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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 sapptes

are widely used to enable storage and yeaund 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withdrawn, leaving farmers and potato store managers with less effeetind higher cost alternatives.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 d@nscriptomic 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 | wolleettpe
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 spreuppressants.

To provide physical context to the earliest stages of sprouting development, in Chapter 2 | have used
various imaging approaches to develop a novel potato sprouting atlas that describes the
morphological changes occurring between the dormiamtl and established sprout. By developing a
benchtop invitro 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 lwas 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, | show the applicabilityhefdprouting atlas in multiple cultivars

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

commercial suppressants.

Using the sprouting atlas and-uitro sprouting assay, in Chapter 3 | then explore the metainad
changes that occur during sprouting using untargeted mass spectrometry. Through the development
of a highresolution data processing protocol, | identified the metabolites that undergo significant
change during sprouting. Using these insights | egpbare 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, | provide a deeper understanding e imetabolomic changes occurring in sprouting

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



developing an ambient mass spectrometry imaging approach optimised for potatoes, | am able to
provide novel igight 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,3 provide a proof of concept for identifying novel sprouting suppressants using
metabolomic insights. With the insights from chapters 3 and 4, | was able to identify a core metabolic
pathway to the sprouting process and trial inhibiting #vitro. Theselected 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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Chapter 1: General introduction.
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1. Introduction

Potatoes $olanum tuberosm) are the fourth most highly produced food crop in the world, after rice,
wheat, and maize. They are a crop of high humanitarian and commercial importance (Robertson 2018;
Devaux 2021). Their adaptability, high productivity, and great nutritional conteake them an
essential calorie source for a substantial portion of the global population, particularly as they are often
cheap to produce and can provide essential resources in deprived areas (Haverkort 2013; Devaux 2014;
Robertson 2018). Only the tuber$ 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 -bpildf toxic glycoalkaloidand

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, chlagmham (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 §npHe€ 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 sproutirgglamar 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 potatddcycle.

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; etkart 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 asesource sinks, drawing carbon and nitrogen resources from the vegetative plant and

1
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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 inkibiggppeldoorn 1999;
Kloosterman 2005; Dutt 2017), and radial growth is initiated, leading to the swelling of the stolon and

establishment of starch and proteiich tubers.

Vegetative growth is seasonal, and as conditions become cooler or resources bscaroer, 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 s&atThis 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

resouces 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 breakd.ike other stems, potato stolons have an apical bud at the tuber tip and axillary
buds containing separate meristems that spiral downwards (Park 2014; -Bapranolker 2012).
SAMs ardnighlyprolific collections of cells that can rapidly proliferate ay@herate 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 KNEDL, 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;
Opik 2005; Murray 2012; Naseem 2020; Shimotohno 2022). The process of meristem proliferation and
regulation is also mediated by hormones, such as auxin, eyiokCK), 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; Opik 2005;
Murray 2012; Naseem@0; Haider 2022; Shimotohno 2022).

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

meristems is actively repressedvhen the tubers are in a quiescent dormant state. Only once
dormancy has been releasednthe meristems proliferate and produce the new potato shedthis

theshda oAff F20dza 2y GKS | OGAQGAGe Tirdtial grawdhiag e R2 NI |y
biochemical and physiological changes that result from the dormancy release lagweaommercial

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 camercially 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 2004nékas2013). 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 epidemis 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 th& @hase of the cell cycle (@abell 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: eddomancy eco-dormancy, and par@ormancy

(Lang 1987; Suttle 2004; Sonnewald 2014). Hiaimancy isthe endogenous suppression of
sprouting regardless of environmental conditions, and ensures a prolonged dormancy period free
from premature sprouting During endedormancy 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. Duringeco-dormancy the dormant state is mediated by environmental conditions, most
notably temperature, and the potatoeme capable of sprouting but are supressed by the environment
During ecedormancy sprouting can initiate if favourable conditions are siegplin comparison to
endo- and eco dormancy, pardormancy only occurs in axillary buds on the tuber. Rimanancy is

an endogenously controlled dormancy dictated by the apical meristemparadormancy, the apical
meristem actively inhibits the axillameristems, preventing them from sprouting under a system
known as apical dominancBaradormancy allows for a delay between when the apical bud sprouting

and subsequent bud sprouting.

Over time the strength of the dormancy will weaken, until eventuddigmancy break occurs, and the
buds are capable of sproutingheterm Wormancy breafkan refer tathe loss obiochemical controls

or the ramping up of metabolic activity prior to visible growtin eventhe act of sprouting itself (Lang
1987; Wiltshie 1996; Suttle 2004). Regardledshe exact definitiondormancy brealks a change in
state that allows for sprouting to occur angquires the endogenous controls that maintain dormancy

to be released and sprouting initiators to begin new growth.
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The nechanisms 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 a¢iBA) and growth promoting hormones such as gibberellins
(GAs) (Suttle 2004; Aksenova 2013).

ABA is a growth and development regulatory hormone that is considered the maindema@mncy
hormone in potatoes. ABA accumulates in the tubers during tuberizagiod gradually declines over

time postharvest, losing regulatory strength until other factors become the primary source of growth
inhibition (Sorce 1996; DestefaReltran 2006a). The decline in ABA is a key factor in the length of
endo-dormancy, with i§ fall below a variable threshold being associated with the end of endo
dormancy (Aksenova 2013; Haider 2022). Ethylene is another@mgioancy hormone that is found

in its highest concentrations during tuberization and appears to play a role in stapiisrmancy.
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 ratethe 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 (0&2016; Foukaraki 2016; Cunnington 2020). However, whilst ethylene appears
to mediate the establishment and maintenance of enddormancy, 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 meabolic activity of endalormancy is a result of the restriction of resource availability. After
tuberizationthe connections between the bud and phloem are gatediricting metabolic activity by
isolating the budfrom resourceqViola 2007; Hancock 2008)loreover, as the tuber matures, the
periderm and cortex regions thicken, restricting oxygen availability in the subtending tissue and
starving respiratiof necessary metabolitgSuttle 2004; Sonnewald 2014). In this way, the meristem
regions can be atved of essential resources amdade unable to growduring endedormancy
regardless of the increased sugar content due to a switch from starshdmse synthesi@dancock
2008)

