, so increasing sample size to overcome tuber-to-tuber variation is 

not possible. Instead, the experiments will be conducted on fewer samples, and a closer examination 

of sprouting development on each individual samples will allow variation to be accounted for in the 

analysis. 

2.1.2.2. Developing small scale assay approach 

Aside from the need to have large quantities of tubers to overcome variation, a major reason potato 

sprouting experiments are at a crate-size scale is because a large proportion of the bulk is taken up by 

the tuber body. Even in experiments where only the bud is relevant, such as Campbell et al (2008), 

large 10L glass containers are needed to house the tubers during the experimental period. To address 

these challenges, some researchers have focused on micro-tubers, which are faster to grow and take 

up less space (Suttle 2012; Kajardi 2021). However, micro-tubers are not conducive to those seen in 

industry. For this research, a far smaller scale was desirable, and samples would be taken from fully 

sized, commercially viable tubers. 
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Smaller scale, highly reproducible assay approaches have previously been used to assess potato 

sprouting. Hartmann et al (2011) developed an in vitro sprouting assay approach, whereby discs 

containing a bud were cored from the tuber and placed on damp filter paper. Using assay plates, this 

massively reduced the footprint of the experiment, and by applying bromoethane the sprouting timing 

could be guaranteed. This in vitro assay approach was then developed in-house by Tout (2019), who 

continued with the filter paper approach and with the use of sprouting initiators (albeit with GA3 

rather than BE). Grand (2021) then progressed this further to utilise agar to provide the moisture, and 

to provide a media into which suppressants could be supplied. These small-scale in vitro sprouting 

assays provided a good framework for these investigations, and with some adaptation, they could be 

modified to allow a broader variety of sprouting suppressants.  

Coring potato discs from the tubers as outlined in these studies does inflict damage on the tubers and 

there will be a subsequent wound healing and defensive response by the tuber. Firstly, the damaged 

areas (in this case the edges of the cored disc) will suberize and form a periderm layer across the 

damaged area (Chintha 2023). This suberisation will be highly localised to the damaged area and is 

therefore unlikely to affect the buds which are separated at the undamaged centre of the core. The 

damage will also illicit a hormonal damage response, with defence hormones such as JA spiking 

immediately after coring. Koda and Kikuta (1994) demonstrated that after wounding there is an 

accumulation of JA in the tubers which reached a relative peak 4 hours after wounding, and the levels 

then decreased back to base pre-damage levels by 8hrs. The decline of JA back to base levels in 8hrs 

indicates that the hormone will not be a major factor in the metabolomics analyses as the initial bud 

samples are at 0hrs (before JA can accumulate) and at 24hrs (post the JA decline to base levels). 

Moreover, as the metabolic activity of the buds is immediately arrested during sampling by flash 

freezing samples after excision, there will be little to no JA accumulation because of the actual bud 

sampling.  

2.1.3. Assessing the effect of sprouting suppressants in vitro. 

A primary goal for this thesis is to develop our understanding of sprouting so that it can guide the 

development of novel sprouting suppressants. As such, it is desirable to integrate sprouting 

suppressants into the in vitro assay approach, as it will allow for the impact of the suppressants to be 

screened and provide an understanding on how they prevent growth.  

2.1.3.1. Integrating three commercial suppressants into the in vitro assay. 

Three of the most commonly applied instance-based sprouting suppressants used in stores are 

chlorpropham (CIPC), spearmint oil (SPO), and 1,4-dimethylnaphthalene (1,4-DMN), and it is these 

compounds that will be investigated in this chapter. There are other suppressants frequently used in 
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industry; however, they are either applied in the field (maleic hydrazide), need constant application 

throughout storage (ethylene), are unavailable in the UK markets (3-decen-2-one) or have a direct 

homolog in spearmint oil (orange oil) (Harper 2019; Thoma 2022). The three chosen suppressants 

(CIPC, SPO, and 1,4-DMN) have considerably different described modes of action (Zair 2021) and 

physiological impacts on potato buds, making them good models for how suppressants may behave 

in vitro. 

CIPC is a synthetic dormancy extender that provides growth suppression by disrupting microtubule 

formation and blocking cell division (Gouseti 2015; Grand 2021). CIPC is most often applied as a hot 

fog at the beginning of storage to allow the compound to diffuse into the potato buds and provide 

sprouting suppression (Cunnington 2018). As a cheap-to-produce synthetic compound that is only 

required once in a storage season, CIPC was the most widely used potato sprouting suppressant on 

the market (Lewis 1997; Paul 2015). However, its potential risks to the environment and to consumers 

have led to its ban in the UK, with similar bans expected globally (Thoma 2022; Douglas 2018; Paul 

2015). CIPC has previously been investigated in vitro (Grand 2018), but only when mixed into the agar 

onto which the potato disc rests, not as a volatile, demonstrating a gap in our understanding of how 

it may be affecting the bud. 

The second suppressant, 1,4-DMN, has not been assayed in vitro, and the data presented in this 

chapter is a novel step in screening the impact of the suppressant. 1,4-DMN is a naturally produced 

compound found in potato skins that can be applied to extend dormancy without environmental or 

health concerns. While 1,4-DMN occurs naturally in potatoes, it is commercially available in a synthetic 

form that is fogged onto tubers. The exact mode of action of 1,4-DMN is not well understood, but like 

CIPC, there are indications that suppression is provided by the disruption of the cell cycle (Campbell 

2010). Campbell et al. (2020) demonstrated that 1,4-DMN does not prolong dormancy by increasing 

ABA content (ABA is the hormone that naturally maintains dormancy and has been shown to prolong 

dormancy if increased in the tuber (Suttle 2012)), and that it does not disrupt microtubules like CIPC. 

However, they were unable to determine the exact mode of action. Compared to CIPC, 1,4-DMN 

residues break down quickly, and therefore the suppressant needs to be applied at the point of 

sprouting to provide the best dormancy extension (de Weerd 2010; Gumbo 2021). Assessing 1,4-DMN 

in vitro provided insight into the effect of timing on the suppressant and allowed for the morphological 

impact to be assessed. 

The third suppressant trialled in vitro was SPO. Unlike 1,4-DMN and CIPC, SPO does not extend 

dormancy; it prevents sprouting by damaging the potato bud. SPO is composed of a range of 

terpenoids (the most abundant of which is R-carvone), which irreversibly damage cell membranes 



Chapter 2: Categorising the physiology of early sprout development. 

31 
 

(Teper-Bamnolker 2010; Gumbo 2021). SPO is a highly volatile solution and is also applied as a fog in 

storage. However, due to its volatility, heating is not necessary, and in fact, lower temperature 

application is used due to the fire hazard risk (Harper 2019; Cunnington 2018). The residues of SPO 

dissipate quickly, meaning application needs to be timed with sprouting (Finger 2018; Rasheed 2016). 

As with 1,4-DMN, SPO has not been trialled in vitro, and therefore this research provides novel insight 

into the mode of action. 

2.1.4. Chapter Aims and Objectives  

In potato research, there is currently (surprisingly) no in-depth timeline for the development of 

sprouting structures. To provide a tool for understanding early development, in this chapter the early 

physical growth of tuber buds is characterised to create an atlas of early development. This atlas is 

used to establish a robust tool for the analysis of bud growth in vitro, then applied to assess the activity 

of a range of commercial potato sprouting inhibitors. This result section of this chapter has been 

broken into three main aims with associated objectives, listed below:  

1. Create an atlas for early tuber bud development.  

a. Using SEM images, identify the key structural changes occurring during sprout 

development. 

b. Using the structures identified in [i.] develop a timeline to growth and categorise 

ŘƛǎǘƛƴŎǘ ǎǘŀƎŜǎ ƛƴ ŘŜǾŜƭƻǇƳŜƴǘ ǘƻ ŎǊŜŀǘŜ ŀ Ψ{ǇǊƻǳǘƛƴƎ ŀǘƭŀǎΩΦ 

c. Cross validate [ii.] with macro-photography images, and demonstrate how the 

developmental stages can be identified non-destructively. 

d. Compare [ii.] with bud longitudinal sections of fixed, embedded material to 

demonstrate how the developmental stage links to histology, allowing 

assessment of internal structure. 

2. Use the atlas to assess growth and development in a range of potato cultivars. 

a. To quantify the rate of sprout growth in vitro, assessing the variability in sprouting 

rates, particularly post stem development. 

b. To assess the relationship between developmental stage and bud size 

c. To assess temporal development and the reliability of sprouting in vitro. 

d. To compare the physiology of sprouting for of three potato cultivars.  

3. Use the atlas to assess the activity of commercial sprout suppressants.  

a. Investigate whether CIPC can be applied in vitro to suppress sprouting and assess 

whether there is a dose dependency. 

b. Assess the effectiveness of applying suppressants as volatiles in the in vitro assay 

approach, both applied pre-emptively and in response to sprouting. 
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c. Categorise the impact of commercial suppressants on the sprouts when applied 

in vitro and compare to the current knowledge base. 
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2.2. Methods 

2.2.1. Plant materials 

2.2.1.1. Plant growth, harvest and storage 

Solanum tuberosum were grown continually in a controlled environment greenhouse at the Arthur 

Willis Environment Centre at The University of Sheffield. The original seed potatoes were purchased 

from Suttons Consumer Products Limited and the spare tubers from the first harvest were used as 

seed potatoes to propagate the plant. The seed potatoes were planted in 15L pots filled with M3 

compost and watered weekly by hand. To replicate normal spring/summer growing conditions, the 

greenhouse cycled through 12 hour day-night cycles using ambient lighting and supplementary 

lighting (200µmol m-2 s-1 at the bench) if the ambient lighting fell below 1000µmol m-2 s-1 during the 

day. The temperature was held at 20°C during the day and 12°C at night. 13 weeks after planting, the 

aerial plant had grown and senesced, leaving the tubers ready for harvesting. After harvesting, the 

tubers were rinsed, air-dried and bagged before cold storage at 7°C which is considered within the 

industry standard threshold for long term cold storage without inducing CIS (AHDB 2021). Cold storage 

in opaque paper bags imitated the soil conditions tubers would naturally endure. The tubers remained 

in cold storage for 12 weeks before sampling. 

2.2.1.2. Cultivar Selection 

There are over 1500 cultivars of potato; however, the UK potato industry relies most heavily upon 5-

10 varieties (Cunnington, 2018). Whilst there is phenotypic variation between these varieties, the 

dormancy break and sprouting mechanisms appear similar. Tout (2019) compared sprouting 

behaviour of field-grown potatoes (cultivars: Desiree, Maris Piper, King Edwards & Russet Burbank) 

against c.v. King Edwards grown in a greenhouse on site to examine how sprouting differed between 

cultivars and growing conditions, and the results showed a stereotypical sprouting behaviour with 

little variation between cultivars or between conditions. C.v. King Edwards offers advantages to the 

research over the other varieties available. King Edwards is well established in the UK variety, with 

high tuber numbers per plant, and good resistance to pest and diseases across the board, resulting in 

more samples available for experiments per planting area. Moreover, the red colouration around the 

eyes allows buds to be quickly identified, and their slight indentation minimises chances of meristem 

damage during harvest, storage, or transport, whilst also being shallow enough to be accessible. As 

such, this research will use cv. King Edwards [KE] as a model organism for investigating sprouting, with 

Estima [E] and Maris Piper [MP] used as secondary cultivars. These secondary cultivars were chosen 

as they are representative of the needs of different aspects of the potato industry and offer some 

phenotypic differences to King Edwards (see Table 2.2.1).  
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Table 2.2.1: Comparison of the relevant attributes for the three selected cultivars.  

Trait Estima King Edwards Maris Piper 

Dormancy length Medium (3-5months) Short (~3 months) Short (~3 months) 
Eye depth Shallow  Pitted Flat  

Tuber colour Light yellow White with red eyes White 
Crop timing Second early Main crop Main crop 

Main industry use Processing Fresh Processing & fresh 
 

2.2.2. In-vitro Assay approach 

To avoid the use of sprouting agents, the tubers were sampled after a full 12 weeks of storage, at 

which point they should theoretically have entered an eco-dormant state whereby the apical bud will 

naturally sprout once favourable conditions are present (i.e., warm, and humid). Before sampling, the 

apical buds of tubers were checked for damage and the potatoes were sterilised in 15% bleach for 15 

minutes and rinsed with sterilised water. In a laminar flow hood, a 12mm diameter Korkborer was 

used to core out the apical bud from the potato. This core was then trimmed down to approximately 

5mm thickness leaving a potato disc with an apical bud at the centre. These potato discs were again 

ǊƛƴǎŜŘ ƛƴ ǎǘŜǊƛƭƛǎŜŘ ǿŀǘŜǊΣ ǇƭŀŎŜŘ ƻƴ н˃ƭ ǎŜǘ ŀƎŀǊ όѹ aǳǊŀǎƘƛƎŜ-Skoog Media without sucrose) in 12-

well plates (Thermo-scientific). The plates were then sealed with micropore tape and wrapped in 

aluminium foil before being placed in a growth cabinet at 22°C. The transfer of the potato discs onto 

the agar marks hour zero of the sprouting assay. From this point forward, the apical buds are in 

favourable environmental conditions that will encourage sprouting and initiate the tuber transition. 

An example if the setup is shown in Figure 2.2.1. 

By coring out the apical buds from the main tuber the experiment will induce a defence response from 

the bud region. Most notably in the first 8hrs after coring there is likely to be a spike in JA levels (Koda 

& Kikuta 1994), and the edges of the potato disc will suberize (Chintha 2023). Howeve, these actions 

will not occur fast enough to disrupt the 0hrs metabolome, and it has been demonstrated that after 

24hrs the levels of JA will return to near normal levels (Koda & Kikuta 1994), allowing for near normal 

24hr sampling as well. Moreover, the suberizing will be highly localised to the disc edges (Chintha 

2023), and as the apical bud is centred in the disc it should be sufficiently distant to avoid major 

impacts. As such whilst there is likely to be a defence response it should not majorly impact the growth 

and metabolome of the apical buds.  

  



Chapter 2: Categorising the physiology of early sprout development. 

35 
 

 

2.2.2.1. Applying sprouting suppressants in vitro 

Sprouting suppressants (and in Chapter 5 various alternative compounds) were applied in the assay in 

three approaches. The first, is the well-established approach of mixing the suppressant into the agar 

that lines the bottom of each well. Suppressants were mixed into solution (at various concentrations), 

Figure 2.2.1: Sprouting assay workflow, from assay to analysis.  
The workflow is presented for the growth, storage, and assay prep and process. Square boxes denote 
the steps taken, parallelograms denote timing of actions, rounded box denote extra information, and 
hexagons are further analysis steps.  
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and then mixed to the melted agar before its distribution amongst the wells. The second approach 

was through filter paper application. This is more relevant for the highly volatile and the solvent-based 

suppressants spearmint oil (SPO) and 1,4-dimethylnapthalene (1,4-DMN), although this approach was 

trialled with all three commercially use suppressants used in these experiments. Filter paper was 

placed in the inter-well space, and suppressants were applied at various volumes. As these treatments 

were applied as volatiles, the plates were wrapped in an extra layer of parafilm. The possible air space 

inside the assay plates was approximately 125ml with slight variation due to minor irregularity in tuber 

disc size and shape. Finally, for some bud recovery investigations, amino acids (alanine, glutamate, 

tryptophan, and aspartate at varying concentrations) were applied in 10 L˃ drips (see Chapter 5). This 

enabled direct treatment of the bud. Plates were resealed after treatment. 

2.2.3. Imaging approaches 

In this work two imaging approaches will be used to capture the physiological changes occurring on 

the bud surface. It is necessary to use two as each provides distinct, critical advantages, whether that 

be higher resolution images or images that have not affected the sample allowing ongoing 

investigations. For further information on the factors relevant to the different imaging approaches see 

Appendix Table A.2.1, and for a comparison of the standard images possible from each approach see 

Appendix Figure A.2.1. Below is an explanation of the protocols for the two approaches used. 

2.2.3.1. Scanning electron Microscopy (SEM) 

Buds prepared as above [In-vitro Assay] were sampled and imaged every 24 hours for up to 11 days 

using a Hitachi TM3030 Plus Benchtop Scanning Electron Microscope (SEM). The apical buds were 

dissected from the discs immediately prior to imaging. The dissected buds were mounted on an 

aluminium stub (Hitachi, standard size) using optimal cutting temperature compound (OCT - Tissue-

Tek). The stub and sample were then transferred to the SEM where a near vacuum was reached, and 

the temperature dropped to -20°C. Images were taken at 60x/100x/150x/1000x magnification using 

15kV standard mode with secondary electron detection. 

2.2.3.2. Macro-photography 

True macro photography was not available, instead macro images were developed using a DSLR 

camera with lens extenders and image focus stacking to give the same effect (Figure 2.2.2). The Canon 

EOS 750D DLSR camera was fitted with SHOOT-AF Auto Focus Extension Tubes to extend the lens by 

up to 65mm and shift the focus zone closer to the camera. This allows samples to be imaged at much 

higher magnification while still staying in focus. Using Canon EOS utility software, the focus of the 

camera could remotely be controlled, and images were taken of the sample at incrementally shallower 

focus lengths, starting with the base of the bud in focus and moving up to the tip. The number of 
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images taken differed between buds depending on the length of the bud. The images were then 

imported into Adobe Photoshop 2020, where they were overlaid in a stack, using the built-in 

alignment function to orient the images into the correct position. The aligned images were then 

blended using the built-in function, with only areas in focus being retained from each image and the 

blurred regions being deleted. Overlaying these regions provides a fully in focus bud at higher 

resolution than possible through standard photography.  

Full sprout in focus 

Focus on bud tip Focus on stem 

Focus on bud base 

Figure 2.2.2: Focus stacking allows images at different focal lengths to be merged to create one 
image entirely in focus. 
Multiple images are taken at different focal lengths (here focused on the tuber base, sprout stem and 
sprout tip). These images are then stacked together, aligned, and merged on Adobe Photoshop to 
produce one image fully in focus. 
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2.2.3.3. Image analysis and processing 

Quantitive image analysis (measurements of bud length of size) were conducted using ImageJ 

(Schneider 2012). Any image processing was conducted on Adobe photoshop Version 22.1.1.  

2.2.4. Histology approaches 

Histological investigations were approached in two manners depending on what was needed from the 

sample. The first, fixed sample approach, allows for high resolution assessment of the structure of the 

buds, whereas the second, fresh sampling, allows for further experimentation on the bud as the 

ǎŀƳǇƭŜΩǎ ƳŜǘŀōƻƭƻƳŜ ƛǎ ƳŀƛƴǘŀƛƴŜŘ ǎŜŜ Appendix Table 2.2, and for examples of the longitudinal 

sections possible see Appendix Figure 2.2. Below are overviews of the methods used. 

2.2.4.1. Fixed sample longitudinal sectioning 

To take longitudinal sections of buds, samples at various stages of growth were infiltrated and 

embedded in Technovit 7100 resin (TAAB Laboratories Equipment Ltd) so that they could be thinly 

sectioned without losing their structure. Firstly, the physiological state of the bud was arrested 

through a series of fixation and dehydration steps. The potato discs were removed from the assay, 

trimmed down to a ~3x3x3mm region centred on the bud, placed in 10% ethanol and vacuum 

infiltrated for 20 minutes. The vacuum infiltration is then repeated with 30% ethanol, 50% ethanol, 

and finally with a 9:1 ethanol: acetic anhydride fixative solution. Samples were left in the fixative 

overnight at room temperature. The fixative was then replaced with 100% ethanol and vacuum 

infiltrated for 30 minutes. The sample state is now fixed, and samples remain viable long term in 

solution. Samples were then infiltrated with resin. The 100% ethanol was replaced with 50:50 ethanol: 

Technovit liquid 1 solution, vacuum infiltrated for 30 minutes and refrigerated at 4°C overnight. The 

solution was replaced with 100% Technovit liquid 1, vacuum infiltrated and refrigerated at 4°C 

overnight. Finally, the solution was replaced with Technovit 1 (0.01g Hardener 1 + 1ml Technovit liquid 

1), vacuum infiltrated for 30 minutes, and refrigerated for three days.  

Once samples are fixed and infiltrated, they are embedded in resin. 300ul of resin (15:1 Technovit 1: 

Hardener 2) was then placed into 1.5ml Eppendorf tube caps. There was approximately 10 minutes 

before the resin set so samples were added, and their position adjusted immediately. Once the 

samples were positioned, they were left to cure for approximately 12 hours at room temperature. The 

set samples were mounted onto blocks using Technovit 3040 resin and left to set at room temperature. 

The mounted resin blocks were sectioned using a Leica RM 2245 microtome. The section thickness 

ǿŀǎ у˃Ƴ ǿƘŜƴ ǎƭƛŎƛƴƎ ǘƘǊƻǳƎƘ ǘƘŜ ǘƛǎǎǳŜΦ wŜǎƛƴ ǎƭƛŎŜǎ ǿŜǊŜ ƭƛŦǘŜŘ ŦǊƻƳ ǘƘŜ ƳƛŎǊƻǘƻƳŜ ōƭŀŘŜ ŀƴŘ ǇƭŀŎŜŘ 

into water droplets on microscope slides to allow them to unfurl. The slides were dried on heating 

plates at 65°C for 45 minutes and stained with 0.05% Toluidine Blue O in 1% Borax solution. The stain 
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was rinsed off after a minute and the samples were once again dried. The stained resin slices were 

then imaged using an Olympus BX51 microscope using 4x and 10x objectives and images captured 

with an attached Olympus DP71 camera and Cell-A software. 

2.2.4.2. Fresh sample cryo-sectioning 

The DESI-MSI analysis of chapter 4 required longitudinal sections of the potato buds with preserved 

and stable metabolome content. To achieve this, samples were cryo-sectioned and freeze-dried. Buds 

were selected from a standard assay, trimmed down to 5x5x5mm cubes centred on the apical 

meristem, submerged in OCT and flash frozen in liquid nitrogen. Frozen samples were then stored at 

-80°C until 24hrs prior to DESI MSI analysis. A Leica CM1900 Cryostat was used for the sectioning. The 

chamber was held at -30°C and blade at -15°C, and 25mM longitudinal sections were freeze-thaw 

mounted onto polysine slides. The slides were then transported on ice to a freeze drier and wee freeze 

dried at -50°C for 5hrs. The samples were then stable and stored in an airtight container in preparation 

for analysis. The analysis steps will be discussed in Chapter 4, however during the pre-analysis 

preparation an image of the longitudinal sections was taken using an Olympus BX51 microscope at 

10x magnification. Using Adobe Photoshop, a silhouette of the longitudinal sections was created, 

providing a structural anatomy for analysis.  

2.2.5. Data analysis and visualisation 

Data analysis and visualisation was performed in R (version 4.1.1). Multiple comparisons were 

performed in Figures 2.3.6, 2.3.7, 2.3.8, 2.3.9, 2.3.10, 2.3.11, 2.3.12 and 2.3.13 using either an RM 

one-way ANOVA with Tukey HSD or Kruskal-Wallis non-parametric test with Dunn's multiple 

comparison. Whilst developmental stage data appears continuous it is categorical, and therefore in 

comparisons of developmental stage progress over time or between groups a non-parametric Kruskal-

Wallis test with Dunn's multiple comparison was performed. For all multiple comparisons a P-value 

threshold of 0.05 was set, with values <0.05 indicating a significant difference and denoted by 

lowercase lettering. Exact P values can be found in the Appendix Tables 2.3-2.10. 

2.3. Results 

The following results are broken into the three sections outlined in the aims and objectives. The first 

section will cover the creation of a sprouting atlas, the use of which allows the physiology of sprouting 

to be closely assessed. Section two will explore the physiology of sprouting, assessing growth across 

cultivars and over time. Lastly, section three will utilise the atlas developed in section one and the 

insights of section two to assess the suppressive effects of commercially available sprouting 
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suppressants. These investigations will be carried out on potato buds in vitro, using a well-established 

in-house assay approach (see methods 2.2.2.).  

2.3.1. Creating a sprouting atlas. 

The lack of a high-resolution timeline for the physiological development of a sprouting potato bud 

hampers attempts to understand the sprouting process. To amend this, a combination of histology 

and physiology assessments will be used to create an atlas for sprouting. The objective of the atlas is 

to provide a detailed map of the physiological changes that are occurring in buds during the earliest 

stages of sprouting; such a map would be an invaluable tool for analysis into the mechanisms of 

sprouting as the impact of any treatments or suppressants can be more clearly recorded. 

2.3.1.1. Using SEM to catalogue the sprouting process. 

To map the development of early bud growth, explants (potato discs cored from the tuber) were 

assayed using an in-vitro approach and SEM images were taken at regular intervals during growth. As 

SEM is a destructive approach it was necessary to collate a catalogue of images for each timepoint. 

Using these images, the common physical features that occurred during sprouting were identified and 

a timeline to sprouting was produced. It was rapidly apparent that the establishment of the stem 

preceded a rapid elongation of the sprout, and therefore the emergence of the stem was selected as 

the feature to denote the end of early development. Commercially, potatoes with buds longer than 5 

mm are no longer viable (Cunnington 2018), and therefore this research will focus on the physical 

changes occurring up until the establishment of the stem of about this length. 

Broadly, the anatomy of sprouting buds is consistent across the cultivars that will be discussed, and in 

Figure 2.3.1 the anatomical features of interest are presented. Not all anatomical features will be 

visible in every SEM or macrophotography image, in fact their presence or absence will often be 

utilised to determine developmental progression. To simplify discussion about the sprout complex, 

the pre-ǎǘŜƳ ǎǘǊǳŎǘǳǊŜ ǿƛƭƭ ōŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ ΨōǳŘΩ ŀƴŘ ǘƘŜ Ǉƻǎǘ-stem structure will be referred to 

ŀǎ ŀ ΨǎǇǊƻǳǘΩΦ Lƴ ǘƘƛǎ ǿŀȅΣ ŜŀǊƭȅ ŘŜǾŜƭƻǇƳŜƴǘ can be distinguished from late development in discussions.   
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Figure 2.3.1: Anatomy of a c.v. King Edward apical bud at three stages in growth.  
SEM images of a dormant bud, peeping bud, and sprout (from top to bottom) are shown to 
demonstrate the regularly seen anatomical features of sprouting buds. SEM images at 60x 
magnification, and with a scale bar for 10mm on the bottom image of each image. Anatomical 
features are labelled, and explanations of how to distinguish six key features also given. 
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In the transition from bud to sprout, an array of anatomical features are observed (Figure 2.3.1), and 

the defining features for different stages in development often centre on the sets of leaf primordia 

that appear during development. The leaf primordia appear in sets of two or three leaves (depending 

on the cultivar), and over the course of early development three to four sets of primordia are observed. 