In comparison to the endogenous controls seen in eddamancy, ecaedormarcy is regulated by the

environmental conditions the tuber is experiencinemperature playsan essential role in
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maintaining ecedormancy, witheco-dormancy length being proportional to the storage temperature
(Wiltshire 1996; Sonnewald 2014). At lowemgeratures tuber respiration rate is lower, and
metabolic actiuty is reduced (Wiltshire 1996), prolongitige dormancy status of the tuber. During

the ecadormancy period, artificially lowering the temperature can extend dormancy, and is a primary
tacticused to extend crop life in commercial potato storage (discussed further in 1.2.1.). Hoagver,
lower temperatures (particularly below °€) the impact of temperature on metabolism can be
detrimental to the quality of the tuber. @& to the reduced metabat activity,there is an imbalance

in the rate of starch hydrolysis and glycolysmusingreducing sugargo accumulate (Jansky 2014;
Wiberley-Bradford 2014). This accumulation of sugars leads to a process of cold induced sweetening
(CIS) which reducesédtpotato quality, darkens the colour of the flesh when fried, adlitates the
accumulation oftoxic acrylamide (Sonnewald 2001; Jansky 2014; Wibeggdford 2014; Zhang
2017).The impact of moisture on eedormancy is less profound, amdater availdility does not
appear to bea major factoiin the maintenance of dormancy (Hu 2Q28uthoni 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 viitiof the crop but can also initiate a defence response such as
scab formation (Alamar 2017; AHDB 202ight availability does not play a role in the regulation of
dormancy, however it does play an important role in sproutivitich will be discussed itlhhe next

section(Mani 2015; Gong 2021).

Whereas endeand ecedormancy are established and maintained equally across the tulzea- p
dormancy ionly exerted on axillary budand not thedominant apical budAuxinis transportedrom

the apical bud tahe axillary buds$o enforce dormancyAfter apical bud breakhis control is released
enabing 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 sproutingss bredictable than that of the apical bud,

and therefore the exact processes of patarmancy will not be explored.

1.1.4. An overview of dormancy break and sprouting

Hormonal and environmental controls are also essential to initiating dormancy breagpaodting.

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 endedormancy, however as endogenousntmls weaken CK accumulates, instigating the
dormancy break and the transition to ecmrmancy (Turnbull 1985). CK accumulation can restart the
cellcycle, allowing the meristem cells to leavel@nd stimulate cell division, and it has been
demonstratedthat treatment with CK can induce dormancy break and lead to earlier sprouting
(Aksenova 2013Suttle 2007; Zubko 2005Furnip 202Q. In comparison to CK, which facilitates

dormancy break, auxin and GA are believed to play important roles in the stinmudtgprouting and
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the initiation and maintenance of growth. Auxin and GA levels are lowest throughoutdordoancy,

with dramatic increases in abundance occurring with dormancy break and sprouting. Exogenous
application of GA has been demonstrated asfactive method for initiating sprouting earl§ttle

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
dynanic, 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 assodatgth paradormancy as the hormone
allows apical dominance to be maintain@dani 2015) further complicating the dynamic interactions

of auxin in sprouting bud3he exact roles of GA and auxin in sprouting remain unclear, however both
hormones are knowgrowth 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 sproutingt igsnderstood. 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 endand ecedormancy (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 ettpliovolved 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 wdiii 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 aftaritia¢ 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 breakthe process of sproutingg facilitated by an improved resource aitability to the
meristem regionand a shift in primary metabolismdynamics During endedormancy there is no
discernible activity of starch metabolism enzymes (ARieose pyrophosphorylase and starch
phosphoylase), however as endogenous controls aeaegld the enzyme activity ramps up in the bud
and vasculature regions, making sugars readily available for growth (Sergeeva 28t®) activity

of the bud increaseghe symplastic connections between the vasculature and the bud region are re
establisked, 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

6



Chapter 1: General introduction.

transfer of resources that can support rapid growth. Moreover, itt@ease in sucrose levels causes
an accumulation of trehalos@phosphate, a sugar signalling molecule that further promotes
sprouting by decreasing the buds sensitivitghte dormancy hormon@&BA (Debast 2011; Sonnewald
2014; Alamar 2017).

Dormancy brak and sprouting are also strongly mediated by environmental controls. As discussed,
the rate of respiration is directly proportional to temperature, and therefore in the puaster
warmer environment the level of respiration in the tubers steadily insesain ecadormant 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 sail
(Gong 2021). In fadty 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 sdgnlting 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 photosynthetitaterial (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 tuizes

fully formed and the stolon has detached from the senescent vegetative @atttis point the tubers

are in their deepest enddormant state and edibleHarvested tubers are then moved to storage
buildings that are designed to control ventilationcatemperature, and stored either in bulk (loose)

or in crates (Cunnington 2018n these storage conditions the natural mechanisms that control
dormancy will last roughly -8 months postharvest. Effective store management is essential for
maintaining ter 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 adbssber 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 enham@ndy, 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 d€I§Sonnewald 2001; daky 2014; Wiberle®radford 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 storagé thithou

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 2008unnington 2018; AHDB 2021; Visdansiaux 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 tempetiare, cultivar selection can be used to prolongrishancy and
minimise CIS. Different cultivars vary in their response to temperaturethadate at which they
cataboli® 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 éd&abolism. 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, thevariation 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. @PC: 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; \ids@siaux 2021; Zair 2021). It was applied togpoes

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 aseaigadvantage 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 persistenoé 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,visédivksiare 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 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 effectivenessstoapplication, and
reliability (Paul 2016). The industry had relied oRCFor 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 alternaes 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)Téble1.1.1an 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 éave be
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 fopetyas denoted in the table.
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Table 1.1.1: Overview of five of the most commonly used sprouting suppressants in potato storage. MOA = mode of action.

Control Type Mechanism Advantage Disadvantage Ref
Chlorpropham Dormancy Cell division Cheap; highly effective; long Environmental and health Paul 2016
CIPC extender disrupter; (exact residual activity impacts; wide ban on use
MOA unclear)
Maleic hydrazide Dormancy Cell division Highly effective secondary growth  Applied in field; good timing and  Cunnington
MH extender disrupter; (exact repression; used in tandem with conditions critical for uptake; 2019
MOA unclear) other suppressants has carcinogenic risks
1,4-dimethylnapthalene Dormancy Represses DNA Naturally occurring (from potato Timing critical; low residual Campbell
1,4-DMN enhancer replication and cell skins); highly effective activity; requires multiple 2020
division. applications
Ethylene Dormancy Prevents ABA Cheap; easy to apply; effective if Can effect fry colour; constant Tosetti 2021
enhancer catabolism; (exact applied continuously application needed
MOA unclear)
Essential oils Sprout Burns off sprouts, Naturally occurring; highly No residual activity; requires Thoma 2022
(Spearmint/Orange/Clov  pruner killing young tissue effective for removing established  multiple applications
e/Caraway/...) sprouts
3-decen-2-one Dormancy Burns off sproutand  Naturally occurring; reasonable Only effective when fresh tissue Knowles 2012
restorer restores dormancy. residual activity; returns dormant exposed; requires multiple

state.

applications
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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 divigioCIPC 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 crucigCunnington 2019)MH must be applied late engh that the tuber has

fully established (to avoid suppressing tuber growth), and long enough before senesocg¢hatthe

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 suffient humidity for the plant to take up the foliar sprajhhe complexity in

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

¢tKS aSO2yR OF(dS32NE 27F &dzLJLINE a a |-ginietayinaphtialene R 2 N |y
(1,4-DMN) andethylene, which augment the endogenous dormancy controls and prevent sprouting
initiators from being effective. In 1;BMN this is achieved by promoting cell cycle inhibitors, retaining

the G1 phase in the cell cycle (Campbell 2010; Campbell 2@2BlencbcaNeto2022). 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 negatives temporary supply can actually encourage sprouting rather than
inhibiting it (Coleman 1998; Gumbo 2021).

¢KS GKANR OFGS3I2NER 2F ALINRPdzi adzlJNBaalyd NB aqal
extent 3decen2-one), which cause irreparabttamage and kill of the sprout so that it can be knocked

off during processing (Tep&amnolker 2010; Gome2astillo 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 (TepBamnolker 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 suppi@sy causing severe damage to the buds

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

CAylftes GKS F2dNIK OF (532 NE -decén2-arizlwhithBrangsoff & A a |
the sprout and returns respiration in the bud to deancy levels (Knowles 2012; Immaraju 2019).

Similar to the essential oils;@®Bcen2-one causes irreparable damage to the sprouts and kills off the

sprout structure. At the same time@=cen2-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,-8ecen2-one is new to the market, and trials of its application are still limited

(AHDB 2021).
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Each alternative sprouting suppressant ggats 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 issud=or examplemany suppressants have a regulated interval between
when they can be appliednd when the tubers can be sold to mark&4-DMN currently has a 30

day interval period, which is enough time for sprouting teesmblishconsidering theompounddoes

not havelonglasting residual effects (AHDB 2022%. 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

considerableveight and yield losses.

In addition, he timing ofessential oils3-decen2-one and 1,4DMN applications in storage is also
crucial to their effectiveness. These suppressants target the fresh structures of newly emerged sprouts
and therefore need to bémed when the sprouts are vulnerable. However, allowing too much growth

to ensure vulnerability will result in losses in tuber size and welgtthis waydelays in application

can be costlybut are needed to ensure effica¢yaiswal 2022)This complgity 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 sprding, they would have a far greater opportunity to be efficient and €ost
effective with their suppressant applicatiomherefore in this thesis, as a secondary goal, | aim to
provide some potential options for predicting and assessing sprouting in stbedscbuld be

developed into useful istore tools.

1.3. Understanding sprouting to facilitate novel suppressant discovery

With the increasing regulation gfotato sprouting suppressant compounds (AHDB 2021; Saunders
2021), there is a growing interest ing development and optimization of alternatives to CIPC. Ideally,
novel suppressants would be highly targeted and have-emdlmented 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 ofpotato budsprouting (Suttle 2004; Aksenova 2013; Sonnewald 2014; Gong 2021; Hu
2023). However, with the exception of sugarseri has been little investigation into the metabolic
activity that occurs duringotato bud sprouting (Hajirezaei 2003; Ferreria 2012; Sonnewald 2014;
WiberleyBradford 2014).Understanding the metabolic changes that occur during sprouting can

provide insghts 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 itispossibleto study the metabolic changes that occur in sprouting potato@spgcessary to
understand the physical process of sprouting. Surprisingly, little research has been done on the
morphological changes that occur during potato bud sprouting. The morgloalochanges of the
whole of the potato lifecycle have been wellocumented, 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 lifecyclediexes, 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 durin@rg is needed to contextuaksthe

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 ingetiee
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 thecessary context for the genomic changes,
enabling the identification of the first gene markers for bamboo flower developméfithout a
similar index for potato sprouting, it will be difficult to align any insights into the metabolism with

structural chages.

Natural variation is unavoidable, but it can be overcome in populaiaie 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 oftexgwok 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 ate. 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 compaiiggenomic

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 throughtasvells, 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 tiais stag
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 creatibthe 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 understandisgrofiting could

be incredibly useful fo optimisng 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 (TepeBamnolke 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, leadmancreased 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.

Thee 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 35mm in length and has begun etiolation (Coleni®98; Hartmann 2011; Zhao 2015;

Dai 2016; Fourkaraki 2016; Buchholz 20Z1his overlooks the considerable physical change that
occurs between a donant bud and a growing sprout. Therefora, Chapter 2 of this thesis, | will

closely assess the physicabpess 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 sties 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 2§4¥t; De

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 spectromeyr (MS) will be used to assess the metabolic changes that occur
throughout sprouting. MS is a high throughput analytical chemistry approach that identifies and
guantifies 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 theeionised compound will be determined by their mass to charge ratio, which
are detected and theirelative abundance recorded. ass pectra is then produced that plots the
relative abundance against the mass to charge raticafbions detected, allowing insight into the
compounds that are present in the sampigz=e McLafferty (2011) for an overview of the history and
technologyof MS) MS analysers and detectors have become increasingly sensitive, allowing the
separation of molecules to an extremely high resolutidiséekh 202)L This high resolution can be

both a huge aid in understanding the metabolic content of a sampleaarmhsiderable hurdle in the

data analysis as it can provide too great a dataset to meaningfully andligdgeu 2015; Alseekh

20217). This tradeoff between sensitivity and analysis will be explored in Chapter 3.