¢ƘŜ ŦƛǊǎǘ ǇǊƛƳƻǊŘƛŀ ǎŜǘΣ ǘŜǊƳŜŘ ΨǎƘƛŜƭŘ ǇǊƛƳƻǊŘƛŀΩ ό{tύΣ ǇǊƻǾƛŘŜ ŀ ǇǊƻǘŜŎǘƛǾŜ ŎŀǇ ǘƻ ǘƘŜ ŀǇƛŎŀƭ ƳŜǊƛǎǘŜƳ 

throughout dormancy and will have been established during tuberisation. SP are notable for their lack 

of specialised cells (i.e., stomatal complexes and leaf hairs), their rounded and simplistic shape, and 

for being the edge of the bud complex (the base of the primordia merges into the skin of the tuber). 

On occasion, neighbouring axillary buds (identifiable by the presence of a leaf scar) will have leaf 

primordia extending from the leaf scar onto the apical bud, appearing similarly in condition to SP, 

however this is not part of the apical bud complex. Immediately below the SP and next set of leaf 

ǇǊƛƳƻǊŘƛŀ ǘƻ ōŜ ǾƛǎƛōƭŜ ŀǊŜ ǘƘŜ ΨŜƳŜǊƎƛƴƎ ǇǊƛƳƻǊŘƛŀΩ ό9tύΦ ¢ƘŜ 9t ƘŀǾŜ ǎƻƳŜ ǎǘƻƳŀǘŀƭ ŎƻƳǇƭŜȄŜǎ ŀnd 

are simplistic in shape like the SP; however, the freshly developed cells that make up the EP appear 

smoother and plumper than the SP cells. The EP can also be identified by only having SP outside of 

them, by their relatively short height (particularly noticeable later in development), and by the folding 

away from the central complex exposing the adaxial side of the leaf (seen later in development). The 

ŦƻƭƭƻǿƛƴƎ ǎŜǘ ƻŦ ƭŜŀŦ ǇǊƛƳƻǊŘƛŀ ƻōǎŜǊǾŜŘ ŀǊŜ ǘŜǊƳŜŘ ΨǎŜŎƻƴŘŀǊȅ ǇǊƛƳƻǊŘƛŀΩ όнtύΦ ¢ƘŜ нt ƘŀǾŜ ŀ ŦŀǊ 

more leaf like structure and are notable for specialised cell structures (particularly leaf hairs in late 

development), their considerable height, and having up to six other primordia outside of them. In 

most buds, the 2P are the last set of primordia to establish prior to the emergence of the stem 

όƳŀǊƪƛƴƎ ǘƘŜ ŜƴŘ ƻŦ ŜŀǊƭȅ ŘŜǾŜƭƻǇƳŜƴǘύΣ ƘƻǿŜǾŜǊ ƻƴ ƻŎŎŀǎƛƻƴ ŀ ǎŜǘ ƻŦ ΨǘŜǊǘƛŀǊȅ ǇǊƛƳƻǊŘƛŀΩ όоtύ ōŜŎƻƳŜ 

visible first. These 3P are very similar in structure and arrangement to the secondary primordia. 

Based upon the appearance of these key anatomical features and the formation of distinct structures 

as seen in the SEM, it was possible to separate early development into six distinct stages: starting with 

stage O dormant buds with no visible signs of activity and transitioning to stage V sprouts with clearly 

established stems. In Figure 2.3.2, example SEM images are presented for each of the six 

developmental stages, with explanations of the key features given below each example. The first 

iteration of the timeline for sprouting was based upon 64 SEM images, however this has been adjusted 

and optimised over the course of this PhD, with 200+ new SEM images contributing to the current 

iteration. 
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Figure 2.3.2: Development from dormant bud to sprout can be split into six stages. 
9ȄŀƳǇƭŜ {9a ƛƳŀƎŜǎ ǎƘƻǿƛƴƎ ǘƘŜ ǇǊƻƎǊŜǎǎƛƻƴ ƻŦ ǘƘŜ ōǳŘΩǎ ŘŜǾŜƭƻǇƳŜƴǘ ǎŜǇŀǊŀǘŜŘ ƛƴǘƻ ǎƛȄ ǎǘŀƎŜǎΣ 
ǎǘŀǊǘƛƴƎ ǿƛǘƘ ŀ {ǘŀƎŜ h ΨŘƻǊƳŀƴǘ ōǳŘΩ ŀƴŘ ŜƴŘƛƴƎ ǿƛǘƘ ŀ {ǘŀƎŜ ± ΨǎǇǊƻǳǘΩ ǿƛǘƘ ŀ ŘŜŦƛƴŜŘ ǎǘŜƳΦ !ƭƭ ōǳŘǎ 
imaged using SEM at 60x magnification. Due to the destructive nature of SEM all images are of 
separate buds. Descriptions of the key developmental features are given for each stage, with white 
arrows indicating the structures of interest (in bold in the description) at each developmental stage. 
Scale bars of 1mm. 
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The six developmental stages each have distinct anatomical features that sequentially transition the 

dormant bud to an elongating sprout. Stage O denotes a dormant bud and can be identified by a tightly 

pack bud structure with SP overlapping at the top of the meristem region. At stage O no other sets of 

primordia are plainly visible, and the bud is relatively flat to the tuber surface. The sprouting assays 

use tubers expected to be in their eco-dormant phase, as this is when they are primed to begin 

sprouting. However, the physiology of the eco-dormant bud is very similar to that of an endo-dormant 

bud midway through dormancy or to the bud of a newly formed tuber (Appendix Figure 2.3), and 

therefore stage O represents the dormant morphology for dormant apical buds. Stage I is distinct from 

stage O because of the signs of visible growth. At stage I, SP still cover the top of the bud, however 

there is evidence of bud movement, with the bud being raised from the surface of the tissue and gaps 

in the SP exposing the EP. At stage II the EP are at the top of the bud and clearly exposed, with SP 

upright on the side of the raised bud. At stage II, only the two sets of primordia are visible (only six 

primordia evident) and the upward growth is relatively small despite having surpassed the SP. The 

exposure of 2P is a defining feature of stage III, at which point the EP have grown beyond the height 

of the SP and opened at the tip. At stage III the 2P are not fully exposed, with the EP wall them in. 

Growth beyond the EP is a defining feature of stage IV, where the 2P are fully exposed and opening at 

the tip of the bud. At stage IV the EP fold open from the main structure, exposing their adaxial side, 

and specialised cells are more frequent (particularly leaf hairs). There is no clearly established stem at 

stage IV. The stem is the defining feature for a stage V sprout, which will have elongated away from 

the base, and has well developed leaf-like primordia. 

To standardise the assignment of a stage to any SEM image, a sprouting atlas was developed, with 

lists of features expected at each developmental stage (Table 2.3.1). The sprouting atlas can be used 

as a checklist to identify each developmental stage based upon the presence (or lack) of physical 

features.   
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Table 2.3.1: The sprouting atlas checklist.  
Using the criteria of this checklist the sprouting stage of any bud in the earliest stages of sprouting 
(between a dormant bud and an elongating sprout) can be determined. SP = Shield Primordia, EP = 
Emerging primordia, 2P = Secondary primordia, 3P = tertiary primordia (see Figure 2.3.1 anatomy for 
examples) 

Criteria: Stage O Stage I Stage II Stage III Stage IV Stage V 

Bud flat to surface? Yes No No No No No 
Does there look like growth (raised bud)? No Yes Yes Yes Yes Yes 
Likely number of primordia sets visible?  1 2 2 3 3 4 
Primordia set covering tip SP SP EP EP 2P 2P 
Are SP Visible?  Yes Yes Yes Yes Some Rarely 
Likely Number of SP visible 3 3 2 2 1 1 
How are the SP oriented? Flat Raised Upright Curled Curled Unclear 
Are EP visible? No Yes Yes Yes Yes Some 
Likely Number of EP visible 0 2 3 3 2 1 
How are the EP oriented?  - Raised Upright Upright Open Open 
Are 2P visible? No No No Yes Yes Yes 
Likely Number of 2P visible 0 0 0 2 4 4 
How are 2P oriented - - - Raised Upright Open 
Are 3P visible? No No No No No Some 
Likely Number of 3P visible 0 0 0 0 0 2 
Any hairs? No No No No Some Many 
Likely abundance of stomata?  None Very few Few Some Some Regular 
Is there a clear stem?  No No No No No Yes 

 

Moreover, to simplify interpretation of the sprouting atlas and to clarify the main anatomical features 

of interest at each stage, cartoons of each sprouting stage are provided (Figure 2.3.3). These cartoons 

exemplify the distinct morphology seen at each stage. Although six stages of bud development can be 

distinguished using the atlas, at points in this thesis a more general description of development is 

provided since (depending on the analysis) not all traits can be captured. Thus, stages O and I can be 

ŎƻƳōƛƴŜŘ ǘƻ ŘŜŦƛƴŜ ŀƴ ά9ŀǊƭȅέ ǎǘŀƎŜ ƻŦ ōǳŘ ŘŜǾŜƭƻǇƳŜƴǘΣ ǎǘŀƎŜǎ LL ŀƴŘ LLL ŎƻƳōƛƴŜŘ ǘƻ ŘŜŦƛƴŜ ŀ άaƛŘέ 

ǎǘŀƎŜ ƻŦ ōǳŘ ŘŜǾŜƭƻǇƳŜƴǘΣ ŀƴŘ ǎǘŀƎŜǎ L± ŀƴŘ ± ŎƻƳōƛƴŜŘ ǘƻ ŘŜŦƛƴŜ ŀ ά[ŀǘŜέ ǎǘŀƎŜ ƻŦ ōǳŘ ŘŜǾŜƭƻǇƳŜƴǘΦ 

These are also depicted in Figure 2.3.3.  
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Figure 2.3.3: The six developmental stages of early sprouting development 

Simplified caricatures of the six distinct developmental stages, created in Adobe Illustrator 

2020 by J. Pitman for this work. Broader grouping into óEarlyô, óMidô and óLateô development 

is also given.  
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2.3.1.2. Cross validating the sprouting atlas with macro-photography.  

SEM is a destructive imaging approach; thus, it is not possible to image the same bud at multiple time 

points, or to use the same bud for imaging and biochemical investigations. Developmental stage could 

be identified using a dissecting microscope; however, it was not possible to image the buds whilst 

keeping the entire bud in focus. Therefore, a macro-photography approach was used to non-invasively 

image buds. Using lens extenders and focus stacking it was possible to get high-resolution images of 

buds without compromising the sample. 

Whilst macro-photography allowed significantly higher resolution to standard photography, the 

surface morphology was not as clear as in SEM. I therefore cross validated the developmental stages 

identified using macro-photography with SEM images. In Figure 2.3.4, example images of the six 

developmental stages are presented from SEM and macro-photography. It is obvious that macro-

photography does not provide as clear an image of the bud, with cellular features and the more 

nuanced developmental features such as exact leaf primordia identification less apparent. 

Nevertheless, the leaf primordia groups are still clearly distinguishable, and the upward growth is 

discernible. It is thus still feasible to distinguish the different developmental stages using macro-

photography. Moreover, in some respects macro-photography provides advantages to SEM as the 

images are in colour. The colour can help distinguish primordia easier, with the tips of primordia being 

darker in colour and the stem being white.   
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Figure 2.3.4: Comparison of each of the sprouting stages imaged with SEM and macro-photography. 
Comparing macro-photography with SEM images, to cross validate their use to determine 
developmental stage. SEM images are given at 60x magnification, on the right focus stacked macro-
photography images are given. In the middle are the defining features of each stage for reference. 
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Deciding between macro-photography and SEM imaging in any experiment was dependent on four 

factors that differed between the approaches. The first consideration is the desired image quality, as 

SEM provides a higher resolution and magnification than macro-photography but lacks the colour 

aspect. Secondly the field of view of each approach should be considered. SEM has a very shallow field 

of view, and often samples must be decapitated or laid horizontal to get an entire sample in focus. In 

comparison using the macro-photograph approach and focus stacking, the depth of view can be 

extended as needed. The third consideration is the speed of sampling, as SEM imaging is a slow 

process, requiring the sampling chamber to be chilled and a vacuum created. The image processing of 

macro-photography can be slow after imaging, however the processing can be completed ad-hoc, and 

the speed of recording a sample is fast. The final factor for consideration is the state of the sample 

after imaging. SEM destroys the sample, leaving it unavailable for further growth assessments or for 

biochemical analyses. As such, SEM, and macro-photography both offer different advantages and 

disadvantages (Appendix Table 2.1), and therefore where possible both approaches have been used. 

2.3.1.3. Assessing internal morphology changes at each developmental stage 

SEM and macro-photography provide excellent data on the external morphology of buds but provide 

no insight into how internal structure develops during sprouting. To analyse this aspect of bud 

development, samples at each of the six stages of bud development were fixed and embedded in 

TechnoVit resin and sectioned longitudinally to 8µm thickness across the centre of the bud. This 

process allowed the cellular structure to be retained, however compromised the samples for further 

analysis, such as MSI analysis (Chapter 4). For these analyses an alternative longitudinal sectioning 

approach was performed in which samples of each developmental stage were flash frozen and 

sectioned (25µm) using a Cryostat. Cryo-sections were immediately mounted onto slides and freeze 

dried to prevent compromising their metabolome. Although this alternative approach retains the 

biochemical integrity, the thicker sections and lack of fixing decreases the visible detail, and therefore 

are not as structurally informative. As such, both approaches could offer different insight depending 

on the analysis: TechnoVit sectioning provided cellular-level detail but compromised the metabolic 

integrity, and cryo-sectioning maintains the metabolome integrity but lowers the level of detail 

(Appendix Table 2.2).  

.ŜŦƻǊŜ ŜƛǘƘŜǊ ƻŦ ǎŜŎǘƛƻƴƛƴƎ ŀǇǇǊƻŀŎƘŜǎ ǿŜǊŜ ǘŀƪŜƴΣ ŜŀŎƘ ǎŀƳǇƭŜΩǎ ŘŜǾŜƭƻǇƳŜƴǘŀƭ ǎǘŀƎŜ ǿŀǎ ƛŘŜƴǘƛŦƛŜŘ 

and recorded, allowing the internal structure to be aligned with the known external morphology. In 

Figure 2.3.5, examples of each developmental stage when sectioned are presented. The TechnoVit 

ǎŜŎǘƛƻƴǎ ǇǊƻǾƛŘŜ ǘƘŜ Ƴƻǎǘ ƛƴǎƛƎƘǘ ƛƴǘƻ ǘƘŜ ƛƴǘŜǊƴŀƭ ǎǘǊǳŎǘǳǊŜ ƻŦ ŘŜǾŜƭƻǇƛƴƎ ōǳŘǎΦ ¢ƘŜ ΨŜŀǊƭȅΩ ōǳŘǎ ǎƘƻǿ 

limited cellular differentiation, with small tightly packed cells at the meristem surface and large 

vacuolated cells immediately below. These large vacuolated cells are indicative of the main body of 
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ǘƘŜ Ǉƻǘŀǘƻ ǘǳōŜǊΣ ǎǘƻǊƛƴƎ ƭŀǊƎŜ ǉǳŀƴǘƛǘƛŜǎ ƻŦ ǿŀǘŜǊ ŀƴŘ ǎǘŀǊŎƘΦ Lƴ ǘƘŜ ΨƳƛŘΩ ŀƴŘ ΨƭŀǘŜΩ ŘŜǾŜƭƻǇƳŜƴǘŀƭ 

stages, both tightly packed and large cell are still present, but the layers are separated by centrally 

organised lines of square cells that are the precursor to stem. Either side of these central cell stacks 

are smaller tightly packed cells, likely to be precursors to vasculature. Hair cells are also visible on the 

ΨƭŀǘŜΩ ǎǘŀƎŜ ōǳŘǎΣ ƛǎǎǳƛƴƎ ŦǊƻƳ ǘƘŜ нt ŀƴŘ оtΦ Lƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘŜ TechnoVit slices, the cryo-sections 

ŀǊŜ ƳǳŎƘ ƭƻǿŜǊ ǊŜǎƻƭǳǘƛƻƴΦ Lƴ ǘƘŜ ΨŜŀǊƭȅΩ ǎǘŀƎŜ ōǳŘǎ ǘƘŜ {t ŎƻǾŜǊƛƴƎ ǘƘŜ ōǳŘ ǘƛǇ ƛǎ ǎǘƛƭƭ Řƛǎǘƛƴguishable, 

and the tightly packed cells at the surface transitioning straight into vacuolated cells is readily 

ŀǇǇŀǊŜƴǘΦ Lƴ ǘƘŜ ΨƳƛŘΩ ǎǘŀƎŜǎ ǘƘŜ ŜȄǘŜƴǎƛƻƴ ƻŦ ǘƘŜ ōǳŘ ƛǎ ŀǇǇŀǊŜƴǘΣ ŀƴŘ ǘƘŜ ƻǊƎŀƴƛǎŀǘƛƻƴ ƻŦ ŀ ǎǘǊǳŎǘǳǊŜ 

running up the centre of the sprout is viǎƛōƭŜΦ CƛƴŀƭƭȅΣ ƛƴ ǘƘŜ ΨƭŀǘŜΩ ǎǘŀƎŜΣ ǘƘƛǎ ŎŜƴǘǊŀƭ ǎǘǊƛǇ ƛǎ ŦŀǊ ƳƻǊŜ 

apparent, and the rows of tightly packed cells that are likely precursors to vasculature are obvious. In 

summary, using both histological approaches it is possible to provide insight into the internal 

development of the sprouting bud, and the developmental stages can be identified.   
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Figure 2.3.5: Resin longitudinal sections and longitudinal cryo-sections show internal morphology. 
Longitudinal sections are presented for each development stage. (A) Longitudinal sections of buds 
from each developmental stage after being fixation and embedding in TechnoVit resin. (B) Examples 
of longitudinal cryo-sections used for MSI. Images are generated by silhouetting the microscope 
images of freeze-dried cryo-sections. 
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Using all of techniques above, it was possible to categorise the stages of early development and to 

create a tool for quickly and clearly identifying each distinct stage. An aligned example of each imaging 

approach and each distinct developmental stage is presented in Appendix Figure 2.3.  

2.3.2. Use of the atlas to assess growth and development in a range of potato cultivars.  

A major issue with assessing potato sprouting is that the rate of bud growth can be highly variable 

ōŜǘǿŜŜƴ ŀǇǇŀǊŜƴǘƭȅ ǾŜǊȅ ǎƛƳƛƭŀǊ ƛƴƛǘƛŀƭ ǘǳōŜǊǎΣ ǎƻ ǎƛƳǇƭŜ άǘƛƳŜ ƛƴ ŀǎǎŀȅέ ŀŦǘŜǊ ǇƭŀŎƛƴƎ ƛƴ ŎƻƴŘƛǘƛƻƴǎ 

favourable to growth is often a poor proxy for actual growth and development of any individual bud. 

To assess whether the developmental timeline and sprouting atlas created in the previous section 

could be used to provide a more robust assessment of bud growth, I performed a series of experiments 

analysing bud growth and development based on either sprout length of developmental staging of the 

bud.  

2.3.2.1. Measuring growth over time 

In Figure 2.3.6, two measurement methods are demonstrated for assessing the growth of the same 

buds over time. Two approaches were necessary due to the two scales of growth being recorded: the 

ƛƴƛǘƛŀƭ ƎǊƻǿǘƘ ƛǎ ǾŜǊȅ ǎƳŀƭƭ όǿƛǘƘ ǘƘŜ ōǳŘǎ ƻŦ ǘƘŜ ΨŜŀǊƭȅΩ ǎǘŀƎŜǎ ŘƛŦŦŜǊƛƴƎ ƛƴ ƘŜƛƎƘǘ ōȅ ŦǊŀŎǘƛƻƴǎ ƻŦ 

millimetres), whereas the late growth is large (with changes measured in centimetres). As such the 

first method used the standard in-vitro assay, allowing for precise miniscule measurements, and the 

second involved growing potato discs in tall magentas where growth was uninhibited. To image the 

buds in the standard assay approach, the lid needed to be removed in a sterile environment. Then, 

using a lens extender and the camera at a 45-degree angle above the plate, each disc could be 

individually imaged at high magnification. This allowed highly accurate measurements of the bud 

height to be calculated using ImageJ (Figure 2.3.6A), however limited the bud growth to a height of 

around 10mm as the sprouts would then hit the lid of the assay plate. In comparison the magenta 

vessels allowed for larger bud measurements (Figure 2.3.6B), and therefore longer assays, however it 

was not possible to get as close to the buds, and hence the images are of lower resolution. Examples 

of the images are given alongside the data.  
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Figure 2.3.6: In-assay measurements allow distinction of bud growth in early development which is 
not possible using magenta based assays.  
Bud length (from the tuber surface to the bud tip) was measured using images of potato discs in the 
standard assay approach and using a taller magenta assay approach. (A) Bud length measurements 
when buds are imaged in the standard in-vitro assay approach (B) bud length measurements (on a 
log10 scale) when imaged in magenta style assay. Example images are presented on the right at the 
24hr and 144hr time points. Images were taken at 24hr time points and measurements recorded using 
imageJ software. In (A & B) each cross represents a sample, with the group mean and standard 
deviation given as the same buds are being measured. Example images are presented on the right for 
the 24hr and 120hr timepoints. RM one-way ANOVA with multiple comparisons was performed on 
both datasets to determine whether timepoint means significantly differed, with a P<0.05 difference 
denoted by lettering. Exact P values in Appendix Table 2.3. In each image a 10mm scale bar is shown, 
in the magenta image this is only relevant to the front most samples.  
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In both approaches bud length remains below 2mm for the first 72hrs of growth, and then rapidly 

increases in length from 96hrs onwards, with more variation in the bud lengths in the later time points. 

The mean length of buds in the standard assay approach (Figure 2.3.6A) was significantly different 

between each incremental time point (RM one way ANOVA P<0.05), including the between the 0-72hr 

timepoints where growth was less than a millimetre. In comparison, in the magenta experiment 

(Figure 2.3.6B), where measurement precision was restricted by the image resolution, the first 72hrs 

in the assay showed no significant difference in bud length (RM one way ANOVA P>0.05). However, 

once 96hrs had passed the growth was exponential, and as a result, the data has been presented on 

a log10 scale. From this point forward, the sprout lengths were significantly increased between 

sequential timepoints. The lack of insight to the early development sprout lengths is clearly a 

restriction from the imaging approach as the higher resolution images from the standard assay 

approach do display significant differences in bud length at these first four time points. In both 

experiments very few buds reach the 5mm commercial maximum for viability before 120hrs, however 

by 144hrs this maximum was surpassed. After 120hrs the length of the sprouts increased rapidly 

demonstrating how growth accelerates after the emergence of the stem. 

2.3.2.2. Developmental stage vs sprout length measurements. 

Temporal analysis of bud length in the standard sprouting assay showed that whilst growth could be 

detected after 24hrs, the length changes measured were very small (less than a millimetre). Moreover, 

when the buds used for the analysis of sprout length were analysed for developmental stage using the 

atlas described in Table 2.3.1 and shown in Figure 2.3.2, it became apparent that buds of the same 

length could display different developmental stages. As shown in Figure 2.3.7A, there is considerable 

overlap in the lengths of buds at stages O, I, II and III, with the overall difference in length between 

the four stages being less than a millimetre (Stage O mean length = 0.74mm, Stage III mean length = 

1.36mm). In the context of the atlas there are considerable physical changes occurring between these 

stages. Bud length therefore cannot be used as a proxy for developmental progress. There is statistical 

significance in the incremental increase in bud length over time, however this does not carry through 

to the progression of development over time. Except for the start of the assay (0hrs), at least three 

distinct stages are seen at any one time point, until 120hrs post-assay start when the majority of buds 

have reached stage V.  
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Figure 2.3.7: Bud length and developmental stage averages could be distinguished from timepoints. 
(A) Bud length over time with mean and standard deviation given by horizontal lines, and all data 
points are shown and the letters denoting significance (P<0.05) in ordinary one-way ANOVA. Exact P-
values presented in Appendix Table 2.4. (B) Truncated violin plot showing developmental stage at 
each timepoint, the thick black line indicates the median developmental stage reached, and dotted 
lines indicate quartiles. Kruskal-Wallis Test performed to determine statistical significance of medians 
at different timepoints. Letters denote the significance of adjusted P<0.05, for exact P-values see 
appendix table 2.4. (C) The mean bud length with is given with standard deviation at each 
developmental stage or timepoint. Developmental stage lengths were tested for significant 
differences using an ordinary one-way ANOVA with multiple comparisons. The letters denote 
significance P<0.05.  
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The rate of potato bud sprouting is clearly considerably variable, and therefore standard length or 

time measurements are not sufficient proxies for tracking developmental progress. This is particularly 

true for investigations into the subtle differences that may be occurring at a biochemical level during 

the earliest stages of growth. The sprouting atlas provides a more reliable tool tracking growth by 

cataloguing development by the anatomical features that are observed rather than variable growth 

indicators time and length. As shown, in Figures 2.3.7, length and time can be useful for 

approximations of developmental progress; for example, a bud roughly 1mm in length or 72hrs into a 

sprouting assay is likely to be either stage II or III. Moreover, when considering the broader 

ŘŜǾŜƭƻǇƳŜƴǘŀƭ ǎǘŀƎŜǎΣ ΨŜŀǊƭȅΩ ŘŜǾŜƭƻǇƳŜƴǘ ōǳŘǎ ŀǊŜ ǳƴƭƛƪŜƭȅ ǘƻ ōŜ ǎŜŜƴ ŀŦǘŜǊ пуƘǊǎ ƛƴ ǘƘŜ ŀǎǎŀȅ ŀƴŘ 

ǿƛƭƭ ƴƻǘ ōŜ Ǿŀǎǘƭȅ ƭƻƴƎŜǊ ǘƘŀƴ мƳƳ ƛƴ ƭŜƴƎǘƘΦ ΨaƛŘΩ ŘŜǾŜƭƻǇƳŜƴǘ ōǳŘǎ ǿƛƭƭ ōe roughly 1-2mm in length 

and are most likely to be seen between 48-фс ƘƻǳǊǎ ƛƴ ǘƘŜ ŀǎǎŀȅΦ CƛƴŀƭƭȅΣ ΨƭŀǘŜΩ ŘŜǾŜƭƻǇƳŜƴǘ ōǳŘǎ ǿƛƭƭ 

rarely be seen before the 96hr time point and will be considerably longer than 1mm. 

In Figure 2.2.7A whilst the median developmental stage incrementally increases there remains overlap 

in the development seen at each timepoint, causing neighbouring time points to be insignificantly 

different from each other. From this graph is clear that the mix of developmental stages across time 

points is a regular feature of using the sprouting atlas to track growth. The spread of developmental 

stages across timepoints is further evident in Figure 2.3.8, where the data from seven comparable 

assay experiments over a two-year period is presented. When assessed separately, the individual 

experiments show high levels of consistency in results (Figure 2.3.8B). Across all seven experiments, 

the general trends were consistent. At 0hrs, most buds were stage O. At 24hrs, the median was stage 

I with some variation across the experiments. At 72hrs, there was a wider variation in stages seen but 

no significant difference between the median stage in each experiment (Kruskal-Wallis P<0.05). Finally, 

at 120hrs there was uniformity with most buds at stage V. In Figure 2.3.8C the collated data for each 

timepoint has been coloured by developmental stage, and there is a clear gradient in the 

developmental progress over time, but no timepoints at which only one developmental stage was 

seen.   
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Figure 2.3.8: The developmental stages varied at each timepoint, however there was consistency 
between experiments in the stages seen.  
All data presented relates to c.v. King Edwards. (A) Violin plots show the collated developmental stages 
seen at each timepoint. (B) Shows the developmental stages seen at four time points across seven 
different experiments. In (A & B) solid lines across the violin plot show median developmental stage, 
dotted lines show quartiles. The median stage at each timepoint was compared using a Kruskal-Wallis 
one-way ANOVA and the letters denote the significance between timepoint medians (Adjusted 
P<0.05), for exact P-values see Appendix Table 2.5. (C) The percentage of samples in each 
developmental stage for each timepoint. Colour of developmental stage shown in legend on the right.  
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2.3.2.3. The applicability of the sprouting atlas across cultivars 

Having assessed the reliability of the sprouting atlas across experiments, I then proceeded to test its 

applicability on other cultivars. The sprouting atlas was developed using c.v. King Edwards for reasons 

laid out in Table 2.2.1. Two alternative cultivars were also assayed. Maris Piper and Estima share some 

traits with King Edwards, but also present other traits important for industry, which, along with their 

relatively similar dormancy window, make them ideal comparisons to King Edwards. Each of the 

varieties were extensively imaged by SEM, and their developmental features were recorded and 

assessed. Table 2.3.2 presents a modified sprouting atlas for the three cultivars. Most of the 

differences between the cultivars are minor alterations from the features seen in King Edwards. For 

example, in Maris Piper there are only two SP covering the bud, whereas King Edwards and Estima 

both have three SP arranged in a triangle covering the bud. Similarly at stage V with the emergence of 

the stem, it is more likely to see Estima expanding laterally rather than increasing in length upwards.  

  



Chapter 2: Categorising the physiology of early sprout development. 

59 
 

Table 2.3.2: The sprouting atlas, adjusted to cover three cultivars  
The criteria is given for each of the four developmental stages. If there is a different feature for any of 
the cultivars it is separated into a separate line on the same criteria row. The three cultivars are 
labelled King Edwards (KE), Maris Piper (MP) and Estima (A).  
 Criteria: Cultivar  Stage O Stage I Stage II Stage III Stage IV Stage V 

Bud flat to surface?  
KE Yes No No No No No 

MP; E No* No No No No No 

Does there look like 
growth (raised bud)? 

KE No Yes Yes Yes Yes Yes 

MP; E No**  Yes Yes Yes Yes Yes 

Likely number of 
primordia sets visible?  

KE 1 2 2 3 3 4 

MP 1 2 2 3****  3 3 

E 1 2 2 3 3 3 

Primordia set covering 
bud tip 

KE; MP; E SP SP EP EP 2P 2P 

Are SP Visible?  

KE Yes Yes Yes Yes Some Rarely 

MP Yes Yes Yes Yes Yes Some 

E Yes Yes Yes Yes Yes Yes 

Likely Number of SP 
visible 

KE 3 3 2 2 1 1 

MP 2***  2 2 2 2 2 

E 3 3 2 2 2 2 

How are the SP oriented? 

KE Flat Raised Upright Curled Curled Curled 

MP Raised Raised Upright Upright Upright Curled 

E Raised Raised Upright Upright Upright Upright 

Are EP visible? 

KE No Yes Yes Yes Yes Some 

MP Some Yes Yes Yes Yes Yes 

E No Yes Yes Yes Yes Yes 

Likely Number of EP 
visible 

KE 0 2 3 3 2 1 

MP 1 2 3 3 2 2 

E 0 2 3 3 3 2 

How are the EP oriented?  

KE N/A Raised Upright Upright Open Open 

MP Raised Raised Upright Upright Upright Upright 

E N/A Raised Upright Upright Upright Upright 

Are 2P visible? KE; MP; E No No No Yes Yes Yes 

Number of 2P visible KE; MP; E 0 0 0 2 4 4 

How are 2P oriented KE; MP; E N/A N/A N/A Raised Upright Open 

Are 3P visible? KE; MP; E No No No No No Some 

Number of 3P visible? 
KE; MP 0 0 0 0 0 2 

E 0 0 0 0 0 1 

Any hairs? 
KE; E No No No No Some Many 

MP No No No No Few Some 

Likely abundance of 
stomata?  

KE None Very few Few Some Some Regular 

MP None Very few Very few Some Some Regular 

E None Very few Very few Few Regular Regular 

Is there a clear stem?  
KE; MP No No No No No Yes 

E No No No No No Yes*****  

* Buds are not pitted so always appear as a bump on the surface 
** Despite rise, there is no swelling or clear activity 
*** 2x SP arranged opposite each other instead of 3x in a triangle 
**** As the bud stays upright and overlapping, distinguishing all 3x sets clearly can be difficult 
***** The stem is wide, not tall  
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In general, the six early developmental stages are distinguishable in all three cultivars, and the atlas 

can be utilised for each to determine how far the bud is in development. With the minor modifications 

to the sprouting atlas, the developmental stage of the three cultivars was recorded over three assays, 

and the results showed that developmental progress occurred at a similar rate. In Figure 2.3.9A the 

collated data for each cultivar over the course of three assays are presented, and there is no overall 

significant difference between cultivar developmental stage medians at any timepoints (Kruskal Wallis 

multiple comparison test P<0.05). When looking at the experiments individually there was a little more 

variation in the developmental stages recorded, but here too the medians were generally comparable. 

The three cultivars selected are representative of the varieties most often used by the potato industry, 

and this research has shown that the sprouting atlas is broadly applicable to each. As such it is clearly 

possible to use the c.v. King Edwards sprouting atlas to assess bud development, and with minor 

adjustments developmental progress can be easily tracked across cultivars.  
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Figure 2.3.9: Developmental progress over time is similar between different cultivars. 
(A) Each cultivar is separated, and truncated violin plots show the collated developmental stages seen 
at each timepoint. The letters denote significance between developmental stage medians within all 
three cultivars at the seven timepoints using a Kruskal-Wallis test with multiple comparisons (adjusted 
P<0.05). Colour legend across the top. (B) Shows the developmental stages seen at four timepoints 
across different experiments for Maris piper and Estima [colour key the same as in (A), Maris Piper in 
green, Estima in yellow]. In all graphs solid lines across the truncated violin plots show median 
developmental stage, dotted lines show quartiles. A Kruskal-Wallis test with multiple comparisons was 
performed on each time point to determine if the median developmental stage differed between 
experiments and cultivars (P<0.05), this is denoted by the lettering. Exact P-values available in 
Appendix Table 2.6.  
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2.3.3. In vitro assessment of commercial potato sprouting suppressants 

As indicated in the introduction, there is a significant commercial interest in developing novel 

sprouting suppressants. Having validated the sprouting atlas, I therefore investigated whether the in 

vitro assay could be used as a tool to assess the efficacy of sprouting suppressants. To do this, I 

focussed on three commercially available suppressants: chlorpropham (CIPC), 1,4-

dimethylnaphthalene (1,4-DMN) and spearmint oil (SPO). 

2.3.3.1. Application through agar 

CIPC has previously been tested in vitro by mixing the suppressant into the agar at the base of the 

assay plate (Grand 2021). This tried and tested approach allows for a controlled volume of CIPC to be 

in contact with the potato disc and enabling investigation into the impact of different dose levels. As 

such application through agar was initially selected as the appropriate approach for introducing 

compounds into the sprouting assay. In Figure 2.3.10 the results are presented from a dose 

dependency trial, whereby CIPC was mixed into the agar solution during the pouring of the plates. To 

measure the impact on growth, the sprouting atlas was used to determine each samples 

developmental stage (or the closest applicable stage). CIPC was mixed into agar at 50µM and 100µM 

concentrations and the buds were imaged by SEM at 120hrs.   
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Figure 2.3.10: 100µM CIPC treatment caused deformed bud growth, and disrupted development. 
(A) Presents the developmental stages identified after 120hrs in the sprouting assay when potato discs 
were on agar made up to either 0µM CIPC, 50µM CIPC or 100µM CIPC. Truncated violin plots show 
distribution of samples, with the thick black line indicating the median and dotted lines denoting 
quartiles. The median stage at each treatment after 120hrs was compared using a Kruskal-Wallis one-
way ANOVA and the letters denote the significance between treatment medians (Adjusted P<0.05). 
The exact P-Values are given in Appendix table 2.7. The 100uM treatment was significantly less 
developed than the control and lower dose. (B) Example SEM images of the bud condition after 
treatment. The top row are buds at 120hrs on 50µM and 100µM. Bottom row is a control (0µM CIPC) 
at 120hrs and at 72hrs. The morphological differences from the controls given as are developmental 
stage. Scale bar shown on each image. 72hrs stage III control included as morphologically similar to 
100µM deformed bud.  
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The two doses of CIPC in agar had differing effects on the sprout development, with 50µM treatment 

not significantly affecting development, and the 100µM treatment severely affecting development 

(Figure 2.3.10A). The samples treated with 50µM CIPC showed only minor differences from untreated 

control buds, with slight physiology changes such as the lack of hairs developed on the sprouts. 

However, in general the buds were similarly developed to the controls, with clearly established stems 

and emergence of the secondary primordia. In comparison, the 100µM CIPC treated buds appeared 

significantly impacted by the treatment. The number of leaf primordia visible at 120hrs was equivalent 

to stage III or IV in untreated samples, however the buds lacked any vertical growth and many of the 

defining features of stage IV or V sprouts. The anatomy of the buds was clearly drastically impacted 

by the treatment, with primordia fully opened exposing the meristem to damage, cells appearing 

enlarged, and the buds swollen laterally rather than vertical growth. After 120hrs of treatment the 

100µM CIPC buds appeared closer to an excessively opened stage III bud (Figure 2.3.10B). Whilst some 

of the features relevant to the sprouting atlas are present, the 100µM CIPC treated buds were difficult 

to classify into a precise developmental stage as the deformation presented distorted features. 

2.3.3.2. Volatile suppressant application 

Commercial application of sprouting suppressants varies between products, but the majority rely 

ǳǇƻƴ ΨƘƻǘ ŦƻƎƎƛƴƎΩΣ ǿƘŜǊŜōȅ ǘƘŜ ŎƻƳǇƻǳƴŘ ƛǎ ǾŀǇƻǊƛǎŜŘ ƛƴ ǎƻƭǳǘƛƻƴ ŀƴŘ ǇǳƳǇŜŘ ƛƴǘƻ ƭŀǊƎŜ ŀƛǊtight 

stores as a fine mist. This allows for the suppressant to disperse amongst the tubers whether crated 

or loose, and the tubers do not have to be directly handled to apply a suppressant. Whilst ubiquitous 

suppressant dispersal, the quantity of suppressant reaching each bud can vary. This approach was 

used for CIPC prior to its ban and is now the mode of application for the two most favoured 

alternatives SPO and 1,4-DMN. Therefore, whilst application in agar allows for a highly refined 

investigation with known quantities of compound reaching the bud, it is not true to industry 

approaches. Thus, the in vitro assay was adapted to allow suppressants to be applied as volatiles.  

Filter paper was placed in the inter-well space, to which a select volume of suppressant was applied, 

and the lid of the assay plate was raised slightly to allow volatiles to enter from the inter-well space 

into the sample wells. The three suppressants discussed (CIPC, SPO and 1,4-DMN) were all trialled in 

this manner with a water control. It was not necessary to heat the volatiles (as is done in hot fogging) 

as the compounds were sufficiently volatile at room temperature to diffuse throughout the small 

airspace. The volatility of the compounds varied, the most volatile is SPO (which is mostly composed 

of highly volatile terpenes), followed by the aromatic hydrocarbon 1,4-DMN, and finally by CIPC which 

is the least volatile of the three at room temperature, albeit still highly volatile. Due to this variation 

different volumes of each suppressant were added to the filter paper. In Figure 2.3.11 the impact of 

each suppressant after 120hrs in the assay was assessed using the sprouting atlas.  
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For 1,4-DMN (Figure 2.3.10A) all trialled volumes significantly supressed sprouting, with no buds 

showing developmental features beyond stage III. The higher doses of 1,4-DMN did not result in 

significantly different levels of suppression (Kruskal-Wallis Test P>0.05), indicating that even the 

lowest levels of SPO trialled were highly effective. To test for dose dependency lower volumes would 

need to be trialled. In a similar fashion, SPO showed high levels of suppression and no clear dose 

dependency at the levels tested (Figure 2.3.11B). The median level of suppression for SPO was stage 

II, indicating that slightly more growth was achieved under this suppressant. Finally, the CIPC 

treatment did present some dose dependency, as the lower volume of suppressant applied did not 

prevent near normal growth (Figure 2.3.11C). The median developmental stage for the 0.2ml CIPC was 

lower than the water control, however there was no statistical significance between them (Kruskal 

Wallis test P>0.05). At the higher volume CIPC did effectively suppress sprouting, and the anatomical 

features seen in the agar applied CIPC were evident. 

  

Figure 2.3.11: Volatile application showed no dose dependency in 1,4-DMN and SPO.  
Three commercially used suppressants were applied to filter paper in the inter-well space of the assay. 
The developmental stage was then recorded after 120hrs. Letters denote significance in medians 
within each treatment type using Kruskal-Wallis Test with multiple comparisons (Adjusted P<0.005), 
exact P-values are available in Appendix Table 2.7. (A) 1,4-DMN showed no effect of different doses. 
(B) SPO showed no dose effect. (C) CIPC at 0.50ml application had no suppression effect, but did at 
1ml. 
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2.3.3.3. The impact of SPO and 1,4-DMN on growth 

The mode of action of CIPC has been explored at length in a previous in-house PhD project (Grand 

2021), and therefore, it is unnecessary to explore the compound any further in vitro. In contrast, SPO 

and 1,4-DMN have not been closely assessed in vitro, and as they have been shown to be effective 

through volatile application, further measurements and investigations were conducted to assess how 

they impact growth.  

In Figure 2.3.12A the effect of each compound on bud length after 120hrs is presented. Both 

suppressants effectively suppressed growth, and by 120hrs the buds had barely reached 1mm in 

length and were significantly different from the control (Ordinary one way ANOVA, P<0.005). As 

previously shown in Figure 2.3.7, a 1mm bud length is almost exclusively seen in the early or mid-

development stages of growth (stages O, I, II and III) corresponding with the findings shown in Figure 

2.3.10 where there was only one instance of a bud progressing past stage III. In Figure 2.3.12B example 

images are shown for each of the treatments at 120hrs. No growth was seen in the buds and there 

was no apparent deformed or damaged, instead, the buds appear more akin to stage II or III control 

buds.  
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Figure 2.3.12: Application of 1,4-DMN or SPO at the start of the assay prevented bud growth, 
however when removed the buds were able to partially recover. 
(A) Presents a standard assay, where 1ml of 1,4-DMN and SPO was applied to filter paper in the inter-
well space at the beginning of the assay process (0hrs) and the length of the buds was measured after 
120hrs. H2O was used as a control, applied in the same manner. The mean length and standard 
deviation are given, and an ordinary one way ANOVA with multiple comparisons was performed to 
test for significant difference between treatment mean lengths (P-value in appendix table 2.9). There 
was no significant difference between the SPO and 1,4-DMN treatments, but both were significantly 
different form the control. (B) SEM images of the buds and images of the entire disc are shown for 
each treatment in the standard assay approach. Scale bars given in each image. The water treated bud 
was too large to SEM fully, and as such was decapitated and imaged on its side. (C) Buds received 
treatment for the first 72hrs of growth, before transplanting onto control agar in new assay plates to 
determine if they were capable of recovery. Developmental stage was recorded at the transfer point 
(72hrs) and 120hrs later (196hrs) as shown by truncated violin plots. The median stage at each 
treatment and timepoint was compared using a Kruskal-Wallis one-way ANOVA and the letters denote 
the significance between treatment medians (Adjusted P<0.05). The exact P-Values are given in 
Appendix table 2.9.  
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Lack of damage to the buds and no signs of deformity leaves the buds intact to resume growing after 

the volatiles have dissipated. To explore this a recovery assay was conducted, whereby buds received 

suppressant treatment for 72hrs, and then the buds were transplanted onto fresh, control agar 

without the volatiles present to determine growth had resumed after 120hrs (Figure 2.3.12C). The 

growth of the buds did not fully recover, and there are clear signs that the volatiles have impacted the 

buds, however some growth is noted. The buds receiving the SPO treatment became bleached white, 

and the 1,4-DMN treated buds turned a light green. Only two of the suppressants treated buds 

reached stage V after 120hrs on the control agar, however there is clear evidence of buds raising and 

opening to reveal new primordia. 

The technical guide for applying SPO and 1,4-DMN in stores recommends for application to be timed 

ǿƛǘƘ ŎƭŜŀǊ ǎƛƎƴǎ ƻŦ ƎǊƻǿǘƘΣ ƴƻǊƳŀƭƭȅ ǿƘŜƴ ǘƘŜ ōǳŘǎ ŀǊŜ ΨǇŜŜǇƛƴƎΩ όƛΦŜΦΣ ŀǘ ǎǘŀƎŜ LLL ǿƘŜƴ ǘƘŜ 9t ŀǊŜ 

opening) (AHDB 2021; Cunnington 2022). As such, treating dormant stage O buds is not the envisaged 

mode of application. Therefore, to imitate a more realistic treatment approach, new trials were 

conducted, and the application of suppressants was delayed until growth had established. In this 

approach, for the first 72hrs of the assay no treatment was applied, then at 72hrs the buds were 

assessed using the atlas imaged for measurements before 1ml of each treatment (H2O [Control], SPO 

& 1,4-DMN) was applied to the filter paper in the inter well space. The assay plates were then resealed 

and left for a further 120hrs. Then 192hrs post assay initiation, the buds were re-measured, stage 

identified and imaged under the SEM. The results of this delayed treatment are presented in Figure 

2.3.13, and the delayed application affected the buds in a much more severe manner. 
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Figure 2.3.13: Delaying SPO and 1,4-DMN treatment caused significant damage to the buds. 
Assay plates untreated for 72hrs, at which timepoint 1ml of each suppressant (H2O [Control], SPO & 
1,4-DMN) was applied and the assays resealed for a further 120hrs. Stage and bud measurements 
were taken at the 72hr time point, before treatment, and at 192hrs (120hrs post treatment). (A) Shows 
bud development before and after treatment. The median stage at each treatment and timepoint was 
compared using a Kruskal-Wallis one-way ANOVA and the letters denote the significance between 
medians (Adjusted P<0.05). The exact P-Values are given in Appendix table 2.10. (B) The mean length 
and standard deviation are given for each treatment and timepoint, and an ordinary one way ANOVA 
with multiple comparisons was performed to test for significant difference between treatment mean 
lengths (P-value in appendix table 2.10) (C) Example images (SEM and macro-photography) presented 
for the delayed SPO and 1,4-DMN treatment after 196hrs. Scale bars given.  
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After 72hrs on control agar, all buds were mid-way through development, some even at stage V. The 

buds that remained in control conditions (water added to the filter paper) then all proceeded to full 

sprout and reach stage V (Figure 2.3.13A). In comparison, the SPO and 1,4-DMN treated buds did not 

all reach stage V, with the median stage reached in both cases increasing only slightly from stage III at 

72hrs to stage IV at 192hrs. When considering the length of the buds, in the control the buds grew 

exponentially reaching lengths of 16mm and pushing the lid of the assay plate (Figure 2.3.13B). Again, 

in contrast the growth of the 1,4-DMN and SPO buds was minor, with a maximum length increase of 

1.5mm. From these results is it clear that there was still a minor level of growth post the suppressant 

treatment, as both developmental stage and bud length averages for SPO and 1,4-DMN increased. 

However, after a brief lag time, the impact of the compounds was severe, and growth was quickly fully 

suppressed. In Figure 2.3.13C, examples of the bud condition are shown after the 1,4-DMN and SPO 

treatment. The 1,4-DMN buds darkened in colour, going slightly green, and fattened at the base. The 

SPO treated buds blackened, with the primordia shrivelling and were clearly very damaged. 

2.4. Discussion 

The in-vitro sprouting assay and the sprouting atlas described in this chapter have been used to closely 

examine the earliest stages of potato sprouting and better understand the morphological changes 

that occur. The level of detail provided by these investigations has provided insights into the 

physiology of sprouting, both in naturally sprouting buds and in those affected by sprouting 

suppressant treatments. Moreover, the sprouting assay has been proven an effective method for 

assessing the impact of commercially relevant sprouting suppressants. This has allowed for a better 

understanding of their mode of suppression and provides a template for screening sprouting 

suppressants in vitro. 

2.4.1. An atlas to potato sprouting. 

Prior to this research, the level of detail available on the physiology of potato sprouts was negligible. 

Indexes such as the BBCH or IPDGR provided limited descriptions of the process of sprouting, with 

only passing comments on signs of activity in sprouting buds. Morris et al (2018) do present a 

superficial scale to sprouting, however it provides little clarity on the structures that are expected 

throughout the bud-to-sprout transition. To rectify this gap in the knowledge, the transition from 

dormant bud to mature and elongating sprout was drawn into a timeline for growth using SEM images, 

macro-photography, and histological sectioning. This timeline of sprouting allowed the individual 

structures relevant to sprouting to be distinguished and the process of sprouting to be better 

understood. To the authors knowledge this is the first atlas of potato bud growth of this kind and 

presents a useful tool for analysing the incredibly important early stages of sprouting.  
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Developmental atlases can be an incredibly useful tool for contextualising physical change, and as such 

have been created to track organogenesis in other plant species. In this research a primary goal behind 

creating a development atlas is to align generic physical changes with underlying biochemical changes 

that occur during sprouting. This is an approach often used in crop enhancement investigations, as 

mapping out a timeline for the physical changes allows for the timing of biochemical changes to be 

put into context of the plant morphology. This approach is frequently utilised in studies of leaf shape, 

and well-established leaf growth atlases have enabled the underlying genomic and transcriptomic 

features that drive leaf shape to be discovered (Bar 2014; Cox 2020; Wang 2013). Here, the in-depth 

insight into the physiology of sprouting potato buds provides two advantages. The first is the 

physiological context associated with the metabolic changes that will be discussed in the following 

chapter, and the second is an appreciation of how suppressants affect the bud morphology, and a 

recognition of when the bud is most vulnerable to a suppressant.  

In Figures 2.3.1, 2.3.3, and 2.3.4, the timeline of sprouting is demonstrated in SEM, diagrammatically 

and using macro-photography. The potato sprouting atlas (Table 2.3.1) separates early development 

into six distinct phases based upon the anatomical features observed on the potato bud. The timeline 

starts with the dormant bud (stage O) which shows no outward signs of growth or activity and is very 

simple in form with only shield primordia visible. This then transitions through two stages of restrained 

activity and subtle physical change (stages I and II), before fresh ƭŜŀŦ ǇǊƛƳƻǊŘƛŀ άǇŜŜǇέ ǘƘǊƻǳƎƘ ǘƘŜ 

protective emerging primordia (stage III), signalling the beginning of drastic morphological change. 

Once the buds have peeped, and fresh primordia are exposed, the physical development accelerates, 

with vertical growth of the new primordia and opening outwards of the previous primordia (stage IV), 

and then a rapid elongation of the sprout as the stem develops (stage V). Between each of the six 

developmental stages the anatomy of the bud changes, and this physical transformation will likely 

align with a biochemical change. The specifics of the biochemical change will be discussed further in 

the next chapters. 

2.4.1.1. Growth assessment methods vary depending on experimental needs. 

The identification of a potato buds sprouting developmental stage is best distinguished using SEM 

imaging, as this allows a high resolution image where features as small as cellular structures are visible 

(Vignolini 2015; Talbot 2013). For this reason, the sprouting atlas was first developed using 200+ SEM 

images. SEM based atlases have been developed before, for example, Moro et al (2001) used SEM 

images of germinating seeds to categorise the physiological steps from imbibition to the emergence 

of the first true leaves of the Angelonia genus. The SEM images taken throughout the germination 

process allowed the timing of various miniscule physical features (such as differently shaped trichrome) 

to be distinguished. As a result, the mechanisms of germination could be separated between closely 
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related species, allowing keener insight into the mechanisms of growth underpinning a valuable 

ornamental flower genus. In a similar fashion, high resolution SEM images provided clarity on 

sprouting bud morphology allowing sprouting to be broken into stages distinguished by sometimes 

subtle morphological differences. However, whilst SEM was incredibly useful in the initial 

development of the atlas, it has drawbacks for further experimental use. SEM destroys the sample, 

rendering subsequent analyses impossible, and therefore a method for assessing bud development 

without compromising the sample was developed. In addition to this, colour of the sample is not 

included in the data provided by SEM, and a core physiological feature is excluded.  