MS analysis of biological samples mosteoftakes 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 makeup the metabolic content of the sample. Proteomics is the lesgge 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 gewoafiange, treatment or

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

The field of metabolomics has grown considerably in recent decades, afih$¢8 metabolomics is
becoming an integral tool for the plant sciences (Alonso 2885ez 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)-Hd§ed metabolomics is either targeted

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

Targeted analysis allows for higksolution assessments of specific metabolites. For example, Ordaz
Ortiz et al (2015) were able to demonstrate that phyiormones (particularly BA) 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 phythormone content in the tuber skin using calibration curves

generated with standards of the select phyttormones. 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 hat 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; \821h@). It should be
noted that there is no single method appropriate for assessing the entire metabobiueeto
variations in metabolite ion&ion and separationwhich dependon the specificparameters of the

instrumentation (Kosmide2013).

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

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

ONBIGS I aYSGlro2ft A0 FAYISNILINRY(é K lIsampldatthaldB LINSG & S

moment in time (Putri2012; Kosmide®013). This can be useful in identifying differences in the
response of orgaems. For example, Pushpa et(2014) used untargeted metabolomics to identify
metabolic pathways associated with resistartoethe highly damagindghytophthora infestansBy
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
breedingprogrammes. Similarly, the metabolic fingerprint can be used to identify biomarkers for
stress. For example, Ghosson ef2018) identified metabolites in barley that changed drastically in
response to sulphur stress by comparing the metabolic fingerpfitiarley 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 coulgskdin plants to

determine their evel 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 sdedelopment, Kambhampast 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 maturatidre tynamic 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 201 Dmidbakhshfard 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 rowguetween 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.

MSmetabobmics 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 comageted 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 mechanismswabrk 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 analysidli®rescence 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 ditam fluorescenceaagged 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 moement 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 fluoresesc
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 metitieanovement is occurring. This insight
was then paired with analysis df€] sucrose and{C] glucose to determine where they were being
metabolized and whether there was any involvement in the metabolite transport. While informative
about the sugar mebolism 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 (MS8s 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 technigue that measures the relative abundance of a metabolite across a
sample sectionallowing 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 metabolitestafrest 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 desotjmn-electrospray ionisation (DESI) MSI approach is presentéigjime 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 metabolehieh 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

A)  lonising spray MS detector
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Figurel.1.1: Mass spectrometry imagirglows the distribution of metabolites to be visualised.
The above diagram represents the core features of desorpgattrospray ionisation mas:
spectrometry imaging system (DEMBSI). Firstly (A), an ionised solvent is fired in a highly refined s
at the surface of the sample. This spray causes the desorption and ionisation of the metabolite
the surface of thesample in that region, which are then collected by the MS detector and anal
using standard MS to produce a mass spectrum for that region. The sample is mounted on a
stage, so the region of the sample being analysed is incrementally changetrégegions are
analysed (B) a grid of mass spectrums are produced. By assessing one metabolite in
spectrums it is possible to generate a heat map of metabolite abundance, which clearly disting
where in the sample the metabolites are in higr low abundance.
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using a charged solvent spray under starttatmospheric 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 thethkamp
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 rathenttiee limited few possible with other histological
approaches. Akin to other MSI approachesisation of the whole samplenables both targeted and
untargeted analysesHowever as with other MS approaches, using targeted MS limits the broad
metabolome irsights, 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 sampdesbe 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 providedoth metabolomicdataandspatial information, allowing physical context to be aéign

with metabolic insightsTheMaia et al. (2022) used MSI to provide physical context to the increased
metabolism seen in grapevine leaves afflasmopara viticolanfection, which allowed a better
interpretation of the pathogen's mode of infection. Byssessing 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 thanfected cells and allowed the researchers insights into the mechaofsm
howthe pathogen infected the plant3here are few examples of MSI analysis on potatoes, and those
that have been conducted focus on aspects of tuber quality such as glycoalkaloidamce 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 | wélkplore 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 thecatalogue 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 bieactive agents and targets for the chemicals to disriipis 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&a8ks 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, | am to provide a greater understanding of the sprouting process, providing high
resolution insights ithe 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 spgostippressants. To

this end, in Chapter 5 of this thesis | 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 abbthe 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 | aim to provide novel insight intodtabolism of
sprouting potato buds through the use of Mi&tabolomics and ambient MSI. Using these insights |
aim to highlight the key metabolic changes occurring in the sprouting buds, identifying targets for
novel suppressants. In addition to providingights into the metabolic activity of sprouting buds | 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 thbohatac

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] assahe 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 proses

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 potatobuds that could be disrupted to suppress sprouting.
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Chapter 1: General introduction.

1.4.2. Hypotheses.

21

1.

Using invitro sprouting assays and higésolution imaging, it will be possible to
categorise the physical changes that occur in in potato buds during the earliest stages of
potato sprouting.

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.

Any metabolomic shift identified in [2] will be detedlie using highiesolution untargeted

mass spectrometry imaging, and it will be possible to identify metabolites that change as
a result of the metabolomic shift.

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.

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

identification of novel sprouting suppression targets.



Chapter 2: Categorising the physiology of early sprout development.
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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 ofopolgsiology

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 sprogti asappreciatingmorphological change is
essential to understanding the sprouting process. Therefore, in this chapter, | will describe the physical

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

2.1.1. Why thephysiobgyof 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 dvelopmental 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 affectemvth. The biochemical
changes occurring in sprouting will be explored in subsequent chapters of this thesis, and in this
chapter, | will be exploring the categorisation of sprouting and the impact of suppressants on potato

bud morphology.