In their investigation into Angelonia seedlings, Moro et al (2001) discuss that colour is a more definitive 

indication of the species of the seed than some of the subtle physical differences evident. At a broad 

scale, the same dynamic is present in potato sprouting, as bud colour changes through development. 

During the early stage of development (stage O-I) the buds are very dark in colour as the red hue of 

c.v. King Edwards is paramount in the established shield primordia, this is evident in Figure 2.3.4 where 

SEM and macro-photography images are aligned. In the mid stages (stage II-III) the bud lightens as the 

fresh primordia become apparent, and finally in the late stages (stage IV-V) the sprout is mainly white 

as the stem emerges and more fresh primordia establish. These colour changes are not visible in the 

SEM imagery, and hence it was necessary to align macro-photography images alongside to provide 

the colour insight. The need for colour to determine the developmental stage is low priority in these 

studies, where time is spent making close examinations of the bud, however for rapid assessments of 

the sprouting development (i.e., those conducted by potato store managers) colour is of importance. 

In commercial storage, the application of bud-burning sprouting suppressants such as spearmint oil 

or orange oil needs to be timed to when the bud has just emerged from the shield primordia, and 

fresh tissue is exposed (Thoma 2022; Varga 1956; Zair 2021). Only at this point can the bud-burning 

suppressants be most effective. However, with no sprouting atlas, or SEM approaches to notice the 

subtle growth of stages I-III, store managers are reliant on the stem to notice that sprouting has started 

as this appears white against the brown (often muddy) surface of the tuber (S.A. Agronomy, in 

conversation). As demonstrated in Figure 2.3.4, this white colouring only appears in stages IV and V of 

sprouting, at which point elongation has taken hold and the growth is rapid. Therefore, in the time 

taken to first notice the white sprouts and then arrangement and application of a suppressant (which 

is often contracted out and hence not immediate) a large amount of sprouting will occur, and the 

commercial value of the stored potatoes drops dramatically. Therefore, earlier detection of growth 

could mitigate against this loss. Thus, using the macro-photography aligned atlas subtle anatomical 

ŦŜŀǘǳǊŜǎ ǘƘŀǘ ŘŜƴƻǘŜ ŀ άǇŜŜǇƛƴƎέ ōǳŘ ƻƴ ǘƘŜ ǾŜǊƎŜ ƻŦ ƳŀƧƻǊ ƎǊƻǿǘƘ Ŏŀƴ ōŜ ǊŜŎƻƎƴƛǎŜŘΣ ŀƭƭƻǿƛƴƎ ŜŀǊƭƛŜǊ 

detection of active sprouting and timelier suppressant application. As such, aligning the SEM based 
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sprouting atlas with the macro-photography atlas not only avoided compromising samples, but 

provided a low-tech method for using the atlas as a tool to assess bud development.  

To deepen the insight provided by this developmental assessment tool, the internal morphology of 

the sprouting buds was also assessed, and the physiological development was aligned to the SEM 

based atlas. Providing internal morphology is an important step in providing an extensive 

understanding of the sprouting process, particularly considering industry goals of understanding the 

mode of action of many sprouting suppressants. Suppressants often damage the external features of 

a bud, appearing to destroy the structure, however the internal morphology can remain intact. Teper-

Bamnolker et al (2010) showed that SPO damaged the periderm of the buds, but often left the 

meristem undamaged, allowing sprouting to resume after a period of recovery. Similarly, Grand (2020) 

used cross sections of CIPC treated buds to demonstrate meristem cell size and organisation was 

enlarged and utilised these insights to unveil the mode-of-action for the suppressant. As such, along 

with assessing the external morphology, a basal understanding of the bud internal morphology during 

the natural sprouting process was also assessed.  

The internal morphology of each developmental stage was assessed by collecting longitudinal sections 

of the buds. This was initially done using resin embedding providing detailed cellular structures for 

high resolution analysis, and then separate cryo-sectioning was conducted to retain sections with 

metabolome integrity. With the resin based longitudinal sections (Appendix Figure 2.2) structures 

obscured by the external primordia can be assessed. For example, at stage IV there is no visible stem 

when observing a bud using SEM or macro-photography because the emerging primordia wall in 

structure. However, when assessed as longitudinal sections, the stage IV buds do have a proto stem, 

with columns of well-organised cells connecting tightly packed meristems with sub-tending tissue. The 

structure of the cells in the stage IV samples is considerably different from the cells seen in a stage III 

bud (which lack any organisation) and is distinct from stage V structures as no vasculature is 

established. Internal features such as these are not visible using SEM or macro-photography, and yet 

they signify a considerable change in the structure of the sprout. As such, providing internal context 

to the external morphology has extended our understanding of the sprouting process.  

2.4.2. The sprouting atlas is a good proxy for developmental progress. 

Alongside providing physical context to biochemical investigations, the sprouting atlas was created to 

mitigate against tuber-to-tuber variation in sprouting rates. Categorisation of sprouting into six 

distinct stages allowed developmental progress to be distinguished independent of any disparities in 

sprouting timing or in tuber physiology. Being the first sprouting atlas of its kind in potatoes it was 

necessary to compare the effectiveness of using the sprouting atlas to track development with 
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established methods for assessing growth. Most often, bud length and time in storage/assay are used 

as proxies for developmental progress, and industry standards checking for sprouting all use sprout 

length thresholds to determine a tubers commercial viability, and rough timing of suppressant 

application is based upon time in storage (Dai 2016; Zhao 2015; Coleman 1998; Fourkaraki 2016; 

Hartmann 2011).  

As previously discussed, time is not a reliable indicator for developmental progress in potatoes, as 

various factors can influence when a potato will sprout even if unfavourable conditions are maintained 

(Turnip 2020, Destefano-Beltrán 2006; Brocic 2016). In Figure 2.3.7, use of the sprouting atlas is 

compared to timepoint and bud length measurements. When looking at either developmental stages 

observed, or bud length recorded at each sampling timepoint there is considerable variation in the 

physiology of the buds. In Figure 2.3.7B for example, at 72hrs buds from stage I to stage IV are seen. 

A stage I buds will have only two sets of primordia, no specialised cells, no organised internal cell 

structure, and little freshly developed tissue (shield primordia have been established since the 

tuberization stage of the potato lifecycle). In comparison a stage IV bud has up to four sets of primordia 

(tertiary primordia not externally visible), of which two will be freshly generated, the primordia have 

specialised cells and a proto stem will be establishing at the core of the bud. The anatomy of buds at 

stage I and stage IV are therefore vastly different, and yet, using time alone as the indicator for 

development, they will have been collated. When considering the broader developmental stages 

(Figure 2.3.3: early, mid, and late development) time is a more reliable indicator for development, as 

there is a margin for differing developmental rates to occupy, however this provides a less detailed 

insight into the physiology of the sprout. 

Measurement of bud length provides a more reliable, quantitative assessment of development than 

time. However, ensuring the precision of measurements is difficult due to the small scale of change 

occurring before the establishment of a stem. For this reason, whilst the information provided by 

length measurements is insightful, the length of the bud is often not actually recorded, and instead 

thresholds for what length denotes a sprouted tuber are created. For example, Hartmann et al (2011) 

had shown that when GA is applied, a potato would develop sprouts 3mm in length 72hrs into the 

assay, and at this length the tuber was categorised as sprouting. In the subsequent trials, and in further 

research (such as Mouzo 2022; Haider 2022), any growth beyond 3mm was categorised as sprouting 

and this was a core proxy for understanding how sprouting had been affected by various treatments. 

The findings shown in this chapter demonstrate that under normal conditions, an eco-dormant bud 

exposed to favourable conditions will only exceed 3mm in length after 120hrs. Moreover, the length 

of buds actively sprouting can be as small as 0.5mm (Figure 2.3.6A). As such with thresholds of 3-5mm 
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earliest signs of growth are not being captured, and therefore a more nuanced developmental tracking 

approach is needed. 

In the early and mid stages of growth, any growth of the bud is minor. Only 0.4mm separates the mean 

height of 0hr buds and 72hr buds, with the entire sample population within the first 72hrs fitting in a 

1.5mm range. However, after the 96hr mark the variation in bud length becomes considerably larger. 

The variation in bud length at later stages is likely due to the development of the stem around the 96-

120hr timepoints. This is shown in Figure 2.3.7, where stage V samples (which are distinguished by the 

first emergence of the stem) are only observed at 96 or 120hr timepoints. After the stem forms, 

determining bud length becomes a matter of centimetres rather than fractions of millimetres, as 

shown by the magenta experiment in Figure 2.3.6A, in which it was necessary to use a log scale to 

render the graph interoperable. As buds can quickly exceed the commercial viability threshold of 5-

10mm within 48hrs of stem emergence, bud length is not a reliable proxy for development. Using 

explicit physiological features as defined by the sprouting atlas is a more meaningful and reliable way 

to measure sprouting progress and compare different aspects of the sprouting process. 

Bud weight is an alternative method for assessing bud development that was not included in this study. 

Weight was not used as a variable in these investigations because measuring young buds can be 

difficult, especially in the early stages of development when the buds are small (less than 1mm in size) 

and removing them would prevent them from growing further. However, bud weights were recorded 

in the metabolomics investigations of Chapter 3, as sample weight was an important factor in the 

metabolome extraction. These experiments demonstrated the difficulty of recording accurate weight 

measurements, as early development buds weigh well under 1 gram. Measuring the entire potato disc 

would not be an effective measure of bud growth, as changes in weight of the surrounding tissue (due 

to ongoing respiration and moisture content change) would overshadow any changes occurring in the 

bud. As a result, weight was not considered as a proxy for bud development in this study. The addition 

of weight as a variable to assess bud growth could provide another tool for assessing growth; however, 

this is likely better applied in investigations into larger sprouts.  

The sprouting atlas is therefore a useful tool for assessing bud development, and in comparison, to 

the alternatives (bud length, weight and time in assay) it provides a far more reliable and insightful 

methods for assessing development.  

2.4.2.1. The sprouting atlas is applicable to other cultivars.  

As a tool for tracking development, it was also important to demonstrate the applicability of the atlas 

in other cultivars. The UK potato industry is reliant heavily upon 10 cultivars (Cunnington 2018; AHDB 

2020). Tout (2018) demonstrated that four of these most used cultivars (c.v. Desiree, Maris Piper, King 
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Edwards & Russet Burbank) all showed stereotypical metabolomic responses to treatment, and there 

was little between cultivar variation. For these investigations, c.v. King Edwards was chosen as the 

model potato cultivar because of its commercial relevance, short dormancy period and the slight 

pitting of the apical meristems (which prevented accidental meristem damage but was also not too 

pitted to render bud examinations difficult). Subsequently, over 200+ SEM images of the apical buds 

of c.v. King Edwards potatoes were then used to develop the sprouting atlas, and as shown in Figure 

2.3.7. However, whilst extensive, the SEM images from which the sprouting atlas was built were of 

one cultivar, and hence, it was necessary to test its applicability in other cultivars.  

The sprouting physiology of two other short/medium dormancy cultivars was assessed and compared 

to that of c.v. King Edwards. Both selected cultivars (c.v. Estima and c.v. Maris Piper) offer slight 

differences in physiology and market value to the model cultivar. The two cultivars were grown, 

harvested, and assayed alongside c.v. King Edwards, to investigate whether there were any major 

differences in their morphology during sprouting. Despite the wider tubers appearing different (both 

varieties were white/yellow, had exposed buds and were rounder in shape), all physiological features 

noted in King Edwards were all seen. Minor alterations in the arrangement of the certain anatomical 

features were evident, for example c.v. Estima showed a more lateral stem growth compared to 

vertical growth, and there were only two shield primordia in Maris Piper. However, with minor edits, 

the atlas could be made applicable to all three cultivars, demonstrating its promise as a tool for 

assessing sprouting in tubers. Expansion into more varieties would further improve the applicability 

of the atlas tool, and as shown, this can be done using the current sprouting atlas as a framework from 

which the intricacies of development can be identified.  

In addition to including more cultivars, expanding the atlas to cover axillary buds would also be 

beneficial. The axillary buds have so far not been included because the apical dominance maintaining 

axillary bud para-dormancy adds another source of variation in sprouting rate. Assessing whether 

sprouting is identical for axillary and apical buds would further our understanding of the overall 

sprouting process. This is particularly relevant for sprouting suppressant treatment because any delay 

in the emergence of young tissue (fresh primordia) in axillary buds may protect them from 

suppressants, allowing them to sprout normally even after treatment. Additionally, SEM images show 

that axillary buds form slightly differently from the apical meristem. One of the shield primordia leaves 

forms a leaf scar and protective indent into which the meristem sits. As such, axillary buds usually 

appear with only two shield primordia, which are more rounded than those seen on the apical 

meristem. This is a relatively minor alteration in physiology, however considering all bar one bud on 

the tuber show this trait it would be beneficial to understand if this has any change on the physiology. 
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Further investigation into the morphological changes of these buds would broaden our understanding 

of the sprouting process and ensure that tools developed for assessing sprouting are widely applicable. 

2.4.3. Assessing the impact of sprouting suppressants on bud physiology in vitro 

The sprouting atlas was created using data from in vitro sprouting assays and provides a reliable tool 

for tracking normal growth. The in vitro assay approach in this thesis was adapted from previously 

trialled methods (Hartmann 2011; Tout 2018; Grand 2021). It has provided a high level of consistency 

and control, allowing for the subtle changes in early development to be mapped. However, except for 

Grand (2021), sprouting suppressants were not integrated into previous in vitro approaches. Grand 

(2021) demonstrated that CIPC could be integrated into the agar to supply potato discs with moisture, 

but this is the only example of sprouting suppressants being integrated in vitro, to this author's 

knowledge, and is not truly representative of how suppressants are applied in potato stores. Therefore, 

to expand the usefulness of the in vitro assay approach and demonstrate a novel approach to 

screening sprouting suppressants (both novel and existing), the suppressants were integrated into the 

in vitro assay and closely examined for their effect on growth.  

2.4.3.1. The application of commercial suppressants in vitro is effective. 

The assay setup was adjusted to allow the three suppressants (CIPC, 1,4-DMN, and SPO) to be applied 

either in the agar below the potato discs or to disperse as a volatile throughout the multi-well plates. 

As SPO and 1,4-DMN are both solvent-based compounds, it was not possible to mix them into the agar 

solution, and as such, they were applied as volatiles only. While this limits the level of control on how 

much suppressant contacts the potato disc, it is a more relevant mode of application, as unlike CIPC, 

these suppressants are not taken into the tissue and instead need to make contact with the bud as a 

volatile.  

Nonetheless, CIPC could be mixed into agar, and when done so at high concentrations, the 

suppressant majorly affected growth. At high concentrations, CIPC caused the buds to deform, as cells 

swelled and leaf primordia opened, exposing the delicate meristem (Figure 2.3.9B). Grand (2021) has 

shown that CIPC disrupts the organization of microtubules, preventing the cells in the meristem from 

dividing. Without new cells being created, growth would not be possible, and as the cells that are 

present lose their integrity and swell, the primordia would be forced open and expose the apical 

meristem. This effect was not seen in the lower dose of CIPC, indicating that there was not sufficient 

suppressant to cause widespread cell disruption, and the bud could continue to sprout. !ǘ рл˃aΣ ōǳŘǎ 

were delayed in development compared to the controls in the same assay, however still reached stage 

V. It is likely that the presence of low doses of CIPC was able to introduce a momentary barrier to 

development, but it was insufficient to maintain the suppression. This dose dependency of CIPC was 
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also seen in the assays where suppressants were supplied as volatiles (Figure 2.3.11C). In these assays, 

buds were capable of growth when the lower volume of CIPC was added to the inter-well space, but 

growth was strongly inhibited at the higher dose. Here too, it appears that growth is lagging behind 

the control buds, but development is still progressing, if slightly delayed by the low CIPC dose. Again, 

this could be due to insufficient CIPC reaching the bud to prevent growth (Gouseti 2015), and this is 

likely not aided by the lack of heating of the suppressant, which is the least volatile of the three trialled 

and is usually applied as a hot fog (Cunnington 2018). At the higher concentration, development was 

completely disrupted, and the deformities caused by in-agar application were observed.  

Compared to CIPC, SPO and 1,4-DMN showed strong sprout suppression regardless of the volume of 

suppressant introduced into the assay (Figure 2.3.11). This is likely due to their high volatility 

(Chaimovitsh 2017), which results in more efficient dispersal around the assay plate. The lack of dose 

dependency in SPO is consistent with the understanding that it is a "sprout burner" meaning that it 

causes irreparable damage to the periderm and severely compromises the bud structure when it 

comes into contact with the bud (Finger 2018; Teper-Bamnolker 2010). However, when applied to 

dormant buds (i.e., when SPO is introduced into the assay at 0 hours), there is little morphological 

impact on the buds, despite still showing clear suppression. In Figure 2.3.12B, the SPO and 1,4-DMN 

treated buds are clearly suppressed in their development at 120 hours compared to the control, but 

neither treatment has caused visible damage. 1,4-DMN is not known to damage buds in the same way 

as SPO, and therefore damage is not expected to be noticeable by eye under this suppressant. 

The developmental stage average of the 1,4-DMN treated buds was slightly lower than the SPO 

treated buds, and this slight difference is likely related to the different modes of action of the 

suppressants. 1,4-DMN is a dormancy extender that interferes with growth at a molecular level, so its 

suppression effect on the bud would be immediate. In contrast, SPO is known to burn the periderm 

of the bud (Finger 2018; Teper-Bamnolker 2010), and whilst this would occur immediately, it will only 

occur on the fresh tissue. Teper-Bamnolker et al (2010) has previously shown that SPO does not 

damage most of the tuber surface, and damage is limited to the fresh tissue of the sprout. Thus, SPO 

would struggle to damage the shield primordia, which are established during initial tuberization and 

are hardened, compared to the emerging primordia, which are young and soft. As such, it is likely that 

the SPO was relatively ineffective on the bud until the emerging primordia became exposed at stage 

I-II, at which point damage could occur. If this is the case, the hardiness of the shield primordia could 

also explain why little to no visible damage is seen under SEM in a stage I SPO treated bud (shown in 

Figure 2.3.12B). The SEM image does not reveal the fresh emerging primordia lying below, and it is 

possible that the damage to the bud has occurred beneath this protective shield primordia cap. 
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2.4.3.1. Timing of suppressant application is an important factor in observing their impact. 

The lack of damage to SPO or 1,4-DMN treated buds was a clear indication that even in the in vitro 

assay approach, timing of suppressant application is core to effective growth suppression. Previous 

SPO and other essential oil research has indicated that the terpenoids will blacken the buds and cause 

them to fall off the tuber (Teper-Bamnolker 2016; Gomez-Castillo 2013). However, in these 

ŜȄǇŜǊƛƳŜƴǘǎΣ ǘƘŜ άōǳǊƴέ suppressants were applied after the sprout had established and not as a 

preventative measure. As such, a delayed application approach was also trialled in vitro, and the 

physical impact on the buds was evident (Figure 2.3.13C). Delaying the application of SPO and 1,4-

DMN stopped development almost immediately. Suppressants were applied after 72hrs in the assay, 

Ƴƻǎǘ ōǳŘǎ ǿŜǊŜ ŀǘ ǎǘŀƎŜ LLL άǇŜŜǇƛƴƎέ ŀƴŘ ŀǊŜ ƻƴ ǘƘŜ ŎǳǎǇ ƻŦ ǊŀǇƛŘ ŜƭƻƴƎŀǘƛƻƴΦ ¢Ƙƛǎ ŜƭƻƴƎŀǘƛƻƴ ŘƛŘ ƴƻǘ 

occur however, with only a handful of buds developing a stem and even then, it was short in 

comparison to the control. Instead, the SPO treated buds showed the blackened, highly damaged 

phenotype previously described (Finger 2018; Teper-Bamnolker 2016; Gomez-Castillo 2013), and the 

1,4-DMN treated buds had turned a pale green, swollen outwards and ceased any vertical growth.  

2.4.3.2. A colour change caused by the suppressants is undesirable. 

The 1,4-DMN colour change phenotype has not been previously described, and it is an interesting 

change in bud morphology. During the sprouting assay, the buds are in total darkness, so it is unlikely 

that this colour change to green is due to the development of chlorophyll in the bud. Additionally, 

under normal conditions, the bud primordia in c.v. King Edwards are red, and this pigmentation is also 

not seen in the 1,4-DMN-treated buds. Without further spectrometry and chlorophyll extractions, it 

is not possible to determine the cause of the green content of the 1,4-DMN-treated buds, but its 

presence is not advantageous, as it can obscure the recognition of a sprouting tuber.  

Current sprouting suppressant alternatives do not persist in storage sheds as long as CIPC did, and 

they are less effective at suppressing sprouting, so often suppressants are applied in tandem. In many 

cases, 1,4-DMN is used first as a dormancy extender, applied in stores when the tubers would naturally 

be reaching the end of their eco-ŘƻǊƳŀƴǘ ǎǘŀǘŜΦ CǊƻƳ ǘƘŀǘ Ǉƻƛƴǘ ŦƻǊǿŀǊŘΣ ŀ ǎǇǊƻǳǘ άōǳǊƴŜǊέ ǎǳŎƘ ŀǎ 

SPO is applied to kill off any buds that dƻ ǎǇǊƻǳǘΦ ¢ƛƳƛƴƎ ƻŦ ǘƘƛǎ ǎǇǊƻǳǘ άōǳǊƴŜǊέ ŀǇǇƭƛŎŀǘƛƻƴ ƛǎ ōŀǎŜŘ 

upon the observation of sprouting (Cunnington 2022; AHDB 2021, Gumbo 2021). There are currently 

no tools for closely assessing the buds in stores (a gap in the industry that the sprouting atlas can aid 

with) and therefore, store managers often only notice the first signs of sprouting when the white stem 

has emerged (S.A. agronomy, in conversation). However, if this stem has previously been rendered 

pale green by the 1,4-DMN treatment it is far less obvious, leading to a delay in spotting sprouting and 

a subsequent delay in treatment, resulting in added product weight loss.  
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2.4.3.3. The next steps for integrated in vitro sprouting suppressant research.  

Adapting the in vitro sprouting assay for suppressant application and using the atlas to measure 

development also reduces the number of tubers needed per experiment. Previous potato sprouting 

suppressant research has required large quantities of potatoes, with crate-sized treatment spaces, 

such as those used by Visse-Mansiaux et al. (2021) or Harper et al. (2015). In contrast, the in vitro 

sprouting assay is a small, benchtop approach that can be conducted without significant space 

resources. The smaller scale means that experiments can be decoupled from standard harvest times, 

as sufficient tubers can be produced by growing plants in greenhouses. As a result, experiments are 

feasible year-round, and more detailed information can be collected about the sprouting process. This 

makes it possible to screen more suppressants and quickly gain more insights into their mode of action, 

advancing our knowledge of sprouting suppression. 

Three suppressants were tested in vitro, demonstrating that this is an effective method for screening 

sprouting suppressants. Further investigation could identify the most effective developmental stage 

to apply the suppressants and assess the duration of their effect. This information would be invaluable 

for applying suppressants, as large crop losses can be mitigated if suppressants are applied early 

enough. Knowing that a suppressant will be effective would also allow for more confident application. 

2.5. Chapter summary 

The work presented in this chapter achieves three goals. Firstly, the creation, validation and use of a 

developmental timeline and associated atlas for early potato bud development. This atlas allows the 

accurate assessment of the earliest stages of growth, overcoming the tuber-tuber variation in 

sprouting behaviour. Secondly, it demonstrates the effectiveness of the sprouting atlas and the in vitro 

assay approach for tracking sprouting development and provides insight into the morphological traits 

that underpin sprouting in three cultivars. Finally, the in vitro assay approach has been adapted to 

allow assessment of commercially used suppressants in a manner fitting to their industrial use. The 

creation of a robust in vitro assay and associated developmental atlas provides the basis for a rigorous 

analysis of the changes in metabolism that occur during bud sprout development, described in the 

next chapter
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/ƘŀǇǘŜǊ оΥ aŜǘŀōƻƭƻƳƛŎǎ ƻŦ ǘƘŜ Ǉƻǘŀǘƻ 
ōǳŘ ŘǳǊƛƴƎ ǎǇǊƻǳǘƛƴƎ 
3.1. Introduction 

Plant metabolomes change as they grow and create new structures. Changes in the metabolome come 

from copious metabolic pathways such as the production of amino acids for proteins, the breakdown 

of starches for carbohydrates, and the utilisation of small metabolites for developmental pathways. 

By tracking the changes occurring through assessment of metabolic content, the mechanisms through 

which plant transformation occurs can be identified. In this chapter, untargeted metabolomics will be 

used to assess the entire metabolome of potato buds to elucidate the metabolic mechanisms 

underpinning sprouting. By analysing the metabolic shifts occurring, their reliability, the key factors 

involved, and the pathways favoured, we can unravel the mechanism of potato bud sprouting. 

3.1.1. Using metabolomics to phenotype biochemical change 

Metabolomics is the study of the collection of small compounds that make up the metabolome of a 

biological system. Whilst metabolomics may be one of the more recently developed and less used 

ΨhƳƛŎǎΩ ŦƛŜƭŘǎΣ ƛǘ Ƙŀǎ ǊŀǇƛŘƭȅ ǳƴŘŜǊƎƻƴŜ ŀŘǾŀƴŎŜƳŜƴǘǎ ǘƘŀǘ ƘŀǾŜ ƳŀŘŜ ƛǘ ŀ ŎƻǊŜ ŀƴŀƭȅǘƛŎŀƭ ŀǇǇǊƻŀŎƘ 

for investigating biological systems (Putri 2013). Collecting metabolite profiles for analysis is becoming 

increasingly easier, and with improving computational interrogation techniques there is a wide scope 

to provide biological insights quickly and simply (Tugizimana 2016; Wurtzel 2016; Perez de Souza 

2019). Metabolomics can provide snapshots of how any treatment or physiological change have 

impacted the phenotype of a sample, providing evidence of the changes occurring and potentially 

identifying areas of activity that could be overlooked in genomics or transcriptomic approaches such 

as the activity of co-expressed pathways (Lau 2015) or unexpected growth phenotypes in transgenic 

lines (Roessnor 2000). These snapshots of the metabolome allow for a quantitative assessment of 

phenotype change, and qualitative insight into the metabolic activity facilitating that change. 

3.1.1.1. Using metabolomics to track biochemical change. 

Metabolomics can be used to study the development of an organism by providing insights into how 

the metabolome changes over time. By collecting successive snapshots of the metabolic content of an 

organism as it develops, researchers can interrogate the metabolic activity during development. This 

approach has been used to study a variety of organisms undergoing developmental changes, including 

plants, animals, and microbes. For example, Omidbakhshfard et al. (2021) used metabolomics and 

proteomics to analyse growing Arabidopsis thaliana leaves. They found that different groups of 
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metabolites accumulated at different stages of the six-day growth period. By examining these groups, 

the researchers were able to identify the core metabolic processes that underpin different growth 

phases. For example, a specific group of metabolites (including TCA cycle intermediates) increased 

specifically during the leaf expansion stage and were in relatively lower abundance during other 

growth stages. Similarly, Yan et al. (2021) used metabolomics to identify the pathways and 

metabolites that become more important during the fruit forming and ripening process of Citrus 

wilsonii. They found that, for example, the metabolite naringin had a relatively high abundance during 

the green stage of the buds, and then decreased as the fruit softened, aligning with when the fruit 

was at its most nutritional value. This allowed them to determine the most appropriate harvesting 

time for optimally nutritional fruit and showed which metabolic pathways were associated with 

improved nutritional content. 

Investigations into potato development have been limited, and often focus on broad periods in the 

potato lifecycle. For example, Shepherd et al. (2010) compared the metabolome profiles of newly 

established tubers, curing tubers, sprouting tubers, and spent tubers to determine how the metabolic 

content of the tubers differs throughout the potato lifecycle. Over this large period, the researchers 

found profound metabolomic differences between the chosen life cycle stages, and the sink-to-source 

metabolism shifts were easily distinguished. However, at such a broad scale, the researchers were 

unable to provide specific insights into the core metabolic processes at each stage in the lifecycle, and 

instead chose to focus on the timing of acrylamide generation. Similarly, long metabolomic profiling 

experiments have been used to assess the impact of storage conditions on tuber metabolomes during 

dormancy. Uri et al. (2014) used an untargeted metabolomics approach to assess how key nutrition 

metabolites (e.g., amino acids, carbohydrates, fats, etc.) changed over 15 weeks in cold storage. Tuber 

metabolomes were extracted at roughly four-week intervals during storage, and whilst the 

metabolism of tubers is low in dormancy, this was sufficient time for considerable metabolic change. 

The findings showed that five of six commonly farmed cultivars saw a decrease in abundance for some 

key nutritional metabolites during storage as a result of glycoalkaloid pathways increasing as storage 

persisted. While these studies have provided valuable insights into the overall metabolic changes that 

occur over the potato lifecycle and during storage, there is still a need for more detailed studies that 

focus on the specific developmental stages and metabolic pathways associated with sprouting.  

There has been little investigation of the metabolic changes that occur during the earliest stages of 

potato sprouting, when metabolomic change may be less drastic but can ultimately be more 

significant for the potato. In the few studies of this important period in the potato lifecycle, research 

has tended to be targeted on factors controlling tuber quality, or if broad, the studies have not been 

representative of the natural sprouting and provide little insight into the natural mechanisms of 
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sprouting. Targeted screens of early sprouting development have provided agriculturally important 

insight into the mechanisms of glycoalkaloid metabolism (Deng 2021) and transitions in sugar content 

(Hajirezaei 2003), which both determine the potato's viability commercially. However, whilst targeting 

analysis on select metabolite groups provides good insight into their specific dynamics in early 

sprouting, it excludes the surrounding metabolomic change, and therefore little insight can be gained 

about other metabolic activity occurring around the metabolites of focus. In a broader untargeted 

study of potato sprouting, Tout (2018) investigated the metabolic change occurring in the transition 

from dormant bud to sprout. However, whilst this research did explore early development, it was 

hindered by the need for the sprouting initiating compound GA, which will have impacted the 

metabolome profile. Moreover, the analyses by Tout (2018) were hampered by complications with 

the potato sample mass spectrometry (MS), and due to a lower sensitivity mass spectrometer and a 

low-resolution data processing workflow, the outcomes of this metabolomic exploration into early 

development are misrepresentative. 

Due to the lack of broad untargeted metabolomic analyses of potato sprouting, there is a significant 

gap in our understanding of the sprouting process. Therefore, in this chapter, I will focus on assessing 

the metabolomic changes that occur during the crucial and short transition from dormancy to activity 

using high-sensitivity equipment, collecting high-resolution data, and avoiding the use of potentially 

metabolome-impacting sprouting initiators. This approach will allow me to better characterize the 

metabolomic shift needed for sprouting, improving our fundamental understanding of the sprouting 

process, and informing the development of sprouting suppressants. 

3.1.1.2. Metabolic markers are a useful phenotyping tool. 

In addition to providing insights into the metabolic activity underpinning development, metabolomics 

can be used to screen for metabolic markers. Metabolic markers are metabolites that can be 

measured or compared to assess the sample, often used in diagnosis if a metabolite only increases 

with certain conditions or used to monitor the status of the sample (Fernandez 2016; David 2018). In 

this way, metabolic markers can be indicators of the plant's condition and offer insights into what is 

happening inside the plant. In plant biology, metabolic markers are often associated with diagnosing 

stress or with traits of agricultural importance. Stress biomarkers can be the accumulation of defensive 

compounds or compounds generated as a result of the stress. For example, Garcia et al. (2018) 

identified a collection of metabolic markers that accumulate in tomato leaves as a result of late blight 

(caused by Phytophthora infestans), some with anti-fungal properties such as alpha-tomatidine and 

others such as saponins not directly associated with defence but accumulated due to encountering 

the sterols in pathogen cell walls. Metabolic markers associated with agricultural value are often very 

specific to the crop in question. In grape growing and wine production, metabolite markers can inform 
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growers about how the terroir (soil and environmental components experienced by the rootstock) will 

affect the flavours of the subsequent wine, and as such, tests on growing grapes can inform farmers 

if they need to change the acidity of the soil (Tarr 2013). Similarly, metabolic markers are used to 

ensure agricultural produce is fit for consumption, as certain markers can indicate over-pesticide use 

(Shahid 2023) or show defects in the crop (Fernandez 2016). 

Metabolic markers also have a significant advantage over other biomarkers, particularly genomic 

biomarkers, as far fewer markers are needed to provide conclusive predicting power (Reidelscheimer 

2012; Fernandez 2016). This is because metabolic markers are directly related to the phenotype of the 

plant, while genomic biomarkers are only indirectly related. Marker-assisted selection (MAS) is a 

frequently used practice in crop breeding, and often relies on both metabolic and genomic biomarkers 

to guide selection for desired crop traits (Steinfath 2010). However, by identifying phenotypic traits 

that can be detected using metabolic markers, breeders are able to better identify progeny with the 

desired traits, speeding up the process of breeding. For example, Reidelsheimer et al. (2012) 

demonstrated that while the exact precision of metabolic marker predictions was marginally lower 

than SNP-based biomarkers, to correctly predict polygenic maize traits required 

measurements/evaluation of only 130 metabolite markers, compared to 38000 SNP markers needed 

to make the same prediction. This suggests that metabolic markers can be a powerful tool for MAS, 

especially for complex traits that are controlled by multiple genes. 

In the context of potato sprouting, metabolic markers could be used to assess developmental progress 

and provide insight into the stage in growth a sprouting potato bud has reached. If this could be done 

with relatively few predictive metabolites, it has potential as a practical tool for tracking sprouting and 

timing suppressant application. 

3.1.1.3. Metabolic marker uses in potato research. 

 In potato research, metabolic markers have been used for various roles, including: flagging plant 

health, identifying cultivars with innate resistance to stressors (e.g., drought, herbivory, disease, etc.), 

signalling the need for treatment/cultivation (e.g., timing haulm killing, pesticide application, 

sprouting suppressant application, etc.), or for tracking tuber quality in storage (Pushpa 2013; 

Yogendra 2015; Massadana-Codina 2020; Sprenger 2018; Roessner 2000; Tarr 2013; Shahid 2023). 

Metabolic markers provide tangible phenotypes that can be assessed quickly and relatively simply. 

A major area of potato metabolic marker research has focused on the identification of resistance to 

disease and abiotic stressors for marker-assisted selection (MAS). In MAS, metabolic markers can help 

decipher complex genomic data, guiding the selection of resistance genes. For example, in a multi-

omics investigation, Joshi et al. (2021) compared a wild potato cultivar with innate resistance to 
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blackleg and six currently used and highly susceptible cultivars, aiming to identify the underlying traits 

associated with resistance. The genomic differences between the wild and domesticated cultivars 

were too vast for insightful genomic comparisons. In comparison, the differences in metabolomic 

response of cultivars when the tubers encountered the blackleg-causing bacteria provided a clear and 

instructive phenotype to resistance. The metabolomic investigation highlighted the integral role of 

alkaloids and phenolic compounds to the bacterial resistance in the wild cultivar, highlighting the 

defensive response that needed to be upregulated in domestic cultivars. In a similar fashion, 

Massadana-Codina et al. (2020) identified a collection of metabolic markers strongly associated with 

black dot resistance. These markers include relatively high levels of coumarin and glycoalkaloids and 

low levels of flavonoid glycosides in the skin of the resistant varieties. Detection of these metabolic 

markers informed breeders to pursue a thicker skin that is more likely to accumulate the metabolites. 

Metabolic markers can also be used to identify abiotic stress and used in MAS for climate tolerance. 

Plants with improved drought tolerance (Sprenger 2018) or heat stress tolerance (Lui 2021) could be 

easily identified from organic acid metabolic markers, allowing plants with innate climate coping 

mechanisms to be selected for further breeding (Obidiegwu 2015). 

In potato storage, metabolic markers can be used to detect and track the quality of stored tubers and 

to determine post-storage processing options. Tuber quality assessments are looking for metabolic 

markers of cold-induced sweetening and glycoalkaloid accumulation (Zhang 2017; Chen 2018; Fukuda 

2019). For example, Fukuda et al. (2019) identified metabolic markers that could predict the duration 

of a potato's storage and the occurrence of cold-induced sweetening. This is important because 

potatoes that have undergone sweetening cannot be used in chipping or crisp manufacture, as they 

will not meet commercial fry colour standards. 

For these investigations into the earliest stages of sprouting, identification of any metabolic markers 

that signify the start of sprouting have the potential to be a valuable tool for detecting potato 

sprouting early. Early detection of sprouting would allow farmers and store managers to time sprout 

suppressant applications more precisely, avoiding delay in treatment and providing the most effective 

suppression. Currently, there is no reliable way to predict when potato sprouting will begin. This can 

lead to missed opportunities to apply suppressants early on when they are most effective. Additionally, 

farmers and store managers may over-apply suppressants as a precaution due to the inaccuracy of 

sprouting prediction, which can be costly and environmentally damaging. Therefore, any sprouting 

onset metabolic markers that could be detected in stores could prevent some of the wasted 

suppressant application.  
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3.1.2. Challenges in untargeted metabolomics investigations 

Metabolomics investigations are typically conducted using either mass spectrometry (MS) or nuclear 

magnetic resonance (NMR). Both approaches have their own advantages and disadvantages1, but MS 

will be the sole focus of this work due to its high sensitivity and broad scope of metabolome 

assessment. Specifically, direct injection electrospray ionization mass spectrometry (DI-MS) will be 

used, as it is a proven approach for screening for biomarkers and providing extensive metabolite data 

that can provide metabolic pathway insights (Ho 2003). Direct injection was preferred to a liquid 

chromatography column for the speed of sampling (this decision is further discussed in 3.4.2.1). The 

extensive data collected in DI-MS experiments can be used to understand metabolome dynamics. In 

this study, DI-a{ ǿƛƭƭ ōŜ ǳǎŜŘ ǘƻ ƛƴǘŜǊǊƻƎŀǘŜ Ƙƻǿ ǘƘŜ ƳŜǘŀōƻƭƻƳŜ ƻŦ ǎǇǊƻǳǘƛƴƎ ōǳŘǎΩ ŎƘŀƴƎŜǎ ŀǘ ōƻǘƘ 

a broad level, looking at the overall trends in metabolic content change, and at a closer level, 

investigating key metabolites involved in this change. 

3.1.2.1. MS-based metabolomics provides extensive data. 

MS-based metabolomics has been widely used in many scientific disciplines, including 

pharmaceuticals, food science, archaeology, and cancer research, to identify metabolic markers and 

explore pathway dynamics (Fernandez 2016; Parrot 2018; Wurtzel 2016). In MS analysis, the relative 

abundance of metabolite ions is recorded and calculated, providing insight into the ratio of different 

metabolites within the sample. To do this, metabolome extracts are ionized (in this case using an 

electrospray ionizer, which uses electrical charge to ionize metabolites in a sample suspended in 

solvent) and then fired past an electromagnet and into a detector, here a time-of-flight quadrupole 

(Q-Tof). The mass and charge of the ionized metabolite determine its flight through the detector, with 

smaller or higher charged metabolite ions hitting the detector earlier, allowing different compounds 

to be separated based on size and charge. The separated metabolite ion data is then presented on a 

mass spectrum, where the mass-to-charge (m/z) ratio denotes the ion's mass, and the intensity score 

denotes its relative abundance in the sample. MS detectors are highly sensitive, meaning the mass 

spectra produced are very high resolution and ions can be separated into very fine masses, in our case 

down to 0.001 Daltons (Da). 

The DI-MS approach can be conducted in either negative or positive mode depending on the 

metabolites of interest in the study. In negative mode metabolites are deprotonated (i.e. M-H, M-2H, 

M-H2O, etc.) causing metabolites the formation of negatively charged ions, and in positive the 

                                                           

1 for more information on the applicability and examples of uses of MS and NMR see the reviews by Putri et al 
(2013) and Alonso et al (2015). 
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opposite is true with the protonation of metabolites (i.e. M+H, M+NA, M+K, etc.) to become positively 

charged ions.  Some analytes are better ionised in either positive or negative mode, and therefore it 

becomes important to tailor the ionisation to nature of the metabolites of interest and their ionisation 

sensitivity (Perez de Souza 2019). Organic and carboxylic acids, polyphenols and sugars are amongst 

those metabolites that tend to ionize more efficiently under negative mode ionisation as they can 

easily lose a proton from acidic functional groups. In comparison, positive mode favours amino acids, 

proteins, and amines, where the presence of an amino group allows the compound to accept a proton. 

As the organic acids and sugars have been previously demonstrated to be undergoing considerable 

change during sprouting (Tout 2019), Negative mode was selected as the primary mode for this 

research. Whilst this does not provide a complete metabolome fingerprint, as positive mode ions may 

not be efficiently ionised, it will provide insights into these metabolites of interest. Moreover, Liigand 

et al (2017) demonstrated that a high percentage of the neutral metabolites (with no clear affinity to 

either mode) will be ionised more effectively in negative mode (46%) than positive mode (18%). As 

such negative mode will capture a larger proportion of the metabolome if only one mode is used.  

In either ionisation mode the quantity of data produced can quickly become insurmountable, and for 

that reason data processing often becomes a major bottleneck in metabolomics investigations (Putri 

2013; Do 2018; Alonso 2015; Gowda 2013). The high precision of mass detection can lead to extensive 

datasets that are challenging to process. Two of the most complex obstacles in MS data processing 

are accurate feature detection and confident metabolite identification, and a significant amount of 

research has been devoted to optimizing and refining metabolomics data processing methods. 

3.1.2.2. True ion peak detection and alignment can bottleneck analyses.  

With the high sensitivity of mass detection, ion peaks are often detected at slightly different m/z 

values, making it extremely difficult to assess ion abundance between different samples (Pinto 2022). 

Therefore, the data must be processed to align the peaks of comparable ions, without removing ions 

that represent different metabolites. Figure 3.1.1 illustrates the need for accurate data processing. 

The mass spectra for four random trial samples are presented across a small mass range, and the 

detected features for each sample are slightly misaligned in the raw data (Figure 3.1.1A). If a table was 

created for the intensity of each m/z feature in the raw data, four separate m/z values would be given 

for what is obviously the same ion peak. If processing forced the intensity selection to be from one 

m/z value, it would not capture the accurate ion intensity, and would instead get an intensity value 

from down the ion peak slope.  
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This inconsistency in exact m/z value will always occur between samples and batches, particularly with 

the improvements to MS detectors sensitivity (Alseekh 2021), and therefore true feature alignment 

becomes a core aspect of processing optimisation. As such, it is necessary to accurately align the 

detected peaks, to generate one ion m/z value across all four samples and smooth it to make the 

intensity data comparable (Figure 3.3.B). When aligned, the raw data also makes two neighbouring 

peaks obvious in the data (denoted by the black dotted lines in Figure 3.3.1B). In the unaligned data, 

these peaks would likely be overlooked, and considered anomalies in bell curve of the main peak, 

however when aligned they become distinct.  

The small peak preceding the main peak former is likely to be a real ion feature of interest, as it is 

consistently seen in all samples, and has reasonable levels of detection, and as such, it should be 

included in the final dataset. The latter peak, however, is less likely to be important and is likely to be 

noise as it barely leaves the baseline in any of the samples. Considering this low level of detection, and 

the want to remove uninformative data, it is therefore desirable to smooth out this peak so that it 

does not appear in the final dataset. However, in the process of smoothing out the noise it is possible 

to overdo it and merge the preceding peak into the main peak as it is not clearly separated from the 

Figure 3.1.1: Feature detection and alignment needs to be optimised across samples to provide any 
useful insight. 
The detected mass spectrum for four random samples from a trial dataset between m/z 4180-4240 
are presented, with the dotted red line denoting the baseline for the spectrum (intensity = 0). In (A) 
the raw data for each sample is presented, and the peaks for each sample are slightly miss-aligned. In 
(B) peak alignment has been performed on the raw data, and now one m/z value can be compared 
between all 4 samples ς donated by the solid black line at m/z 4211. Two other potential peaks become 
apparent after alignment, the first around m/z 4193, and the second at m/z. these peaks are denoted 
by dotted lines.  

A) B) 
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main signal. A trade-off, therefore, is necessary between effectively identifying real features in the 

data, filtering out the noise that does not correspond to a real metabolite, and processing the data in 

a way that produces a comparable dataset of true ion peaks.  

3.1.2.3. Identifying important ions in the MS data  

One of the biggest challenges in untargeted metabolomics studies is the sheer volume of ion peaks 

that can be detected (Zamboni 2015). Systematic removal of uninformative data can be incredibly 

complex, leading many studies to favour targeted MS approaches to explore specific groups of 

metabolites (Alonso 2015; Perez de Souza 2019). Uninformative ion peaks, whether caused by 

background noise, assorted metabolite adducts and ion species, or isotopes, can mask true metabolite 

peaks and complicate interrogation of the metabolome (Mahieu 2015; Alseekh 2021). Therefore, 

various ion filtering approaches are used to extract meaningful data from the mass spectra, removing 

any features that are unlikely to correspond to a metabolite or that provide little insight into the 

metabolic change occurring. Statistical tests, multivariate analyses, and pathway modelling can be 

used to identify the reliably influential ions and to provide credence to the ions found and their likely 

metabolite identities. In this chapter, I will use a combination of all three approaches to filter out the 

most important ions in potato sprouting development and will explore the metabolites and metabolic 

pathways they are likely to correspond to. 

3.1.2.4. Tailoring a data processing workflow for potato-based metabolomics. 

The trade-off between providing the most information possible to give the broadest assessment of 

the metabolome and filtering out the most important information can often complicate the 

metabolome analysis. Ideally, a metabolomics dataset would be as extensive as possible, but too much 

data can overwhelm the analysis, making it impossible to distinguish metabolic changes of importance 

(Tugizimana 2016). Over the course of two years, I have explored the processing trade-off through 

various processing trials and developed a reliable and highly accurate processing workflow. I will not 

go into the details of the trials here, but the workflow is available at 

https://github.com/Jkellaway/Thesis-MS-data-processing.git. The finished workflow prioritizes true 

ion peak identification so that metabolites with similar molecular weights can be separated, allowing 

for the broadest analysis of the sample metabolomes, and ensuring that all clearly distinguished peaks 

are recorded. The output of this workflow has incredibly high resolution, allowing for extensive data 

collection. Therefore, the second section of the results for this chapter will focus on the data filtering 

approaches that best allow for meaningful ion data to be extracted. 

https://github.com/Jkellaway/Thesis-MS-data-processing.git
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3.1.4. Aims and Objectives:  

The overarching goal of this chapter is to provide insight into the metabolic activity that underpins the 

sprouting process. To do this, metabolomes of buds at different developmental stages will be 

compared to determine what metabolomic changes are occurring, and the metabolites facilitating this 

change. The overarching goal has been broken down into four main aims, with associated objectives:  

1. Conduct metabolomic fingerprinting on potato buds during the early stages of sprouting.  

a. Provide metabolomic fingerprints for the different stages of sprouting.  

2. Define the metabolic shifts that occur in the potato tuber bud as it initiates sprouting.  

a. Perform metabolite analysis on dissected tuber buds at different timepoints after 

the initiation of sprouting. 

b. Are there consistent patterns of metabolites at different time points or 

developmental stage, as defined by the sprouting atlas outlined in the previous 

chapter?  

3. Identify the chief metabolites underpinning any shift in metabolites pattern during tuber 

bud sprouting.  

a. Use computational analyses to identify the primary ions underpinning metabolic 

shifts identified in section 1, leading to putative metabolite identification. 

b. Are there metabolites that distinguish different stages of tuber bud sprouting?  

c. Can patterns of change in specific metabolite levels be used as biomarkers for 

different stages in the sprouting process? 

4. Identify metabolic pathways associated with early events of tuber bud sprouting. 

a. Use computational analyses to identify putative metabolic pathways associated 

with different stages of bud development. 

b. Does the nature of these metabolic pathways provide insight into the biological 

mechanism of potato tuber bud sprouting?  

5. Validation of lead metabolites and metabolic pathways. 

a. Use targeted analyses to confirm lead metabolites and pathways identified in 

sections 2 and 3.  

b. Does independent analysis confirm the putative identification of metabolites and 

pathways involved in the early stages of tuber bud sprouting? 

  



Chapter 3: Metabolomics of the potato bud during sprouting. 

91 
 

3.2. Methods 

3.2.1. Potato sample preparation 

/ǳƭǘƛǾŀǊ YƛƴƎ 9ŘǿŀǊŘǎΩǎ ǇƻǘŀǘƻŜǎ ǿŜǊŜ ƎǊƻǿƴΣ ƘŀǊǾŜǎǘŜŘΣ ŀƴŘ ǎǘƻǊŜŘ ƛƴ ǘƘŜ ǇǊŜǾƛƻǳǎƭȅ ŘŜǎŎǊƛōŜŘ 

manner (see 2.2.1.1). Potato sprouting was conducted under the same basic assay conditions (see 

2.2.2.), with samples being taken every 24 hours over a 144hr period. The buds, cortex tissue, and 

stem were dissected away from the potato discs under a Leica stereomicroscope using a sterile scalpel 

and tweezers. Once excised, the buds were immediately weighed, and flash frozen in liquid nitrogen 

to minimise any metabolome degradation. Samples were then freeze dried and stored at -80°C for up 

to 5 days before metabolome extraction.  

3.2.2. Metabolome extraction  

tƻǘŀǘƻ ƳŜǘŀōƻƭƛǘŜǎ ǿŜǊŜ ŜȄǘǊŀŎǘŜŘ ǳǎƛƴƎ ǘƘŜ ΨƳŜǘƘŀƴƻƭ-chloroform metabolite extraction mŜǘƘƻŘΩ 

described by Walker (2013). Throughout the method, samples were kept at 4°C and the four solvents 

used were UPLC grade. In preparation for the metabolite extraction, dissected potato samples were 

weighed and frozen. The volume of each solvent used was in ratio to the weight of the tissue. Four 

solvents were used in the extraction: solvent A (55% methanol: 22.5% chloroform: 22.5% deionised 

water) at 10 ul.mg-1, solvent B (50% methanol: 50% chloroform) at 5ul.mg-1, deionised water at 3.5 

ul.mg-1, and 100% chloroform at 2 ul.mg-1.  

First, solvent A was added to the sample with two 3mm steel ball bearings in a 1.5ml Screw-cap 

Eppendorf tube. The sample was then ground by a MP Biomedicals Fastprep-24 5G (6 minutes shaking 

at 4.0m.s-1), and vortexed for 10 seconds to ensure it was in solution before resting on ice. After 5 

minutes, the sample was centrifuged at 14000rpm for 2 minutes at 4°C (MSE Sanyo Hawk 15/05 

Refrigerated Centrifuge), and the supernatant was then transferred to a separate Eppendorf and kept 

on ice. The remaining tissue pellet was then re-extracted by adding solvent B, vortexing for 10 seconds 

and resting on ice for 10 minutes. The re-extracted solution was then centrifuged at 14000rpm for 2 

minutes at 4°C and the supernatant was added to the previous supernatant. The combined solution 

was then separated into aqueous and chloroform phases by first adding both the deionised water and 

the 100% chloroform, and centrifuging the solution at 14000rpm for 15 minutes at 4°C. The separated 

phases were then pipetted into separate tubes. The extracts were performed at either 4 or 5 mg.ml-1 

(depending on sample weight) and then aliquots of the samples were diluted down to 0.01mg.ml-1 to 

be available for MS analysis. All stocks and diluted samples were stored at -80°C for long term storage, 

and thawed samples were vortexed for 30 seconds before use. As the metabolites of interest are 

mostly polar, only the aqueous solution was used in the MS analysis.  
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3.2.3. MS methods 

3.2.3.1. DI-MS method. 

For untargeted metabolomic screens, the metabolome extracts were analysed in a Waters G2-Si Q-

Tof Mass spectrometer using electrospray ionisation. A 10uL aliquot of 0.01mg.ml-1 sample was 

directly injected into the mass spectrometer in line with 50:50 methanol, using a Water Acquity UPLC 

auto sampler (no chromatography column attached). Spectra were collected in negative ionisation 

mode, across the mass range of 50-1000 m/z (for dataset D_1 a slightly smaller window of 50-800Da 

was used). Positive mode data was also collected, however due to time constraints and difficulty with 

the data processing it was not possible to provide analyses in this thesis. Prior to analysis the ionisation 

method was optimised on a citric acid standard, the settings largely remained consistent, however in 

the time between sampling there were minor adjustments needed to provide the optimal signal. Three 

technical replicates were performed for each sample, and after every six samples a 10uL 0.01mg.ml-1 

citric acid standard and a 10uL blank 50:50 methanol standard was analysed to assess whether there 

was any contamination or drop in metabolite signal. Sample injection and wash took three minutes, 

with a scan rate of 1 scan per second. The raw data was the trimmed to 30-40 scans associated with 

the sample, removing the scans taken prior to sample detection and scans from the wash period.  