2.1.1.1. Variabn in sprouting rates can hinder investigations.

As discussed in the introduction, potato tubers transition from eddamancy to ecedormancy when

the endogenous compounds that initiate and maintain dormancy are depleted. At this stage, tubers
are liableto 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 edormancy, and some tubers will ldgehind. 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, glasshotgsm®mwn 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 (Tur@ip0P the depth at which a tuber grew
(DestefaneBeltran 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 timealone is not a reliable indicator of bud developmerigure2.1.1 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 edormancy had ben 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 Fige 21.1 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. Niegsittiee extent of their
growth is different after 96Fs, demonstrating thasamplingbased on timing alon&vill not be a
reliable method for predicting developmental progresgherefore, a more nuanced approach is
needed to ensure that samples are assekat 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 ini
(A) Is far less developed than (B) despite identical treatni&latck scale bars represent Imm.
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2.1.1.2. It is not optimal to overcomariation by artificially synchronising sprouting.

Many potato research studies reduce this variation by chemically synsmwgnsprouting. This
involves artificially promoting new growth in endor ecodormant tubers by applying exogenous
sprouting initators instead of relying on natural sprouting mechanisms. Various sprouting initiators
have been used, including gibberellic acid{GAartmann 2011; Karjadi 2021; Tout 201®ydrogen
peroxide (Bajji 2007; Mani 2015; Suttle 2012)indite (Varga 1956) and bromoethane (BE)
(Alexopoulos 2009; Campbell 2008; Desteflattran 2006) However, each treatment interferes

with the natural processes of sproutingompromising its usefulness in biochemical investigations

Chemical sprouting initiators can dirgctlter 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, DestefaBeltran etal. (2006) applied B® synchronize sproutig and allow
direct comparisons of ABA levels throughout the process. However, to achieve the desired level of
synchrongation, BE was applied to completely erdormant tubers, artificially breaking dormancy at
day 40 of storage instead of day ~125 wheatunal dormancy break would occur. This approach
accounted for phenotypic differences between tubers and stangaddgrowth, enabling direct ABA
comparisons throughout the actual sprouting process. However, it also altered the underlying
biochemical landsape naturally seen before sprouting, starting with erdtiymant biochemical
content. Shortening the storage time interrupts thmatural mechanisms maintaining dormancy,
undermining the naturaprocesses that prevent sproutinfhe metabolic profile of tudrs midway
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 Prouting initiators can alter the natal biodhemical landscape of tubertey cannot be used to
synchronge sprouting in these investigations. Instead, tulb@ituber variation must be accounted for

by using physiologicahangeto categorse developmental progress. To do this, the physiglof buds
during sprouting will be closely assessed and each feature that appears migmedinto a timeline

for growth. Using this timeline, the developmental progress of each sample can be determined and
the data from similarly developed samples dam collated to account for tubeto-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 asse®ents 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 BEBCHIe [Biologische Bundesanstalt,
Bundessortenamt und CHemische Indugt(ieeller 2008)the IBPGR inddinternational Board for
Plant Genetic Resources] (Huaman 19%78 "potato growth ley' (Jeffries 1991), and the dormancy
to-sprout phenotyping scale used by Morris et al (2018). Thetlfirse indexes cover the entire potato
lifecycle, including sprouting, but tlgeprovide only a brieaind 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 fe{i@es2009;

CRD 2019; Kacheyo 20Z1he scale developed by Morris et al (2018) does provide a closer focus upon
the budto-sprout transition, however very little detail is provided about the features of each growth
stage in the transition to sprouts and the sttural implications of each stage are not explain&s.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
categorge growth and overcome tubep-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 fohé potato industry as it can determine a tubers commercial
viability. However, it provides little insight into the morphology of the bubse 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
growingand the sprout is easily visibleompromising commercial viability (Harper 2015). The potato
processing industry demands complete 'freedom from sipir@,' establishing a general guideline that

any potato with a sprout exceeding 5mm is not suitable for consumpfddDB 2021)There are
measures that can be taken to knock off or prune sprouts, however beyond 10mm the sprouting
effects on the rest oftte tuber become more apparent, such as weigh loss to respiration, softening of
the tuber and wrinkling of the skifsuch potatoesire eitherdesignated as waste, animal fodder, or
seed potatoes, all of which hold a significantly lower economic value cadpamproduce 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 $odcessitate repetitive pruning to hinder further
growth since enhancing or prolonging dormancy is no longer feasible (Paul 2&18ych,n the
industry, measuring bud length serves as a primary method for assessing the progression of sprouting,
despite not providing a explanation of developmental progress. Henicethis chapter 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 thresheddnwh 2

is often used, with length remaining the primaryterion for sprouting categosation (Coleman 1998;
Hartmann 2011; de Mendoddeto 2022). This-3mm threshold holds particular relevance in studies
where the quantity of sprouted buds correlates with the level of sprouting (Coleman Ha@8nann

2011, Zhao 2015; Dai 20%8-ourkaraki 2016Buchholz 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 featuresoasasionally 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 consided alongside length when classifying buds as either dormant or sprouting. In
the former case, sprouting was categorized as when a "newly formed sprout protrudead#ye
subtending scale leaveésvhereas the latter was less stringent, categorizing\asiple 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 besbf 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 understandifighe 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 sproutingmorphology of potatoeshas not been comprehensively described, extensive
physical developmenmmaps have been createth other plants. Irdepth timelines chart the
morphological changesccurringduring growth providingcrucialphysicakontext for developmenta
investigations (Bar 2014; Wang 20DlirksMulder 2019. These intricate mappings often @at an
"atlas" format, wherebyanatomical features act as markers that distinguish sepagedth stages.
Studies employing sprouting atlases depend on identiéigiiiysical features to denote the plant's
developmental stageand with a timeline for when these features appear the atlas can §gation
preceding and subsequent morphological changes (Bar 2014; Wang @024£021). Foexample,

Cox (2021) createdn atlas delineating leaprimordia development in rice, aiming to contextusali

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

organization of physicdeaf attributes, enabling a better appreciatioof the when and where
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anatomical features appead during leaf developmentThis understandingnabledthe identification

of molecular drivers behindifferent stages of the leaf development proceséfering insifpts into
potential mechanisms that couldnhance watr use efficiencyif 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 drivingeaf differentiation by collatingcommon features frombetween samples and
constructing a generic grolwttimeline Without this general timeline to development the variation
between complex and simplistic leaves complicated analysis of tlgerlying 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 providéezbfior 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 ract morphological traits.