3.2.3.2. DI-MSMS 

Tandem mass spectrometry was performed on certain key metabolites to confirm their presence in 

the sample. To do this, 0.01mg.ml-1 standards for the key metabolites were fragmented by targeting a 

specific mass for secondary ionisation and optimising ionisation to cause fragmentation. The 

fragmentation patterns were then compared to expected fragmentation patterns (accessed through 

PubChem, MassBank and Mona, see Table 3.2.1). Samples were then similarly run, with a specific 

metabolite mass targeted, and the fragmentation pattern was compared to the standards and to the 

expected fragmentation from literature. Presence of the expected fragments in the same relative 

ratios in the samples provides credence that the targeted ion is the metabolite in question.  

3.2.3.3. MS data processing  

The MS data processing methods went through an overhaul during this PhD, and I have developed a 

novel processing workflow adapted from the work of Overy et al (2005). Raw data is initially converted 

from .RAW files to .mzML files using MSConvert (Version: 3.0.22144), and then processed into a Total 

Ion Count (TIC) spreadsheet in R (Version 3.3.6). For descriptions of the R code and processing steps 

see: https://github.com/Jkellaway/Thesis-MS-data-processing.git. The TIC datasets produced are 

incredibly high resolution, as the script prioritises peak identification, and therefore multiple ion 

filtering steps were employed to extract informative metabolite data (See 3.3.1).  

https://github.com/Jkellaway/Thesis-MS-data-processing.git
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3.2.3.4. MS data analysis and visualisation 

MS data analysis and visualisation was conducted in R (Version 4.1.1), SIMCA (Version 17.01.02), and 

Metaboanalyst 5.0 (Version 12.0). PCA, OPLS-DA, and VIP analysis were performed in SIMCA. 

Statistical tests on select masses, data summaries and dataset cross referencing performed in R.  

Statistical analysis of the TIC datasets was performed in Metaboanalyst 5.0 (version 12.0) using the 

following processing and normalisation procedures. Firstly, the TIC data was filtered based on the 

interquartile range to increase the power of the analysed dataset. Then the data is normalised by sum 

to imprƻǾŜ ǘƘŜ ŘŀǘŀΩǎ ŎƻƳǇŀǊŀōƛƭƛǘȅ ŀƴŘ ǘƻ ŜǉǳŀƭƛǎŜ ŜŀŎƘ ǎŀƳǇƭŜǎ ǇŜŀƪ ƛƴǘŜƴǎƛǘƛŜǎΦ ¢ƘŜ Řŀǘŀ ƛǎ ǘƘŜƴ 

scaled using Pareto scaling to reduce the dominance of high intensity peaks and enhance lower 

intensity peaks, allowing changes in intensity to be more easily distinguished. Following processing 

and normalisation univariate analyses are performed on the TIC data. For pairwise comparisons (e.g. 

Figures 3.3.5 or 3.3.6) three univariate analyses were performed: fold change analysis with a FC 

threshold of 1.5x, two-sample t-test with p-value threshold of 0.05, and volcano plots utilising the FC 

and t-test data. PCA and OPLS-DA analyses were then performed, and from the OPLS-DA analysis VIP 

scores were recorded. For multi-group analyses the same processes were conducted, however the 

univariate analysis was a one-way ANOVA with Tukey HSD post-hoc analysis (P-value<0.05). On each 

PCA or OPLS-DA score plot a Hotellings T2 confidence ellipses is provided for 95% confidence. The 

Hotellings T2 statistic is calculated for the samples during the PCA and OPLS-DA analysis, and samples 

with a high T2 statistic outside of the 95% confidence range are excluded from further analysis.  

3.2.3.4. Metabolite databases 

Metabolite data, ion searches and MSMS fragmentation pattern searches utilised a collection of open 

access metabolite databases (see Table 3.2.1). To identify the putative metabolite identity of an ion, 

the detected mass was searched for with either an M-H, M-2H or M-H2O ion species. For more 

information on putative metabolite identification see section 3.3.1.1. 

Table 3.2.1: Metabolite databases: List of databases searched for ion identities and for comparing raw spectra to 
standards spectra. Website link and date accessed given, as well as primary purpose.  

Database Website link Accessed Primary Purpose 

PubChem https://pubchem.ncbi.nlm.nih.gov/ 2019-23 Spectra standards 

KEGG https://www.genome.jp/kegg/compound/ 2019-23 Ion searches 

BioCyc https://biocyc.org/ 2019-23 Ion searches 

MetaCyc https://metacyc.org/ 2019-23 Ion searches 

MetLin https://metlin.scripps.edu/ 2019-23 Ion searches 

MassBank https://massbank.eu/MassBank/ 2021-23 Spectra standards 

MoNA https://mona.fiehnlab.ucdavis.edu/ 2021-23 Spectra standards 
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3.3. Results 

3.3.1. Defining the metabolic shifts that occur in the potato tuber bud as it initiates 

sprouting.  

As a first step in elucidating the metabolic shifts occurring during bud sprouting, I performed an 

untargeted analysis of dissected buds. Over the course of the thesis four negative mode Direct 

Injection Electrospray Ionisation Mass Spectrometry (DI-MS)2  data sets were collected and are 

summarised in Table 3.3.1. These datasets explore the metabolomic changes that occur over the first 

144hrs of bud sprouting and offer differing factors for the analysis. Each dataset is collected from a 

different harvest and the samples were collected from excised buds from standard sprouting assays 

as previously described.  

The first dataset, D_1, provided an initial baseline for understanding the bud metabolic changes 

occurring in the first 120hrs of sprouting. This data set is not extensive and was collected prior to the 

creation of the sprouting atlas, restricting its use in the more extensive analyses described later in this 

chapter. D_2 and D_3 are expanded iterations of the D_1 dataset, with use of the sprouting atlas 

providing developmental stage information, and an additional 144hr timepoint to align with a 

previously collected RNAseq data set (Grand 2021). Finally, D_4 is a treated dataset, with aminooxy-

acetate applied to half of the buds as a sprouting suppression treatment (see Chapter 5). As a result 

of the treatment there is a reduced number of timepoints (and subsequently development stages) 

represented. Nevertheless, the controls from these timepoints are comparable to those for D_1, D_2 

and D_3, and as such when referring to D_4 in this chapter, I will be referring solely to the control 

buds of D_4.  

  

                                                           

2 DI-ESI MS is a more conventional acronym for this MS approach. However, due to potential confusion with the 
ambient mass spectrometry imaging approach acronym (DESI MSI) in Chapter 4, the more simplistic DI-MS will 
be used. 
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Table 3.3.1: Summary of the four negative mode DI-MS datasets for untargeted metabolomic analysis 
of bud sprouting. D_4 is a treatment dataset that will be discussed in Chapter 5, CTRL samples are 
treated with deionised water and equivalent to the other datasets, TRT samples have been treated with 
aminooxy-acetic acid. 

Dataset D_1 D_2 D_3 D_4 

Month of mass spec 
analysis 

Mar-2020 May-2021 Oct-2021 May-2022 

Sampling time points 
(hrs) 

0, 24, 48, 72, 
96, 120  

0, 24, 48, 72, 96, 
120, 144 

0, 24, 48, 72, 96, 
120, 144 

0, 24, 72, 120 

# samples at each 
timepoint (as above) 

4, 4, 4, 4, 4, 4 5, 5, 5, 5, 4, 4, 5 5, 6, 5, 5, 6, 5, 5 5, 4, 4, 5 (CTRL) 
0, 5, 5, 5 (TRT) 

Developmental stages 
seen in the samples 

n/a O, I, II, III, IV, V O, I, II, III, IV, V O, I, II, III, IV, V (CTRL) 
O, I, II (TRT) 

# samples per stage 
seen  

n/a 5, 3, 4, 4, 5, 11 6, 7, 3, 4, 3, 14 5, 4, 3, 1, 2, 4 (CTRL) 
7,7,1 (TRT) 

 

3.3.1.1. Note on putative metabolite identities discussed throughout the chapter. 

Using untargeted DI-MS alone it is not possible to provide a confirmed metabolite identity for each 

detected ion as this relies on measuring accurate mass only. Metabolite identities can be confirmed 

by obtaining structural information, using standards and with tandem mass spectrometry, this will be 

discussed in detail in section 3.4 of this chapter. However, most metabolites discussed in this chapter 

wƛƭƭ ƘŀǾŜ ōŜŜƴ ǇǳǘŀǘƛǾŜƭȅ ƛŘŜƴǘƛŦƛŜŘ όŘŜƴƻǘŜŘ ōȅ άtǳǘ L5έύΦ tǳǘŀǘƛǾŜ ƳŜǘŀōƻƭƛǘŜ ƛŘŜƴǘƛǘƛŜǎ ŀǊŜ ŀǎǎƛƎƴŜŘ 

in two ways through this chapter: firstly, through metabolite database searches, and secondly using 

functional analysis.  

Metabolite database searching provides a solid foundation for the metabolites identities. By searching 

for metabolites within 10ppm of the detected ion mass metabolite data bases (see Table 3.2.1) a 

catalogue of potential metabolites for the ion is created. This catalogue is then filtered for plant 

specific biological compounds, and then any compounds specific to unrelated plants or to structures 

not related to the bud or tuber are removed. The structures are then sense checked to ensure that 

the molecule is likely to form a negative ion (negative mode DI-MS used throughout the results in this 

thesis), and pre-existing spectra are checked to confirm that the metabolite is likely to be detected. 

The potential metabolites are then compared to other ions seen in the spectra, as some will be 

fragments of the ion (for example citric acid at m/z 191.02 will rarely be seen in a spectrum without 

its fragment m/z 111.02), and others will be related metabolites, as it is likely that metabolites from 

the same pathways will be identified together. On occasion there will still be multiple likely identities 

for an ion, the alternatives options are retained in the raw dataset. The functional analysis approach 
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to putatively identifying metabolites will be discussed in section 3.3.4.3, where the underlying 

mummichog algorithm will be explained. The two approaches can provide high confidence in the 

metabolite identities, however without the confirmation approaches discussed in section 3.3.4 the 

identities remain putative.  

3.3.1.2. Unsupervised multivariate analysis reveals the bud metabolome shifts during 

sprouting. 

Principal component analysis (PCA) is a data dimensionality reduction technique that can be used to 

visualize and interpret complex multi-dimensional mass spectrometry data in a simpler way. PCA 

creates new uncorrelated variables, called principal components (PCs), from combinations of the 

original variables. These PCs explain the most variation between samples. In this way the PCs identify 

the maximum direction of variation between samples and can identify the variables (in this case the 

recorded m/z for each ion mass) that contribute most to the variation seen between samples. The PCs 

explaining the most variation are then used as the axes onto which samples are plotted. This means 

that samples are organized according to how they most differ, allowing similarities and differences. In 

PCA, the model does not "know" which biological/experimental group the samples belong to (it is 

unsupervised). This means that the samples will naturally cluster if they are similar, and separate if 

they are different. The arrangement of the samples provides insight into the dataset based on the 

variation between each sample's metabolome. 

Figure 3.3.1 shows the PCA scores plot for each of the four data sets (D_1 to D_4). Each dot represents 

a sample's entire metabolome and is coloured according to timepoint and labelled according to 

developmental stage as defined by the sprouting atlas in Chapter 2. Across the datasets there is a 

consistent pattern of the earlier timepoints separating away from the later timepoints, with the 

intermediate timepoints falling along a gradient from one to the other. Within this pattern there is no 

one group perfectly separated from the others. Instead, there is consistently overlap between the 

adjacent timepoints. This overlap indicates shared metabolic components, indicating the assay 

approach has captured the metabolome across the transition from dormant bud to established sprout. 

In tandem with the clear separation of samples by timepoint, there is a corresponding separation of 

samples by developmental stage, with early stages (O) distinctly parted from the late stages (V).  
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Figure 3.3.1: Principal Component Analysis distinguishes bud samples based on time and 
developmental stage. 
Principal Component Analysis (PCA) score plots for all 4 datasets (A-D), with the circle colour indicating 
sampling timepoint (hours) and the developmental stage labelled where possible (this was not 
possible for D_1, which was collected before development of the sprouting atlas). All graphs use the 
key on the right, have the RX2 score for PC1 and PC2 printed below the graph, and have a Hotellings 
T2 confidence (95%) ellipses. If data falls outside of the ellipses it is excluded from further analysis. 
Datasets D_1, D_3 & D_ 4 (A., C. & D. respectively) show separation of timepoints along PC1 with 
earliest timepoints negatively separating (on the left of the graph), the late timepoints positively 
separating (on the right) and the mid experiment timepoint (72hrs) cantered on the origin. (B) Dataset 
D_2 shows the same pattern but inverted on PC1. Since PC1 is a new variable created for these 
analyses, this inversion does not impact the result, as the data pattern remains consistent.  
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The PCs are calculated measures of variation across the metabolome and are therefore affected by 

both biological and experimental variation. This is reflected in the different plots of the metabolomes 

across the four datasets in Figure 3.3.1. In datasets D_1 and D_3 the metabolomes have a clear left-

to-right separation (Figure 3.3.1A and 3.3.1C, respectively), dataset D_2 has a right-to-left separation 

(Figure 3.3.1B), and dataset D_4 has a left-to-right separation with a diagonal tilt (Figure 3.3.1D). 

Despite these differences, all four datasets show the same pattern of early timepoints and stages 

separating from late timepoints and stages. This pattern is plotted along PC1, which explains the most 

variation (denoted by the R2X [PC1] score). PC1 is the driving factor behind this separation, and this 

separation of early and late development causes 38%, 28%, 25%, and 32% of the variation in datasets 

D_1, D_2, D_3, and D_4, respectively. Collectively, the PCAs presented in Figure 3.3.1 show that 

developmental progress is the leading cause of variation between metabolomes (be it time or 

developmental stage). This demonstrates that there is a metabolomic shift occurring during sprouting 

that can be further investigated. 

3.3.1.3. Comparison of developmental stage versus timepoint in metabolic analysis 

Dimension reduction with PCA is a powerful tool for identifying the overarching dynamics in large 

datasets. In Figure 3.3.1, PCA demonstrates that there is an incremental metabolomic shift throughout 

bud sprouting. While this provides a great overview, it is difficult to decipher the exact dynamics 

occurring. To address this limitation, the data in Figure 3.3.2 has been filtered to either three time 

points (0 hours, 72 hours, and 120 hours) or to examine only three developmental stages (O, III, and 

V). This reduced dataset makes it easier to investigate the differences between developmental stage 

metabolomes and timepoint metabolomes. 

For dataset D_2, both the 0hr and 120hr samples, and the stage O and stage V samples, are positioned 

at opposite ends of PC1 (Figure 3.3.2A and 3.3.2B, respectively), and the 72hr and stage III samples 

cluster in the middle but are shifted upward on PC2. In both PCAs, the developmental separation along 

PC1 explains ~30% of the variation seen (R2X [PC1] of 0.317 and 0.303 for Figure 3.3.2A and 3.3.2B, 

respectively), with another ~15% of variation is explained by the central cluster separating upwards 

on PC2. For datasets D_3 and D_4, the developmental stage PCAs (Figure 3.3.2D and 3.3.2F) are 

similarly split across PC1, with this early to late separation explaining ~28% and ~38% of the variation, 

respectively. However, the timepoint PCAs (Figure 3.3.2C and 3.3.2E) are not.  
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Figure 3.3.2: PCA reliably distinguishes bud developmental stage during sprouting. 
Principal component analysis (PCA) score plots for datasets D_2, D_3, and D_4 after timepoint or 
developmental stage filter. Graphs use key to the left or right respectively, have the RX2 score for PC1 
and PC2 printed below the graph, and have a Hotellings T2 confidence (95%) ellipses. When filtered 
by timepoint (A, C, E), 0 hrs/O separates negatively from 120 hrs/V on PC1, with 72 hrs/III in between. 
When filtered by stage (B, D, F), early stages separate positively, and late stages separate negatively 
on PC1. In C, PC1 separates three samples from the main group, with early-mid-late separation on 
PC2. R2X scores for PC1 and PC2 are printed below each PCA. 
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In the timepoint PCA for dataset D_3 (Figure 3.3.2C), PC1 is occupied by the separation of two clusters: 

the first cluster contains three samples (one from each time point) and the other cluster contains the 

remaining 12 samples. The cause of this difference is a weaker overall signal for the three alienated 

samples (by approximately 10-fold in all three), allowing background signal from the solvents and 

machine to occupy a larger proportion of the Total Ion Count (TIC). However, while this causes a 

separate cluster on PC1, the general spectra are comparable to the other samples, just with lower 

signal intensities, and therefore the samples can continue to be included in the analyses. As such, for 

the timepoint PCA for dataset D_3 (Figure 3.3.2C) the separation of early-to-late metabolomes is 

occurring along PC2. While this differs from the other datasets, the early-to-late separation still 

explains ~22% of the dataset's variation and can be interpreted as a major driver of metabolome 

variation. Finally, in dataset D_4 (Figure 3.3.2E), the timepoints PCA is arranged diagonally, with PC1 

and PC2 both contributing to the separation of the timepoint clusters. As a result, the R2X [PC1] score 

does not precisely describe the 0-hour to 120-hour separation, and hence the R2X [PC1] alone cannot 

be used as an indicator of the variation due to timepoint. Regardless of the individual variations 

between the PCAs, these reduced dataset PCAs show that there is a clear separation of the early, mid, 

and late periods in the sprouting metabolome.  

3.3.1.4. Using supervised multivariate analysis reveals the dynamic underlying the metabolome 

shift. 

Unsupervised multivariate analysis of sprouting buds revealed distinct metabolomes between the 

early and late stages, with intermediate development groups linking the two. The overlap of these 

intermediary clusters demonstrates that sprouting is a gradual process, but also complicates 

identifying the specific causes of separation. Supervised multivariate analysis, such as Orthogonal 

Projections to Latent Structures Discriminant Analysis (OPLS-DA), can overcome this challenge by 

assigning a class to each developmental step (timepoint or stage) and adjusting the model to maximize 

class separation. The ions that cause this maximal separation can then be extracted to identify the 

causes of metabolome separation. 

OPLS-DA was used to identify the ions in the metabolome that caused the most variation between 

0hrs, 72hrs and 120hrs or between stage O, III and V. If the groups were separated solely by PC1, it 

would imply a linear transition in the metabolome profile, with stage III or 72 hours being just a mid-

point in a progressive shift from the dormant bud to the elongating sprout. However, if there is 

significant separation of the groups by other PCs, it could imply there are multiple phases in the 

metabolome change, with different factors contributing to the metabolome shift at different times. 

Figure 3.3.3 shows OPLS-DA plots for the three datasets seen in Figure 3.3.2. These plots provide 

insight into the transition from dormant bud to midpoint to sprout at both the temporal and 
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physiological level. The supervised analysis demonstrates a biphasic shift in the metabolome is 

occurring, as the mid-point groups (stage III or 72 hours) are separating along PC2, indicating there 

are different metabolome changes happening during sprouting. This dynamic is evident in all three 

datasets (bar Figure 3.3.3D) and demonstrates that different factors are contributing to the dormant 

to midpoint phase compared to the midpoint to sprouted bud phase. 

All six plots in Figure 3.3.3 clearly OPLS-DA maximised variation between groups, as the clusters are 

completely separated, and some clusters are incredibly tight (albeit still separated). In all six plots, the 

separation of the start (0hrs or Stage O) and endpoint (120hrs or Stage V) of sprouting occurs along 

PC1 and accounts for 19-32% of the OPLS-DA variation. The midpoint (72hrs or Stage III) groups sit 

between these on PC1 and are vertically separated along PC2 (with the exception of D_3 stage data, 

Figure 3.3.3D). This vertical separation does not account for much OPLS-DA variation (R2X [PC2] < 

14%), but it does indicate a more complex metabolome transition, with a shift in content mid-

development. This dynamic is evident in both the temporal and developmental data across all three 

datasets. This indicates that a reliable biphasic phenomenon is occurring, whereby the metabolomic 

content of the dormant to mid-sprouting phase differs from the metabolomic content of the mid-

sprouting to sprouted bud phase. 

Figure 3.3.3D does not match the trends seen in the other five plots of Figure 3.3.3. In this plot, the 

stage III group is not vertically separated from stages O or V. Instead, the variation explained by PC2 

is separating metabolomes within the three groups, causing the clusters to vertically stretch. This 

counters the idea of a biphasic metabolome transition, as the separation of early-mid-late 

metabolomes appears progressive rather than multi-phased. In Figure 3.3.3D, the within-cluster 

variation caused by PC2 is most significant in the stage V group, with four samples separating 

drastically from a central cluster (two up and two down). This cluster separation is not surprising, as 

the group has the largest number of samples (n=14) compared to the other two groups (where n=5), 

and it spans three sampling timepoints, resulting in a larger entry point for between-sample variation. 

Nevertheless, the clear separation of the three groups remains.  

In general, over the three datasets, it is apparent that sprouting can be categorized into a dormant-

midpoint phase and a midpoint-sprout phase, with slightly different dynamics occurring between the 

phases. 
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Figure 3.3.3: OPLS-DA leads to clear segregation of samples on both a time and developmental stage 
of the bud, with indications of a biphasic shift hinged on the midpoint.  
Timepoint-filtered plots (A, B, C, E, F) show 120 hrs/V separating negatively on PC1 (left), 0 hrs/O 
separating positively on PC1 (right), and 72 hrs/III in between on PC1 but vertically separated along 
PC2 from both early and late clusters. Stage-filtered plot (D) shows the inverse, with no vertical cluster 
separation of the stage III samples. All plots show entirely separated clusters with no overlap, and 
only D shows much within-cluster separation, likely due to the lack of vertical separation caused by 
stage II. R2X scores for OPLS-adjusted PC1 and PC2 are shown below each plot. Graphs use the keys 
to the left or right respectively, have the RX2 score for PC1 and PC2 printed below the graph, and have 
a Hotellings T2 confidence (95%) ellipses. 
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3.3.1.5. Using similarity analysis of Variable Importance in Projection to explore how the lead 

ions underpinning metabolome shift change. 

In addition to interpreting group dynamics, OPLS-DA can be used to identify the ions causing 

metabolome separation as the importance of each individual feature is calculated and each feature is 

assigned a Variable Importance in Projection (VIP) score which reflects the contribution of the ion to 

the separation of the groups. During the OPLS-DA processing, VIP scores are calculated for each 

detected ion mass and represent the level of correlation each ion has with the grouping seen in the 

OPLS-DA; a higher VIP score indicates that the variable (ion) has a stronger influence on the separation 

of groups. In this analysis of the OPLS-DAs shown in Figure 3.3.3, a high VIP score indicates that the 

ion is more important in the separation of stage O, III, and V metabolomes. A VIP score lower than 1 

is insignificant and not considered to influence the separation of the groups. Of the approximately 

24,000 ion peaks detected in each dataset, the vast majority have insignificant VIP scores and can be 

excluded from the analysis as they are not contributing to the metabolome separation. This 

streamlining of the analysis of metabolome shifts simplifies the identification of key metabolites in 

the sprouting process and elucidates the dynamics of metabolome shifts (key metabolite identification 

will be explored in the following section, 3.3.2.). 

OPLS-DA VIP scores were calculated for all ions in the temporal and developmental datasets D_2, D_3, 

and D_4, and the ions were ranked from highest to lowest importance using the VIP score. In both the 

temporally classed groups (0 hours, 72 hours, and 120 hours) and developmentally classed groups 

(stage O, III, and V), the VIP score was only above 2 in the top ~800 ranked ions. Once the VIP score 

drops below 2, the ions have little to no influence on the separation of groups. Therefore, by focusing 

on the 800 highest scoring ions, it is possible to gain more insight into the ions causing separation of 

the metabolome groups without needing to explore a database of ~24,000 variables. Figure 3.3.4A 

shows the top 800 ranked ions from the dataset D_2 developmental OPLS-DA (Figure 3.3.3B). There 

is a steep decline in VIP score between the highest VIP scored ion [m/z 191.52] and the 100th scored 

ion [m/z 409.09], with the latter having a VIP score nearly a quarter of the former (VIP scores of 4.52 

and 16.63). The VIP scores then level out, only dropping by ~2.5 over the subsequent 700 ions. This 

demonstrates that the first 100 ions have a particularly high influence on the separation of the 

developmental stage groups and are therefore of interest for further investigation. 
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Three of the most influential ions in the VIP list are labelled (Figure 3.3.4A). Initially putative 

metabolite identities were assigned to these ions through database searching (explained in 3.3.1.1.), 

and then the identities were confirmed through tandem mass spectrometry (explained in 3.3.4.1.). 

The labelled metabolites link to core metabolic pathways associated with growth and development, 

Figure 3.3.4: Analysis of the Variable of importance in Projection (VIP) reveals the lead ions 
underpinning metabolome separation and which pairwise comparisons show parity. 
(A) The top 800 ions with the highest variable importance in projection (VIP) scores from PC1 of the O-
III-V OPLS-DA in D_2 (Figure 3B) are shown in descending order. Each diamond represents a detected 
ion (m/z), with grey bars indicating the standard error. Three high-scoring ions are identified, with their 
putative metabolite IDs given. (B) Jaccard similarity index scores for the top 1000 ranked ions in the 
OPLS-DA VIP lists of each dataset (D_2, D_3, and D_4) are shown, grouped by developmental stage or 
timepoint (corresponding OPLS-DA plots presented in Figure 3). High similarity scores indicate that the 
same ions are influential in both temporal and physiological data. (C and D) Jaccard similarity of 
pairwise comparison PC1 OPLS-DA VIP lists to the VIP list of O-V is shown over the top 800 ranked ions 
for datasets D_2 and D_3, respectively. The key for the pairwise comparisons is presented across the 
bottom for both (C) and (D).  
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showing the importance of these pathways in the transition from stage O to stage V. The most 

influential ion (1st in VIP ranks) is m/z 191.052 quinic acid, which is linked to the shikimic acid and 

chlorogenic acid pathways which are important in reactive oxygen species (ROS) scavenging and lignin 

biosynthesis. The 4th most influential ion is m/z 341.103 sucrose (and its disaccharide isomers), which 

are essential as a source of hexose for glycolysis and the pentose phosphate pathway (PPP). Finally, 

the 11th most influential ion is also labelled, and m/z 115.000 is fumaric acid, a key intermediate in the 

tricarboxylic acid cycle (TCA) and energy production. These highest influence ions are further 

investigated in section 3.3.2., where key metabolites are analysed, and in section 3.3.3., where their 

associated pathways are assessed.  

The VIP score of each ion depends on the OPLS-DA in question, and different ions may be important 

for different groups. For example, an ion may be important for separating stage I and II, but not in 

separating 96hrs from 120hrs. For this reason, the ions with the most influence on separation may 

differ between temporal and physiological data. Major differences in the most influential ions for 

temporal and physiological OPLS-DAs would complicate further investigations, as the data would need 

to be processed and assessed separately. Therefore, to test whether the same ions are important for 

separating temporal and physiological groups, the similarity between the top 800 VIP ions was 

calculated in each dataset (Figure 3.3.4B). A Jaccard similarity index was used to measure the similarity 

between the timepoint and developmental groups at incremental ranks in the VIP lists. This approach 

scores the datasets on similarity, with 1 indicating an identical list of ions and 0 indicating none of the 

ions are shared between the two lists. 

Whilst there are initially some differences in the parity between physiological and temporal data, by 

the 20th highest ranked ion the Jaccard score is above 0.5 (Figure 3.3.4B). This indicates there is high 

parity between the most influential ions when grouping by temporally or physiologically. The Jaccard 

scores then stabilise at 0.6-0.7 from the 50th ranked ion to the 800th, further demonstrating that most 

influential ions are shared. With no clear disparity between physiological and temporal OPLS-DA data, 

we can be confident that the key metabolites in development will be consistent. Therefore, grouping 

by developmental stage will be the focus of further investigations, as it is the more physiologically 

accurate. 

In Figure 3.3.4B, dataset D_3 has a slightly lower similarity score than datasets D_2 or D_4. This is 

likely due to the same factors that cause different arrangements of the timepoint and developmental 

stage OPLS-DAs (Figures 3.3.3C and 3.3.3D, respectively). The different OPLS-DA arrangement of the 

two physiological and temporal datasets, whereby the stage III group lacks the vertical separation 

along PC2 seen in the 72hr group, would correspond to a reduction in dataset similarity. This is 
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because the VIP lists are impacted by the lack of metabolome phase shift at the midpoint in the stage 

data. Despite this, the overall parity between the two approaches remains high, and classification by 

physiology can still be taken forward. 

3.3.1.6. Comparison of OPLS-DA VIP lists identifies the timing of the two phases in metabolome 

shift during bud sprouting. 

Supervised multivariate analysis (Figure 3.3.3) suggests that the transition from stage O to V is likely 

biphasic, with a pivot in the metabolomic shift around stage III. However, this analysis excluded the 

intermediate stages of development, so the exact timing of the midpoint transition remains unclear. 

To clarify the timing of the phase shift, the influential ions separating stage O or V were compared to 

each of the intermediate stages. To do this OPLS-DAs on pairs of developmental stages (e.g., stage I 

vs stage II) were conducted, and the subsequent VIP lists were assessed to determine when in 

development there is a shift in the most important ions.  

Stage O and stage V metabolomes represent the beginning and end of early development. Therefore, 

a pairwise OPLS-DA of these two stages provides a VIP list of ions that are ultimately important to the 

change in the metabolome, regardless of any fluctuations that occur during the transition to the 

endpoint. Individual pairwise comparisons of stage O and V to all other stages will be compared to this 

overall change in metabolome content. If the VIP lists of these comparisons (e.g., stage O vs stage III) 

are significantly different from stage O vs stage V VIP list, it implies that some of the most important 

ions for this period are not representative of the overall change in the metabolome, and therefore 

signify a deviation in the metabolomic content. Such a deviation would denote a separate phase in 

development, as the metabolome content change does not correspond with the overall content 

change.  

This analysis is presented in Figure 3.3.4C and 3.3.4D for datasets D_2 and D_3 (respectively). Jaccard 

similarity scores are shown for the VIP lists of eight different pairwise comparisons against the 

pairwise comparison of stage O-V. In both datasets, the most important ions in the pairwise 

comparisons of stage O to stages I, II, or III are very different from those in the stage O-V comparison, 

with similarity scores of 0.2-0.3 for the top 800 ions. Moreover, in both datasets, between the stage 

O-III and stage O-V comparisons, only one ion (m/z 191.052) in the top ten most important ions is the 

same. This low level of similarity continues throughout the top 800 ions (Jaccard score of 0.2-0.4), 

demonstrating that the important ions in the stage O to III transition are very different from the 

ultimate ion content change. This deviation in the most important ions is not shared with the stage O-

IV comparison, which is considerably closer to the ultimate O-V metabolome change. This indicates 
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that the deviation in metabolome content change ends around stage III, suggesting that this is the 

pivot point for the biphasic shift. 

The phase shift around stage III is also evident in the pairwise comparisons against stage V. In dataset 

D_2, the VIP lists of stage I-V and stage II-V are very similar to the stage O-V VIP list. This similarity 

demonstrates that the metabolome content of stage I and II is similar to stage O, as the ultimate 

content change is comparable. However, the stage III-V and stage IV-V lists are more different to the 

stage O-V list, with stage III-V sharing less than 0.5 similarity in the 60 most important ions. This 

indicates that the metabolome content change from stage III to stage V requires changes in different 

ions. The dataset D_3 stage III-V similarity score conflicts with this, as the VIP list is very similar to 

stage O-V. However, in dataset D_3, it is the stage IV-V list that shows low similarity to stage O-V, 

indicating that the change is slightly later in sprouting. While the plots are not identical between the 

two datasets, there is a clear similarity in the VIP trends, suggesting that buds undergo at least two 

shifts in metabolome during sprouting: the first from stage O to III, dictated by one group of ions, and 

then stage III to V, dictated by a different set of ions. The key ions influencing these two distinct 

developmental phases will be investigated in section 3.3.2. 

3.3.2. Identifying the chief metabolites underpinning the shift in sprouting bud 

metabolomes 

The data presented has indicated that there are two phases in the metabolome shift during bud 

development: the first between stages O and III, and the second between stages III and V. To identify 

the ions and associated metabolites undergoing meaningful change during these phases (and to shed 

light on the biological processes underpinning these phases in bud development) I performed a series 

of analyses to create a catalogue of metabolites of interest. These metabolites of interest provide 

insight to core metabolic pathways which are undergoing significant change during the sprouting 

process and show potential as metabolic markers. 

Untargeted metabolomics analysis does not target specific metabolites, but instead assesses all 

detected signals at once. This provides a wealth of unbiased data on thousands of different ion peaks 

but can also result in a large catalogue of potentially important ions. The vast scale of data can hinder 

analysis, so it is necessary to apply filters to identify the most important ions and narrow down the 

scope of subsequent metabolite identification. This section will discuss various data filtering 

approaches to identify ions of interest for further investigation, focusing on three periods in 

development: the initial phase of early development (stage O to III), the latter phase of early 

development (stage III to V) and the overall development (stage O to V). Three data filtering 
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approaches will be used to identify key ions in the sprouting process: using raw statistical analyses, 

using multivariate analyses, and using functional analysis. 

3.3.2.1. Using statistical analyses on the raw data to find ions of interest. 

The first approach involves statistical analyses of the raw abundance data for each detected ion at the 

different developmental stages to differentiate those detected ions significantly changing over 

sprouting. This approach will remove signals caused by the instrumentation or noise, which will be 

seen in all samples, and any uninformative ions that are consistent throughout the sprouting process. 

For these statistical analyses the data will be assessed in chronological order, i.e., looking at the change 

from the earlier stage to the later stage, so any significant upward change would imply an increase in 

abundance of the metabolite over sprouting period and a decrease would indicate a depletion in 

abundance over the growth period. 

A standard two-tailed t-test with a false discovery rate threshold of 0.1 was performed on the Total 

Ion Count (TIC) data of the three stage comparisons (stage O-III, stage III-V, and stage O-V) to remove 

any ions that did not undergo statistically significant abundance change. Any ion that did not have a 

P-value =< 0.05 was filtered out of the lists once the t-test was performed, reducing the number of 

ions in dataset D_2 and D_3 peak lists from 24,401 and 21,387 detected ions to 4136 and 7761 

detected ions each (Appendix Table 3.1). For both datasets there number of significant ions was 

lowest in the stage O-III phase (1,152 of 24,401 in D_2 and 1,114 of 21,387 in D_3), the number was 

higher in the stage III-V phase (1586 of 24,401 for D_2 and 3818 of 21,387 for D_3. In Figure 3.3.5A 

and 3.3.5B the two-tailed t-test p-values for each ion are presented for the stage O-III and stage III-V 

comparisons in dataset D_2. From these graphs, the disparity in the numbers of ions undergoing 

significant change in each sprouting phase is clearly apparent, as well as showing the higher level of 

significance for the stage III-V. For the stage O-III comparison, only 1152 ions underwent significant 

change in the transition from dormant to mid sprouting bud, whereas over triple the number 

underwent significant change in the stages III-V comparison (3818 ions identified). 
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Despite narrowing the datasets down from ~24,000 ions to ~5000, this still constitutes too large a 

catalogue of ions to realistically assess individually, and further ion filtering is needed. Thus, in addition 

to t-tests, a fold change (FC) analysis was applied to identify ions that are differentially expressed and 

to provide directionality to the changes identified (Figure 3.3.5C and 3.3.5D). The same trend of the 

stage III-V comparison having more differentially expressed ions than stage O-III is present, however 

it is not an even split between up and down regulated ion abundances (Appendix Table 3.2). In dataset 

Figure 3.3.5: T-tests and fold change analysis reveal ions undergoing significant change during the 
different sprouting phases.  
(A & B) Two-sample t-tests with a 0.1 false discovery rate threshold for dataset D_2 pairwise 
comparisons of stage O-III and stage III-V respectively. Grey circles indicate ions not showing 
significance (P>0.05), and magenta indicating ions of significance (P<0.05). For the stage O-III 
comparison only 457 ions showed significance, compared to 1734 in the stage III-V comparison, 
and the scale of significance was lower for stage O-III compared to stage III-V. (C & D) Fold change 
(FC) analysis for the dataset D_2 stages O-III and stages III-V pairwise comparisons respectively. 
Grey circles indicate ions undergoing less than 1.5x differential change, magenta indicates those 
equal or exceeding this threshold. In both plots the comparison is earlier stage vs late stage, i.e., 
measuring the change from stage O to III. A positive FC change indicates an increase of abundance 
in the transition from early to later developmental stage, and a negative FC indicates a decline in 
abundance. P-values and FC values are log transformed so that ions can be more easily 
distinguished.  
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D_2 there are 72 ions up-regulated and 145 ions down-regulated in the stage O-III comparison, 

implying more ions (and their associated metabolites) are being accumulated in the transition from 

stage O to stage III. In the D_2 stage III-V phase 178 ions are being upregulated, and 240 ions being 

downregulated, showing a greater overall metabolome change in this later phase than the stage O-III 

phase. 

Combining the FC analysis with the t-test output allows the statistically significant ions with known up 

or down regulation to be further investigated using a volcano plot. In Figure 3.3.6 the volcano plots 

for the three comparisons in both datasets D_2 and D_3 are presented (Appendix Table 3.3). These 

plots allow the datasets to be further filtered down to the ions that are both differentially regulated 

and of statistical significance. As with the analyses discussed above, for both datasets the stage O-III 

comparison provides far fewer ions of interests (83 and 68 respectively) than the stage III-V 

comparison (380 and 407). In both datasets a larger proportion of ions undergo significant differential 

change in the later phase of sprouting compared to the initial phase. In dataset D_2, stage O-III offers 

only 19 ions of interest being upregulated and 64 ions being down regulated, compared to the 238 

upregulated and 142 ions downregulated in the stage III-V comparison. The indication from these 

analyses is that the metabolome change of stage O-III is not as drastic as the III-V change, where there 

is a greater proportion of metabolome change. Overall, the stage O-V comparison shows the most 

extensive list of ions undergoing significant differential change, with 516 and 841 significantly 

differentiated ions (D_2 and D_3 respectively). If the analysis had only focused on this stage O-V 

pairwise analysis, the significant weight of the secondary phase of sprouting would have 

overshadowed the alternative activity occurring in the stage O-III phase in sprouting. In dataset D_2, 

just over half of the ions identified (46 of 83) as having significant change between stage O and III do 

not undergo significant change between stages III and V, and therefore constitute ions showing 

significant change before but not after the mid sprouting phase shift. For dataset D_3 it is 32 of 68 

ions that are unique to the first phase of sprouting, potentially constituting metabolic markers for this 

initial phase of sprouting. As such it is necessary to look at the two phases separately as well as in 

union to fully appreciate the sprouting process. 
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Figure 3.3.6: Volcano plots show the significantly up/down regulated ions increase in the later 
phase of sprouting. 
Volcano plots for the stage O-III, III-V and O-V comparisons in datasets D_2 and D_3. Red dots 
indicate significantly upregulated ions and blue dots indicate significantly down regulated ions. (A 
and B) For the stage O-III comparisons very few ions are being significantly up or down regulated. (C 
and D) The stage III-V comparison has a significantly larger pool of significantly up/down regulated 
ions, and there is an even split between up and down regulated ions. (E and F) The stage O-V 
comparison - which represents the general change happening over the course of sprouting ς has the 
most change, which a large pool of ions being upregulated in both datasets, but fewer ions being 
downregulated in dataset D_2 compared to dataset D_3. Fold change threshold set at 1.5, t-test 
threshold at P<0.05. The P-values and FC values are log transformed to allow data to be less tightly 
grouped on the plot.  
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Via these statistical analyses the 24,401 detected peaks in dataset D_2 was narrowed down to 516 

ions, and the 21,387 ions in dataset D_3 were reduced to 841 ions. These represent the ions 

undergoing statistically significant differential change over the course of sprouting and provide a more 

manageable dataset for further investigation. This reduction in ion number narrowed the potential 

ion list sufficiently for a manual assessment approach, and in total 693 unique ions were identified 

across both datasets after manual peak alignment. In Table 3.3.2, a short list of the ions of statistical 

significance (t-test P-value < 0.05 and a FC of 1.5) between m/z 100 and m/z 150 are presented along 

with a putative identification (full dataset available in Appendix 1) for dataset D_3. As the analysis is 

conducted in negative mode, the detected m/z values represent a metabolite likely missing a 

hydrogen ion (M-H) and therefore the detected ion mass will be 1.007Da less than the actual 

molecular weight of the metabolite. For example, malic acid has a molecular mass of 134.09 g/mol, 

and when ionised in negative mode it is detected at m/z 133.02.  
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Table 3.3.2: Ions identified from statistical analyses in D_3 between m/z 100-150. Putative IDs found 
through manually searching metabolite databases with a 10ppm tolerance of the detected mass. Black 
numbers are those either showing at least a 1.5 FC, or P<0.05 (Grey are insignificant values) 

Ion Putative ID log2(Fold Change) t-test p-value 
M/z Manual Search (+/-10ppm)  O-III III-V O-V O-III III-V O-V 

100.6521 No Match -0.6301 -0.3484 0.2818 0.0023 0.0849 0.2262 
101.0177 Succinate semialdehyde; Acetoacetate -0.0215 -0.6337 -0.6122 0.8508 0.0056 0.0003 
101.9334 No Match -0.3778 0.2840 0.6618 0.1620 0.2204 0.0266 
102.0518 Dimethylglycine; 2-Aminobutyric acid 0.3142 -0.3833 -0.6975 0.2363 0.2341 0.0336 
104.4022 No Match 0.6537 0.3897 -0.2639 0.0033 0.1325 0.1050 
107.5379 No Match 0.6782 0.3565 -0.3216 0.0002 0.0008 0.3749 
109.0297 Imidazole acetaldehyde 0.1547 -0.6003 -0.7550 0.2564 0.0264 0.0017 
110.0261 Cytosine; Histamine -0.1028 -1.2019 -1.0992 0.0917 0.0024 0.0001 
113.0220 Dihydrouracil; 3-Cyano-L-alanine 0.1956 -0.9235 -1.1191 0.2883 0.0296 0.0001 
115.0000 Fumaric acid; Maleic acid 0.2581 -1.0940 -1.3521 0.1182 0.0094 0.0025 
115.9923 Valine; L-Aspartate 4-semialdehyde 0.0048 -0.6812 -0.6861 0.9307 0.0079 0.0014 
119.2854 No Match -0.5935 -0.4668 0.1267 0.0309 0.1439 0.2444 
126.9183 No Match -0.4182 0.3011 0.7193 0.1244 0.0743 0.0447 
127.0406 (R)-5,6-Dihydrothymine; Naphthalene 0.2406 -0.8256 -1.0662 0.2067 0.0295 0.0014 
131.0394 Oxaloacetic acid; Asparagine; Glutarate 0.1822 -0.8748 -1.0570 0.4271 0.0835 0.0005 
131.1760  D-Ornithine -0.4169 -0.6083 -0.1913 0.0047 0.0261 0.0199 
131.5035 No Match -0.5040 -0.7995 -0.2955 0.0793 0.0314 0.0079 
132.0256 Aspartic acid  0.2921 -0.6171 -0.9092 0.1908 0.0502 0.0067 
133.0111 Malic acid 0.4054 -1.4342 -1.8396 0.1853 0.0091 0.0026 
133.0990 Cinnamyl alcohol; Deoxyribose 0.0488 -0.6201 -0.6689 0.7518 0.0222 0.0260 
134.0385 Homocysteine; Adenine -0.0922 -0.7979 -0.7057 0.2298 0.0337 0.0001 
134.4413 No Match 0.5970 0.1798 -0.4173 0.0106 0.9033 0.6666 
145.0541 2-Oxo-glutaric acid; Glutamine; 0.3841 -0.8877 -1.2718 0.1381 0.0259 0.0017 
145.1470 Lysine 0.1459 -0.6016 -0.7475 0.5085 0.0429 0.0056 
149.0473 Ribose; Xylose; Xylulose 0.2071 -0.3813 -0.5884 0.1935 0.0731 0.0081 
Χ Χ Χ Χ Χ Χ Χ Χ 
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Putative metabolite IDs were assigned to these significantly changing ions by database searching 

(explained in 3.3.1.1.). Not all ions had a putative metabolite match, (i.e., m/z 100.6521), and there 

are several reasons this could be the case. Firstly, the ion may a product of an unusual adduct/species 

formation (i.e., M-2H or M-H2O instead of M-H), which can form depending on the compound 

structure and level of ionisation it receives. Most compounds of interest to this investigation will form 

M-H species in negative mode ionisation, and manual database searching for alternative ion species 

adds a level of complexity that would prolong the entire analysis. Alternative ion species are 

considered in the functional analysis approach (see 3.3.2.3) where an algorithm is used to speed up 

the metabolite assignment process. Some of the unassigned ions will be fragments of larger 

compounds that break apart during ionisation. Finally, some will be signals that appear to significantly 

change will be noise from the instrumentation or artefacts caused by the process. Despite these 

unassigned ions, statistical filtering creates a catalogue of metabolites of interest (Table 3.3.2). 

Unassigned ions with interesting features are further interrogated in the literature and metabolome 

databases, alternative ion species are assessed, and non-plant compounds are assessed. 

Some of the statistically significant ions in Table 3.3.2 are of high interest for the investigation into the 

bi-phasic nature of sprouting. These ions may provide insight into the core metabolic pathways 

associated with growth (e.g., m/z 133.011 [Put ID] malic acid, which is associated with the TCA cycle), 

or they may be highly significant in the metabolome transition of one of the two phases in growth 

(e.g., m/z 110.026 [Put ID] cytosine/histamine, which does not significantly change in the stage O-III 

phase but does in the stage III-V phase). Some ions may also be significantly changing in both phases 

(e.g., m/z 131.176 [Put ID] ornithine, which has a p-value < 0.05 in both the O-III and III-V phases). 

However, ions that only significantly change in the stage O-V transition are less informative on the bi-

phasic nature of sprouting, as are the ions that have no associated putative metabolite identity. 

Therefore, to provide a more useful dataset of ions that are likely to be of interest in understanding 

the metabolic changes occurring between each phase, the dataset was further refined to those ions 

with putative metabolite IDs, and the ions that gradually changed between stage O-V were removed 

(Table 3.3.3).  
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In Table 3.3.3, the majority of the ions of interest from the statistical analysis are found in the latter 

phase of sprouting, particularly those ions increasing in abundance. Amongst the putative metabolite 

identities of these ions are many of the TCA cycle, shikimate pathway and PPP intermediates. Very 

few ions were found to be significantly changing in both the stage O-III phase and the stage III-V phase, 

and nearly all of these were significantly increasing in abundance in both phases. Only one ion (m/z 

379.06) showed a significant abundance change in both directions (i.e., upward FC in the early phase, 

and downward FC in the later phase). 

3.3.2.2. Using multivariate analyses to identify ions of interest. 

The raw statistics approach to data filtering screens the extensive metabolomic data to only those 

ions that show a definitive and measurable change as a result of sprouting. This stringently removes 

ambiguous or uninformative ions, but it also treats all ions individually, ignoring group dynamics, and 

excluding ions that undergo subtle but important changes in abundance. Therefore, raw statistical 

approaches were not used in isolation. Instead, multivariate analyses were also used to interrogate 

the dataset. Multivariate analysis approaches provided insight into which ions or groups of ions were 

key components in the overall metabolome shift, providing a more extensive interpretation of the 

dynamics underpinning sprouting. 

The two multivariate analysis approaches presented in section 3.3.1 are PCA and OPLS-DA score plots 

(Figures 3.3.1 and 3.3.3 respectively), which show how the first two principal components (PCs) 

separate the overall sprouting bud metabolomes. In these score plots, PC [1] and PC [2] explain the 

largest amount of variation possible between the sprouting bud metabolomes, causing disparate 

metabolomes to separate and similar metabolomes to cluster together. More insight into the factors 

determining PC [1] and PC [2] can be gained through the associated loadings plots which plot each 

variable (here each ion) onto the PCs to show their influence. Using loadings plots, the contribution of 

each ion to these PCs can be visualized, and the most important ions in causing the metabolomes to 

separate can be identified. The loadings plots associated with PCAs of each dataset (Figure 3.3.1) are 

presented in Figure 3.3.7. At the origin of each loadings plot in Figure 3.3.7 is a large cluster of ions. 

These are not contributing significantly to the metabolome separation and are those ions that show 

little to no change throughout sprouting. Separating away from the central clusters are the ions that 

do significantly influence each PC, and therefore are highly influential in causing the separation of bud 

metabolomes.  
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Figure 3.3.7: PCA loading plots reveal the ions that cause separation between early and late 
developmental stages. 
(A-D) PCA loadings plots for all 4 datasets, with all samples included and ions present [corresponding PCA 
score plots in figure 3.3.1]. Each point denotes an ion with labels on some of those causing significant 
separation from the central cluster. By identifying the ions separating from the cluster, key ions of 
interest can be identified such as 191.05 and 341.10 (black arrows) which are causes of separation in all 
ǘƘŜ ƭƻŀŘƛƴƎΩǎ ǇƭƻǘǎΦ  
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Across the four datasets presented in Figure 3.3.7, many different ions show separation from the 

central cluster. However, there are patterns in the most influential ions, which are seen consistently 

across all four datasets. These consistently high-influence ions include m/z 191.05 (+/-0.01Da) citric 

acid and m/z 341.10 (+/-0.01Da) sucrose (and its isomers) [both metabolite IDs were confirmed via 

tandem mass spectrometry]. These two ions are seen strongly separating from the central cluster in 

every plot and are among a group of ions that show importance in separating sprouting bud 

metabolomes. By assessing the ions that cause metabolome cluster separation in PCAs, a list of key 

ions can be collated to guide metabolite searches. However, as the PCA analysis is unsupervised, the 

separation of clusters is not maximized, and the overlap of clusters reduces the level of separation for 

the ions distinguishing metabolomes. 

Supervised OPLS-DA maximizes cluster separation, providing a more reliable insight into which specific 

ions are causing separation between developmental stages. These ions can be extracted using VIP 

analysis. Using the VIP lists for OPLS-DAs of stage O-III, stage III-V, and stage O-V, the most influential 

ions in sprouting were determined for datasets D_2 and D_3. The VIP lists span the entire detected 

ion list, so they were first filtered down to those ions with a VIP score > 5, as they are contributing the 

most influence to the metabolome separation (the VIP scores of these datasets range from 18-0; 

anything above 2 is having a significant influence, and very few have scores higher than 10). This 

reduced the list of ions from 24,401 to 116 and 21,387 to 89 ions for D_2 and D_3, respectively. After 

aligning these peak lists, there were 56 highly influential ions shared. Each of the ions were then 

assigned putative metabolites (as previously described), and the dynamics of their abundance change 

was assessed.  

In Table 3.3.4 the ions of high influence from dataset D_2 is presented between m/z 80-205 alongside 

their putative identity and VIP score for each pairwise comparison. It is apparent that the importance 

of these ions is not consistently high across each phase, as there are clear cases of ions having high 

importance in the stage O-III phase and then lower importance in the stage III-V phase, or vice versa. 