2.1.2. Creating an adaptable and informative assay approach.

In addition to establishing a standasdd system for assessing bud development, it is crucial to design
an experimental approach suitable for dependable sproutingeesting. A preferable approach
involves adapting an #aitro sprouting assay that minimizes tubt-tuber variation, facilitates rapid

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

sprouting suppressant tegments.

2.1.2.1. Industry assay approaches are too bulky to be conducted continuously.
Tuberto-tuber variation can introduce significant uncertainty into experimental results. In the
industry, where the resource quantity is substantial and definitivesults are imperative,
investigations on dormancy, sprouting suppression, and tuber quality often rely ondeadg trials

to mitigate this uncertainty. By collecting data as bulk averages (i.e., measuring a crate of tubers rather
than individual ones),nconsistencies between tubers can be accounted for, and generalized
responses to treatments can be explored. For instaBc&ldon and Stroud (2021) utdid 10 @llet

boxes, each weighing 13K and filled with potatoes, to evaluate the impact of variegsouting
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 colofihundreds 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 (AHDBLR®xiddon 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 thenbar of experiments possible, leading

to annual, extendedliuration experiments, a constraint not feasible in the context of a PhD.

Not all industry investigations are conducted at the crate scale, but evelndaéd experiments tend

to be sizable due to # need for a substantial quantity of tubers to mitigate variation. In a study
examining the effectiveness of various sprouting suppressants,-Migasiaux et al (2021) conducted
experiments in relatively smaller chambers measuring 1.2m x 0.8m x 2m. How@seeduction 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 gathegirenough appropriately sized tubers requires a sizable sample
population. For this reason, Visd#ansiaux et al (2021) were constrained to annual experiments

rather than continuous investigations.

The restrictions of a PhBnd the nature of the research gaires experiments to be run continuously.
Thus, the potato sprouting experimentsmust be decoupled fromstandard harvest times and
conduced yearround usingglasshousgotatoes The sheer mmber of tubers required for industry
trials is too great to grown-site, so increasing sample size to overcome titbetuber variation is
not possible. Instead, the experiments will tenducted on fewer samples, aadccloser examination
of sprouting developmenon each individual samples will allow variation to lee@unted for inthe

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 cragize scale is because a large proportibthe 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 peramttiress

these challenges, some resehecs have focused on mictabers, which are faster to grow and take

up lessspace (Suttle 2012; Kajar2d21). However, micrtubers are not conducive to those seen in
industry. For this research, a far smaller scale was desirabtesamples would be taen 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 budvere 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 develofedige by Tout (2019), who
continued with the filter paper approach and with the use of sprouting initiators (albeit with GA
rather than BE). Grand (2021) then progressed this further to utilise agar to provide the moisture, and
to provide a media into wich suppressants could be supplied. These ssualle 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 discBom 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 fperiderm 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 horrmal 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 level
then decreased back to base pdamage 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 Ohrs (before JA can accumulate) areidhrs (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 sgrouti
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 instandmsed sproutingsuppressants used in stores are
chlorpropham CIPQ, spearmint oil §PQ, and1,4-dimethylnaphthalene X,4-DMN), and it is these

compounds that will be investigated in this chapt&here are other sygessants frequently used in
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industry; howeverthey are either applied in the field (maleic hydrazide), need constant application
throughout storage (ethylenegre unavailable in the UK marketsd8cen2-one) or have a direct
homolog in spearmint oil ange oil)(Harper 2019; Thoma 2022). The three chosen suppressants
(CIPC, SPO, and -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 thenspound to diffuse into the potato buds and provide
sprouting suppression (Cunnington 2018). As a chiegpoduce synthetic compound that is only
required once in a storage season, CIPC was the most widely used potato sprouting suppressant on
the market (ewis 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)lp 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, IMMN, has not been assayed in vitro, and the data presented & thi
chapter is a novel step in screening the impact of the suppressanDNMIM is a naturally produced
compound found in potato skins that can be applied to extend dormancy without environmental or
health concerns. While 1-MN occurs naturally in potatoets is commercially available in a synthetic
form that is fogged onto tubers. The exact mode of action ofIMN 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-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 da#glisrupt microtubules like CIPC.
However, they were unable to determine the exact mode of action. Compared to CIFQVN 4
residues break down quickly, and therefore the suppressant needs to be applied at the point of
sprouting to provide the best dorrmay extension (de Weerd 2010; Gumbo 2021). AssessifAgNM

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. UnlikeDMAN andCIPC, 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 iscRrvone), which irreversibly damage cell membranes
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(TeperBamnolker 2010; Gumbo 2021). SPOhggaly 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 1,4ADMN, SPO has not been trialled in vitro, and therefore this research provides novel insight

into the mode of action.

2.1.4. Chapter AimendOljectives

In potato research, there is currently (surprisingly) nedépth timeline for thedevelopmentof
sprouting structures. To provide a tool for understanding early development, in this chapter the early
physical growth of tuber buds is characteds® 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 chhpgsebeen

broken into three main aims with associated objectives, lisgteldw:

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] develop a timeline to growth and categorise
RAAGAYOG adl3sSa Ay RS@OSt2LIVSyd (2 ONBI ¢

c. Cross validate [ii.] with macsohotography images, and demonstrate how the
developmental stages can be identified ndestructively.

d. Compare [i] 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 quantly 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 sproutingtrio.

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. Investigatewhether CIPC can be appliedvitro to suppress sprouting and assess
whether there is a dosdependency

b. Assess the effectiveness of applying suppressants as volatiles in the in vitro assay

approach, both applied premptively and in response to sprouting.
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c. Categorise the impact of commercial suppressants on the sprouts when applied

in vitro and ompare 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

Solanumtuberosumwere grown continually in a controlled environment greenhouse at the Arthur
Willis Environment Centre at The UniversifySheffield. 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
compostand watered weekly by hand. To replicate normal spring/summer growing conditions, the
greenhouse cycled through 12 hour daight cycles using ambient lighting and supplementary
lighting (20Qumol nm? s*at the bench) if the ambient lighting fell below A@umol m? s* 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, aidried 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 endureub&es remained

in cold storage for 12 weeks before sampling.

2.2.1.2 CultivarSelection

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 trarigbetween these varieties, the
dormancy break and sprouting mechanisms appear similar. Tout (2019) compared sprouting
behaviour of fieldgrown potatoes (cultivars: Desiree, Maris Piper, King Edwards & Russet Burbank)
against c.v. King Edwards grown igraenhouse 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 advantafes to
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 piilag 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 differespacts of the potato industry and offer some

phenotypic differences to King Edwards (Sedle2.2.1).
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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 (35months)  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. Invitro Assayapproach

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-@lmsmant state whereby the apical bud will
naturally sprout once favourable conditions gmeesent (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 b 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
NAYaSR Ay &0SNRAtAASR g (S NSkooyIMddi® BitRoutxsytroseirt-12 & S
well plates (Thermecientific). 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 zerof 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 shownFRigure 2.21.

By coring out the apical budofn 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 sube@rentha 2023 Howeve, these actions

will not occur fast enough to disrupt the Ohrs 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. Moreey, the suberizing will be highly localised to the disc ed@dsntha

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 notynimjoact the growth

and metabolome of the apical buds.
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Growth stage

Seed potato planted
in 15L M3 compost

12hr day/

abrday]

Weekly

Storage stage

Assay prep

A

—

humidity control

Temperature and

watering ’

Tubers harvested,
rinsed clean & air
dried for ~8hrs

Tubers bagged in
opaque paper sacks
and stored at 7°C

Apical buds checked
for damage

Tubers sterilised in
15% bleach for 15
minutes and rinsed

Apical bud cored,
& trimmed to 5mm
thickness and rinsed

% MS plant agar
without sucrose
melted

2ml agar added to
each well of a sterile
12-well plate

>

Any suppressants
added to agar or
inter-well space

Potato discs
placed on the
agar

Assa

Samples collected for
further analysis

Developmental
stage assessed

]‘7 -----

Plate sealed with
micro-pore tape and
wrapped in foil

b

Plates placed in 22°C
growth cabinet

acro- photograph Sectlonlng
or SEM imaging (cryo-/TechnoVit)

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
the steps taken, parallelograms demrdiming of actions, rounded box denote extra information, a
hexagons are further analysis steps.

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 weltablished approach of mixing the suppressant into the agar

that lines the bottom of each well. Suppressants were mixed into solution (at various concentrations),
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and then mixed to the melted agar before its distribution amongst the wells. The second approac
was through filter paper application. This is more relevant for the highly volatile and the sblxeed
suppressants spearmint oil (SPO) andditdethylnapthalene (1, 4DMN), although this approach was
trialled with all three commercially use suppressaused in these experiments. Filter paper was
placed in the inteswvell 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 appimately 125mivith 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 varyingmoentrationg were applied in @>L drips (se€hapter 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 r@ssary 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 imggioproaches see
AppendixTable A.21, and for a comparison of the standard images possible from each approach see

Appendix FigureA.2.1. Below is an explanation of the protocols for the two approaches used.

2.2.3.1. Scanning electron Microscopy (SEM)

Budsprepared as above [itro 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 disselotels were mounted on an
aluminium stub (Hitachi, standard size) using optimal cutting temperature compound-(0§sTie

Tek). The stub and sample were then transferred to the SEM where a near vacuum was reached, and
the temperature dropped t620°C. Image were taken at 60x/100x/150x/1000x magnification using

15kV standard mode with secondary electron detection.

2.2.3.2. Macrephotography

True macro photography was not available, instead macro images were developed using a DSLR
camera with lens extendersd image focus stacking to give the same effegre2.2.2). The Canon

EOS 750D DLSR camera was fitted with SHPFONUto Focus Extension Tubes to extend the lens by

up to 65mm and shift the focus zone closer to the camera. This allows samples todsel iatanuch

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 dfet 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 thenbuilt
alignment functbn to orient the images into the correct position. The aligned images were then
blended using the buiin function, with only areas in focus being retained from each image and the
blurred regions being deleted. Overlaying these regions provides a fufiycus bud at higher

resolution than possible through standard photography.

Focus on ste o Focus on bud tip

PO o

Focus on bud bas :
Full sprout in focus

Figure 2.2.2: Focus stacking allows images at different focal lengthlsetanerged to create one
image entirely in focus.

Multiple images are taken at different focal lengths (here focused on the tuber base, sprout stel
sprout tip). These images are then stacked together, aligned, and merged on Adobe Photos
produce ore 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 octedwon 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 ofittarstof the

buds, whereas the second, fresh sampling, allows for further experimentation on the bud as the
al YLX SQa YSidl 02t 2 Xppendixdably 22 ayfdifor ExgripRs o theSlongitudinal

sections possible se&ppendix Figure 2.2Below areoverviews 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 inTechnovit 7100esin (TAAB Laboratories Equipment Ltd) so that theydcbe 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 t¢ime 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 atroom 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 egpeith 50:50 ethanol:
Technovit liquid Bolution, vacuum infiltrated for 30 minutes and refrigerated at 4°C overnight. The
solution was replaced with 100%echnovit liquid 1vacuum infiltrated and refrigerated at 4°C
overnight. Finally, the solution wasplaced withTechnovit ¥0.01gHardener & 1mlTechnovit 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 resifrédfidovit 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 hoursoat temperature. The

set samples were mounted onto blocks using Technovit 3040 resin and left to set at room temgeratu
The mounted resin blocks were sectioned using a Leica RM 2245 microtome. The section thickness
gla y>Y gKSYy aftA0Ay3 0KNRdIdzZAK GKS (AaaddzsSed wSaaiy
into water droplets on microscope slides to allow théonunfurl. 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 imagedusing an Olympus BX51 microscope using 4x and 10x objectives and images captured

with an attached Olympus DP71 camera and-Eabftware.