For example, m/z 191.015 citric acid [ID confirmed through MSMS] is highly influential in the 

separation of stages O and III but far less important in the stage III to V transition, with VIP scores of 

11.17 and 3.98 for the phases respectively. In contrast m/z 181.06 [Put ID] mannitol has a particularly 

low influence on the separation of stage O and III metabolomes, but plays a significant role in the 

separation of stages III and V. This ion has VIP scores increasing from an essentially inconsequential 

1.73 in the stage O to III phase to a highly influential 5.47 in the stage III to V phase. 
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Table 3.3.4: Shortlist of ions with VIP > 5 in at least one pairwise comparison in D_2 between the 
detected m/z 80-205. Putative IDs found through manual search of the KEGG database with a 10ppm 
tolerance of the detected mass. 

m/z 
Putative ID 
Manual KEGG Search (10ppm tolerance) Stage O to III 

VIP Score 
Stage III to V Stage O to V 

87.0033 Pyruvic acid; Butanoic acid 5.35855 2.60741 2.45787 

89.0190 Lactic acid; Glyceraldehyde 5.09252 3.19707 2.44908 

96.9586 Phosphate 5.14058 4.25555 2.28656 

111.0050 Uracil; Citric acid fragment 9.47007 3.82003 5.00883 

112.9820 Acetylene-dicarboxylic acid 4.69301 5.53765 2.77404 

113.0220 Dihydrouracil; 3-Cyano-L-alanine 2.11591 5.32824 5.98090 

115.0000 CǳƳŀǊƛŎ ŀŎƛŘΤ aŀƭŜƛŎ ŀŎƛŘΤ IŜȄŀƴƻƛŎ ŀŎƛŘΤ Χ 3.16622 7.56113 8.63620 

115.9150 Valine; L-Aspartate 4-semialdehyde 6.31084 2.48763 5.09095 

127.0410 
(R)-5,6-Dihydrothymine; 3-Isopropyl-3-
butenoic acid 

2.46869 5.05368 5.84317 

131.0390 Oxalacetic acid; Asparagine; Oxaluric acid 2.54548 5.90047 6.72914 

132.0260 Aspartic acid 2.73452 4.27820 5.37379 

133.0110 Malic acid 4.13432 9.96363 11.40000 

145.0540 2-Oxo-glutaric acid; Glutamine 4.20303 7.17931 8.49142 

157.0040 4-Methylene-L-glutamine; Allantoin;... 3.16440 4.68794 5.53491 

157.1190 Nonanoic acid; 1-Decanol 4.45332 7.61189 6.39816 

173.9950 Indole-3-acetate; N-Acetyl-L-aspartate; 4.56139 3.81599 5.88727 

179.0380 Hexose (and isomers); Caffeic acid 4.41966 6.91817 8.64300 

181.0600 
Mannitol (and monosaccharide alcohol 
isomers) 

1.73779 5.46630 5.89250 

191.0150 Citric acid; Isocitric acid 11.17190 3.98268 7.02889 

191.0520 Quinic acid 8.18173 14.52780 17.85980 

192.1100 3,4-Methylenedioxymethamphetamine 4.80653 5.61687 3.02808 

193.0520 Ferulic acid 2.69424 5.19272 6.05701 

201.0330 
cis-(Homo)2-aconitate; 5-
Hydroxyfuranocoumarin 

6.67276 4.08813 7.33606 

205.0520 
Lipoic acid; Homocitric acid; 3-Oxalomalic 
acid; 

1.78626 6.52268 6.97247 

Χ Χ Χ Χ Χ 
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Not all ions show a change in importance between phases and many instead consistently increase or 

decrease over the course of sprouting. For example, m/z 191.0520 quinic acid [ID confirmed with 

MSMS] shows high influence in both phases. Knowing the ion is important tells us little about how it 

is important, and therefore the relative ion abundance was compared at stage O, III and V. The 

abundance of the ion Is given by its Total Ion Count (TIC), a normalised score for the intensity of the 

signal detected by the mass spectrometer, during the processing of the abundance data this is 

normalised across all samples, allowing for relative abundance of each ion to be compared. Figure 

3.3.8 shows the mean TIC of a selection of 30 of the highly important ions from dataset D_2 with high 

VIP scores - excluding ions that are noted as carbon13 isotopes as they show the same trend as the 

carbon12 isotope at a lower intensity, and including m/z 341.1030, m/z 851.4850 and m/z 866.4770 

(with putative metabolite identities being glucose and isomers, solanine and alpha-chaconine 

respectively). 

 The ion abundances shown in Figure 3.3.8 demonstrate the sheer range of ion dynamics occurring in 

the growing bud. Some ions reach their peak at stage III (e.g., m/z 112.982) and for some stage III is 

their dip (e.g., m/z 96.9586). Some ions are steadily decreasing in abundance from stage O to V (e.g., 

m/z 201.0330) whilst other steadily increasing (e.g., 851.4850). Finally, some are rapidly decreasing 

from stage O to III then remaining constant (e.g., m/z 191.1050), or the ions are remaining constant 

from O to III and then rapidly increasing from stage III to V (e.g., m/z 205.0520). Such a varied dynamic 

in the abundance changes again demonstrates the non-linearity of the metabolome shift from bud to 

sprout, and exemplifies the biphasic shift discussed.  
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Figure 3.3.8: Ions of importance in metabolomic group separation show different abundance 
dynamics, demonstrating the complexity of metabolome reconfiguration during sprouting.  
A selection of D_2 ions with high influence on the separation of stage O, III and V metabolomes as 
identified in the VIP analysis. On each graph, stage O = X, stage III = triangle, stage V = hexagon. 
Standard error given with the mean, Y axis is relative total ion count (%). Titles of the graphs are the 
putative metabolite ID and the detected ion mass (m/z).  
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3.3.2.3. Key ion identification through functional analysis - Use of the mummichog algorithm 

to identify ions of interest.  

Raw statistics, and multivariate analysis have effectively filtered out ions of interest from the large 

datasets, however, matching the remaining ions to metabolites requires manual database searching. 

This is a bottleneck in untargeted metabolomics, as it is slow and requires constant manual input. To 

speed up ion-to-metabolite identification, an established functional analysis approach was used to 

identify likely metabolites corresponding to the detected ions (Pang et al., 2021). Functional analysis 

(via the open-source software Metaboanalyst.com, accessed 2020-2023) will be used to identify ions 

undergoing significant change between stages O, III, and V, and then apply a metabolite search to 

match these significant features with known compounds. Functional analysis allows for broader 

metabolite identification in a much shorter timeframe than manual analysis. 

The functional analysis approach uses the mummichog algorithm (created by Li et al 2013) to identify 

metabolites and pathways from raw spectra. The mummichog algorithm is an untargeted 

metabolomics data processing approach that can predict metabolic network activity without definitive 

ŎƻƴŦƛǊƳŀǘƛƻƴ ƻŦ ŜŀŎƘ ƛƻƴΩǎ ƳŜǘŀōƻƭƛǘŜ ƛŘŜƴǘƛǘȅΦ ¢ƻ Řƻ ǘƘƛǎ ǘƘŜ ŀƭƎƻǊƛǘƘƳ ŦƛǊǎǘ ƭƛǎǘǎ ǘƘŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ 

changing ions between two groups (here developmental stages), these are the ions that will be later 

identified. A list of potential metabolite possibilities is created for each of these ions based upon a 

pre-existing database of metabolites. The database search is performed with a pre-selected ion mass 

tolerance (here 30ppm) and a selection of specified ion species (here M-H, M-2H and M-H2O). The 

pathways associated with the found metabolites are also recorded, along with the information on any 

closely related pathway metabolites (for example if malic acid was one possible identity, then the TCA 

cycle would be listed alongside other TCA pathway intermediates such as oxaloacetic acid, citric acid 

and fumaric acid). These associated metabolites are then searched for within the raw data, and if there 

is a corresponding ion peak, it adds more credence to the original metabolite identity being the correct. 

Alternatively, if there are no peaks for the associated metabolites it would indicate that original 

metabolite identity is unlikely, and it can be excluded. In this way the mummichog algorithm utilises 

the known biological processes to provide credence to metabolite identities, rather than relying on 

isotopes, fragmentation patterns or the need for standards as the manual metabolite conformation 

relies upon.  

The mummichog algorithm was applied to the stage O-III, III-V and O-V pairwise comparisons in both 

datasets D_2 and D_3. For dataset D_2 the number of significant ion changes occurring in the stage 

O-III was insufficient for meaningful functional analysis, and therefore in this dataset only the stage 

III-V and O-V comparisons were processed using the mummichog algorithm. In dataset D_3 there was 

sufficient change for reliable functional analysis in all three comparisons. The functional analysis 
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identified 585 and 653 unique metabolites across all three pairwise comparisons in datasets D_2 and 

D_3 respectively. As it had the most cases of significant change, the stage O-V comparison yielded the 

highest number of metabolites identified (559 and 586 unique metabolites for datasets D_2 and D_3 

respectively), followed by the stage III-V (553 and 564 metabolites) and the stage O-III (570 for dataset 

D_3). Across both datasets 817 unique metabolites were identified using the mummichog algorithm, 

420 of which were seen in both datasets. Within each dataset, there was a great deal of overlap 

between the metabolites identified in each pairwise comparison. For dataset D_3 (where stage O-III 

functional analysis was possible), 501 of the identified metabolites were seen in both the stage O-III 

and the stage III-V pairwise comparisons. This shared identification is evident in Table 3.3.5, where a 

small selection of the metabolites identified in dataset D_3 is presented between detected mass range 

m/z 74.0-110.1, and in this small selection alone there are multiple metabolites seen in all three 

comparisons, such as L-Alanine or 2-Hydroxybutyric acid. 

Using the mummichog algorithm, the identification of metabolites is simplified, however the extent 

of the analysis can be limited. As demonstrated by the inability to process the dataset D_2 stages O-

III comparison, the algorithm requires significantly high levels of change between the two groups, and 

only identifies metabolites for those ions. If the abundance changes of a potential metabolite is not 

profound the ion is no longer investigated, restricting the identification power. This not only prevented 

the effective functional analysis on one pairwise comparison, but also lessens the likelihood of 

identifying the same metabolites across different analyses. Functional analysis is not targeted at 

specific pathways or metabolites, and therefore potentially interesting metabolites, such as the amino 

acid L-threonine presented in Table 3.3.5, may only be detected in one comparison. As such, using 

functional analysis alone would limit our ability to further delve into these metabolites. A combination 

of approaches is needed to identify key metabolites to the sprouting process.  
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Table 3.3.5: Metabolites identified in D_3 using the Mummichog algorithm between m/z 70-110. 
Pairwise comparison denoted by either O.III (referring the stage O vs Stage III), III.V (Stage III vs V) or O.V 
όǎǘŀƎŜ h Ǿǎ ±ύΦ LŦ ǘƘŜ ƳŜǘŀōƻƭƛǘŜ ƛǎ ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ ǇŀƛǊǿƛǎŜ ŎƻƳǇŀǊƛǎƻƴΣ ƛǘ Ƙŀǎ ōŜŜƴ ƳŀǊƪŜŘ Ψ¸ΩΣ ƛŦ ƴƻǘ ƛǘ ƛǎ 
ƳŀǊƪŜŘ ΨΦΩ 

Detected m/z KEGG ID Common name O-III III-V O-V 

74.02293646 C00037 Glycine . Y Y 

83.00928093 C00366 Uric acid Y Y Y 

87.04187429 C00780 Pyruvic acid Y Y Y 

88.03931701 C00099 beta-Alanine Y Y Y 

88.03931701 C00041 L-Alanine Y Y Y 

88.03931701 C00213 Sarcosine Y Y Y 

93.52366297 C00624 N-Acetylglutamic acid . Y . 

96.04400547 C00148 L-Proline Y Y Y 

96.95784027 C00059 Sulfate Y Y Y 

97.02473058 C00257 Gluconic acid . Y Y 

97.02473058 C16360 3,7-Dimethyluric acid . Y Y 

97.02473058 C16356 1,7-Dimethyluric acid . Y Y 

100.0399564 C00188 L-Threonine . . Y 

100.0399564 C00263 L-Homoserine . . Y 

100.0399564 C05519 L-Allothreonine . . Y 

100.0399564 C01234 1-Aminocyclopropanecarboxylic acid . . Y 

100.0792023 C12455 5-Aminopentanal Y . . 

102.0211944 C16516 Indolylmethylthiohydroximate . Y Y 

103.0374327 C06001 (S)-3-Hydroxyisobutyric acid Y Y Y 

103.0374327 C05984 2-Hydroxybutyric acid Y Y Y 

104.0280712 C16361 1,3,7-Trimethyluric acid Y Y Y 

105.0664068 C16311 12-Oxo-9(Z)-dodecenoic acid . . Y 

110.0253526 C02291 L-Cystathionine . Y Y 

110.0253526 C04281 Pyrroline hydroxycarboxylic acid . Y Y 

110.0253526 C01879 Pyroglutamic acid . Y Y 

Χ Χ Χ Χ Χ Χ 
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3.3.2.4. Combining data filtering approaches to identify metabolic markers.  

Metabolic markers can be useful tools for identifying change in the metabolome. Using the three data 

filtering approaches discussed above it has been possible to identify ions from the untargeted DI-MS 

analysis that undergo significant change during sprouting and play an important role in the 

metabolome shift seen between stages O and V in early potato bud development. These ions (and 

their associated metabolites) represent potential metabolic markers for tracking sprouting 

progression.  

By identifying ions that show importance in all three filtering systems, potential metabolite markers 

for growth have been identified. In Table 3.3.6, 47 of these potential metabolic markers are presented, 

alongside their mean TIC in stages O, III and V. The 47 metabolites presented in Table 6 are ions with 

significance in all three filtering systems across both datasets. The ions presented are not the full 

extent of metabolic markers identified, and there is a further 204 metabolic markers that appear 

consistently across both datasets, however they only appear in 4 of the 6 filtered lists. Additionally, 

the metabolite identity assigned to each ion is putative at this stage as the mummichog algorithm is 

not definitive and it will provide multiple options for some of the ion identities. Nonetheless, a lead 

metabolite has been assigned to each of the remaining ions. The lead putative metabolite identity has 

been selected based on four criteria. Firstly, the lead metabolite is the most likely option of those 

available. For example, m/z 133.011 could be identified as a xanthine ion with an M-H2O ion species, 

or it could be deprotonated malic acid. As xanthine is a metabolite found in very few plant species and 

normally in woody material (Yin 2015) it is unlikely to be in the fleshy potato bud, whereas malic acid 

is expected in potato and is expected to be detected well in negative ion DI-MS. Secondly, a lead 

metabolite may be selected because there are associated metabolites also present in the data. For 

example, many chlorogenic acid pathway metabolites are putatively identified in the stage III-V phase, 

including shikimic acid, quinic acid and ferulic acid; as such for m/z 353.083, it is logical that the lead 

putative metabolite identity would be chlorogenic acid. Thirdly, in a similar vein, isotopes, or 

fragments of significantly changing, high abundance ions may be used to help predict metabolite 

identity, particularly if the ratio of peak and potential carbon13 isotope peak is 99:1 as per the natural 

ŀōǳƴŘŀƴŎŜ Ǌŀǘƛƻƴ ƻŦ ŎŀǊōƻƴΩǎ ǎǘŀōƭŜ ƛǎƻǘƻǇŜǎΦ CƻǊ ŜȄŀƳǇƭŜΣ ǉǳƛƴƛŎ ŀŎƛŘ ƛǎ ǇǊŜŘƛŎǘŜŘ ŀǘ ƳκȊ мфмΦлрн 

with a carbon13 isotope peak at m/z 192.052. Finally, a lead metabolite may be selected because there 

is more certainly in the mummichog metabolite match (a p-value is calculated for each match) or there 

is less difference between detected ion mass and the predicted ion mass for the lead metabolite 

identity compared to the alternatives.  
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In a similar fashion to those ions extracted using VIP filtering (Figure 3.3.8), the 47 metabolites listed 

in Table 3.3.6 show considerable variation in how the metabolite abundance changes over the course 

of bud sprouting. Some ions show steady increases in relative abundance across both datasets, for 

example m/z 259.022 [Put ID] fructose-6-phosphate and m/z 353.083 [Put ID] chlorogenic acid which 

significantly increase in abundance between stage O and stage III, and then again from stage III to V. 

Other metabolites, such as m/z 121.025 [Put ID] benzoic acid and m/z 310.095 [Put ID] dhurrin, show 

the opposite abundance change with a steady decline from stage O to stage III to stage V in both 

datasets.  

Not all abundance changes are linear, with increases and decreases in abundance occurring either side 

of stage III in many ions. This demonstrates the biphasic shift occurring in over the course of early bud 

development. For example, the abundances of m/z 116.068 [Put ID] L-valine and m/z 205.052 [Put ID] 

homocitric acid are not significantly different between stages O and III, however at stage V they are 

significantly higher, indicating the ions only change in the latter phase of early bud development. The 

inverse of this relationship (high abundance at stage O, then a drop to a stable abundance in stages III 

and V) is only seen with m/z 268.142 [Put ID] beta-zeacarotene in both data sets. For some of the 

metabolites presented in Table 3.3.6 the relative abundance change is not identical between both 

datasets. For example, m/z 122.007 [Put ID] cytosine shows a steady increase in metabolite 

abundance over the course of sprouting in dataset D_3, whereas in dataset D_2 the stage O 

abundance is highest stage III having the lowest. This does not subtract from the importance of this 

metabolite in the metabolomic shift, as whilst the stage O abundance changes between the two 

datasets, the stage III-V increase in abundance dynamic is still observed. Further interrogation of the 

data indicates that the relative importance of the [Put ID] cytosine ion in separating the metabolome 

groups is most prevalent in this latter phase of sprouting in both datasets, and therefore this 

inconsistency at stage O is less important. 

 By separating the ions into those of heightened importance in each phase, it is possible to 

identify metabolic markers for each phase in turn. Table 3.3.7 presents only metabolites identified 

with heightened significance in either the stage O-III or stage III-V phase, with metabolites showing 

statistical importance in both phases removed. More metabolites are listed in stage O-III because the 

mummichog filter could not be applied to the D_2 list of key metabolites due to the low level of 

significant change identified in the functional analysis. This means that the list is not cross-referenced 

across both datasets. As a result, there are metabolites listed which only undergo five filtering steps 

rather than the six performed on the stage III-V phase list. Regardless, the metabolites listed represent 

the best options for metabolic markers for each of these phases.   
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Metabolic markers like these can provide insight into the metabolic activity occurring in the tuber 

buds during each of the two stages identified. In the phase O-III putatively metabolites associated with 

rapid growth were identified, including glycolysis metabolites key to rapid ATP production (e.g., 

fructose 6-phosphate, fructose-1,6-bisphosphate) and PPP metabolites key for NADPH production 

(e.g., ribose-5-phosphate, glyceraldehyde 3-phosphate). In the stage III-V phase there are putative 

metabolites associated with the TCA cycle and glyoxylate pathway, including m/z 133.01 malic acid 

and m/z 115.00 fumaric acid. These markers indicate differing energy prioritisation in each 

developmental phase. 

Metabolic markers also present an opportunity for tracking bud development. If a metabolic marker 

shows specificity to one phase and is prior/post a major developmental stage, they could provide 

opportunities to research and agriculture. For example, having metabolic markers for buds coming 

ǘƻκŀǘ ǎǘŀƎŜ LLL ŎƻǳƭŘ ƘŀǾŜ ƭŀǊƎŜ ŀƎǊƛŎǳƭǘǳǊŀƭ ǾŀƭǳŜ ŀǎ ŀǘ ǎǘŀƎŜ LLL ōǳŘǎ ŀǊŜ ΨǇŜŜǇƛƴƎΩ ŀƴŘ ŀōƻǳǘ ǘƻ ǊŀǇƛŘƭȅ 

elongate making them incredibly vulnerable to sprouting suppressants (having lost the protection of 

shield primordia and having meristems protected by young immature primordia). Therefore, if a 

metabolic marker for stage III is identified the buds could be immediately treated, providing the best 

opportunities for effective suppression. 

Through the three ion peak filtering approaches, it has been possible to reduce the potential ion list 

from approximately ~24,000 different mass spectrometry features to ~250 key ions in the separation 

of sprouting metabolomes. From these analyses putative metabolite identities have been uncovered, 

and it is feasible to search further into the core metabolites undergoing change in the sprouting 

process. Using these metabolic markers, it is possible to identify the developmental stage/phase of 

sprouting, creating valuable tools for understanding the sprouting process.  

3.3.3. Identify metabolic pathways associated with early events of tuber bud sprouting. 

Identifying key metabolites allows great insight into the core components of a changing metabolome, 

and this insight can be developed further by investigating their corresponding metabolic pathways. A 

knowledge of the metabolic activity core to tuber bud sprouting can provide various advantages for 

research, whether it be identifying targets for growth inhibitors or promoters for commercial usage 

or for explaining the mechanisms by which the tubers transition from dormant to active. As the 

metabolic networks available for investigation in plants is vast, this analysis will focus upon those 

metabolic pathways of heightened importance in the sprouting process as identified by functional 

analysis and will assess metabolic pathways previously described as of interest in the sprouting 

process.  
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3.3.3.1. Identification of core metabolic pathways using functional analysis.  

The functional analysis described in the previous section utilised the mummichog algorithm to identify 

metabolites undergoing significant change in either the stage O-III, stage III-V, or overall stage O-V 

transition in the bud metabolome. In the process of computing the most likely identities of 

metabolites undergoing this change and the associated metabolic pathways are also collated, and the 

neighbouring or intermediate metabolites in those pathways are searched for in the raw data to 

provide credence to the metabolite identities. For a metabolite to be confidently identified, pathway-

associates needed to also be present, and as such the algorithm also creates a catalogue of active 

metabolic pathways based upon the raw data.  

The functional analysis identified 93 metabolic pathways in total across both datasets. Of these, 81 

pathways were seen in both datasets D_2 and D_3. The stage O-V pairwise comparison had the most 

pathway hits (75 and 92 pathways for datasets D_2 and D_3, respectively). Only one of the dataset 

D_2 pathways was not seen in dataset D_3. Figure 3.3.9 plots the enrichment factor of each metabolic 

pathway against the significance [-Log10(P-Value)] of the pathway in the dataset. This is presented in 

each pairwise comparison across both datasets. A list of some of the most significant and highly 

enriched pathways is also given (for the complete pathway code list see Appendix Table 3.4). 

Enrichment factor is the ratio of metabolites expected from the pathway against the metabolites 

actually detected. A high enrichment factor indicates a pathway with a high number of intermediate 

metabolites detected.  
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Figure 3.3.9: Functional analysis using the Mummichog algorithm computed 93 metabolic pathways 
undergoing significant change across the five pairwise comparisons. 
Enrichment factor (the ratio of expected pathway hits to actual pathway hits) and the pathway 
significance (log10[p-value]) form X and Y axes. Pathway hits from D_2 and D_3 pairwise comparisons 
presented, D_2 stage O-III was not possible as there were not enough significant hits to perform the 
Mummichog algorithm. Of 93 pathways 30 reoccurring and highly significant pathways have been 
labelled with their pathway number, the legend is visible below with full pathway name. For a full 
pathway index see Appendix Table 3.6.  
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In the bulk of the pathways detected the enrichment factor is around 1-2, indicating that for most 

pathways all the expected metabolites are seen, and in many pathways, it is more than expected. 

However, whilst the detection of metabolites is high, the significance is relatively low in many 

pathways, lowering the confidence in the pathway identification. This low confidence can result from 

a lack of significant change in the intermediate metabolites. Hence if a pathway is consistently present, 

but does not change drastically in intermediate metabolite abundance, its significance will be low. As 

such whilst the significance lowers our confidence that the pathway is important, the high enrichment 

factor can provide some reassurance that those pathways that are detected are actually seen in the 

metabolome. Functional analysis was not possible on the dataset D_2 stage O-III comparison due to a 

lack of significant abundance change, and hence a low level of significant pathway hits. Slight 

differences in the number of metabolites identified, or in their level of significance causes the 

pathways detected to vary between the three pairwise comparisons and between the two datasets. 

Therefore, to provide more insight into the dynamics at play, the raw data for the intermediates that 

were detected for each pathway was further analysed. 

To visualize the presence of pathways throughout sprouting, the detected metabolites in each 

pathway were extracted from the raw TIC abundance data and combined them into a mean 

abundance score for the pathway across each sample. This allowed us to see when and where each 

pathway appeared in high abundance. Figures 3.3.10 and 3.3.11 show the mean TIC score for all 

intermediate metabolites detected for each pathway in datasets D_2 and D_3, respectively. By 

condensing all the intermediate metabolites into a general change in abundance for the pathway, 

these figures provide insight into when pathways are generally being upregulated or downregulated, 

and hence what the metabolic activity of the bud will be across the process of sprouting. To further 

distinguish the trends between metabolic pathways, agglomerative hierarchical clustering using was 

performed, using a one-minus Pearson correlation coefficient to measure distance between pathways.  

Figure 3.3.10: The metabolic pathways detected in dataset D_2 can be split into two blocks, the first 
with high intermediate metabolite abundances in the first phase (stage O-III) and a subsequent 
decrease, and vice versa.  
Each column is a sample, with the stage of the sample given at the top. Each row is a metabolic pathway 
identified in the functional analysis, with the TIC of each metabolite identified in the analysis collated 
into a mean abundance for the metabolites in each sample. Rows have been arranged using hierarchical 
clustering. The heat map is coloured according to abundance (with each row independently scaled) 
where: darkest blue is the lowest calculated mean TIC value, white is the range midpoint, and dark red 
is the highest recorded TIC value. 
 
Figure 3.3.11: The metabolic pathways detected in dataset D_3 can also be split into two blocks.  
Formatting and processing identical to Figure 3.3.10. 
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Figure 3.3.10: Dataset D_2 abundance of pathway intermediates. (See previous page for full legend)  



Chapter 3: Metabolomics of the potato bud during sprouting. 

135 
 

 

Figure 3.3.11: Dataset D_3 abundance of pathway intermediates. (See previous for full legend)  












































































































































































































































































































































