2.2.4.2. Fresh sample crgectioning

The DESMSI analysis of chapter 4 required longitudinal sections of the pdiatls with preserved

and stable metabolome content. To achieve this, samples weresagtioned and freezdried. Buds

were selected from a standard assay, trimmed down to 5x5x5mm cubes centred on the apical
meristem, submerged in OCT and flash frozeigind 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 at30°C and blade atl5°C, and25nmM longitudinal sections were freezbaw
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 discusse@himpter 4, however during the panalysis
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 structual anatomy for analysis.

2.2.5. Data malysis 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 usingrei\ér a
one-way ANOVA with Tukey HSD IkdruskalWallis nonparametric testwith Dunn's multiple
comparison. Whilst developmental stage data appears continuous it is categorical, and therefore in
comparisons of developmental stage progress over time or betweeups a norparametricKruskal

Wallis testwith Dunn's multiple comparison was performdebr all multiple comparisons avRlue
threshold of 0.05 was set, with values <0.05 indicating a significant difference and denoted by

lowercase lettering. Exact\Rlues can be found in the Appendix Tables213.

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 théopdys 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 asse the suppressive effects of commercially available sprouting
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suppressants. These investigations will be carried out on potato buds in vitro, usingestablished

in-house assay approach (see methods 2.2.2.).

2.3.1. Creating a sprouting atlas.

The l&xk of a higkresolution 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 fantspyoThe 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 impa 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-iitro approach and BM 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 idemtified

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. Coerpially, potatoes with bud®ngerthan 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 88 is consistent across the cultivars that will be discussed, and in
Figure2.3.1 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 absenoéenilbe

utilised to determine developmental progression. To simplify discussion about the sprout complex,
thepred G SY a0 NHzOGdzZNBE gAft 0SS NBSt@anSshNBr&wilibe referedtd KS Wo «
Fad F WaLINRdzi Qd Ly dakle distidgghished fr@rl IatidéveldpiBantdnidigcud¥idhy. (
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Shield primordia (SP) Leaf scars (and axillary leaf)

Axillary bud

* Merge into tuber * (C-shape ridge in

surface. tuber surface

¢ Often wilted or * Not seen with apical
curled up bud only axillary bud
(particularly late in ¢ Axillary bud pitted
development). beneath

* 3x primordia arrange * Leaf wilted and
triangularly curled (if present)

* Can be separated
from Axillary bud
leaves because they

lack a leaf scar — . — e« Next set of primordia

: inside SP

* Attached to tissue

* Healthier cells and
plump form than SP

» Emerging primordia (EP)

Axillary bud

* Always accompanied

by leaf scar * (Can be separated 2P
* Only 2x SP opposite by simplistic shape,
each other few specialist cell

e Occasionally tight to structures and short

apical bud base, but height from tuber
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EP by shape and
height from tissue.

* Emerges from EP set
which peel/curl away
* (Can have hairs on it
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A N
Tertiary primordia (3P)

Emerging primordia

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 shov
demonstrate the regularly seen anatomical features of sprautbuds. SEM images at 6l
magnification, and with a scale bar for 10mm on the bottom image of each image. Anatc

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 bpteaordia

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.

¢KS TFTANRG LINR Y2 NBVRFY 22NSRAYT Q1 SONWME SORE. WANRAGRAERRS | LINR G S
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 andsmgblape, 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 scanto 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
LINAY2NRALF (2 0SS @OAaArAofS FNB (GKS WSYSNEHAy@ LINAY2!
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 (particularipticeable later in development), and by the folding

away from the central complex exposing the adaxial side of the leaf (seen later in development). The
F2tt26Ay3 asSi 2F tSIFT LINAY2NRALF 20aSNWSR INB (S
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 edibprior to the emergence of the stem
OYFENJAY3 GKS SyR 2F SINIeé RSOSt2LIYSyiGos K26SHSNJ
visible first. These 3P are very similar in structure and arrangement to the secondary primordia.

Based upon thegpearance 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 triaiméitg to stage V sprouts with clearly
established stems. IrFigure 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 spouting 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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Stage O ‘Dormant bud’ Stage | ‘Active bud’ Stage Il ‘Growing bud’

NMUD53 x60 NMUDE3 x60 Tmm NMUD56 x60 Tmm
»SP cover the bud entirely »SP covering the bud tip, »EP folded at the tip, clearly
¢ Bud flat to tuber surface although slightly open visible through SP
* EP hardly visible below SP * Bud raised from surface * SP upright at the side of the
* No 2P visible * EP just visible between SP bud, likely wilted
* Simple cell structures (No *No 2P visible * Stomata visible across the
hairs and few stomata) * A few Stomataon EP EP but no leaf hairs
* No leaf hairs * 2P not visible below EP
Stage lll ‘Peeping bud’ Stage IV ‘Immature sprout’ Stage V ‘Sprout’

T

NMUD4.8 x60 1mm NMUD4.2 x60 1mm
»EP opened & 2P visible » 2P beyond EP covering tip »Stem clearly established
* EP highest point of the bud * EP opening away from bud * Hairs developed
* Stomata visible but no hairs * No clear stem is visible * Bud tip has elongated away
* 2P tightly folded, no 3P « Few hairs on EP and 2P from the tuber surface
visible below * 2P leaf like in appearance * 2P loose & 3P visible
* SP wilted and curled from « SP wilted & cirled from * EP loose on side of the stem
base of the bud baseof the bud * 2P have leaf like structure

Figure 2.3.2: Development from dormant bud 8prout can be split into six stages.

9EFYLX S {9a AYI3ISE aK2gAy3ad (GKS LINRINB&&AZ2
A0FNIAY3a gAGK + {GFr3S h WR2NXI YO 06dzRQ YR
imaged using SEM a0® magnification. Due to the destructive nature of SEM all images ar
separate buds. Descriptions of the key developmental features are given for each stage, with
arrows indicating the structures of interest (in bold in the description) at easckldpmental stage.
Scale bars of 1mm.
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The six developmental stages each have distinct anatomical features thatrdéiedjyetransition 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 visibjeand the bud is relatively flat to the tuber surface. The sprouting assays
use tubers expected to be in their edormant phase, as this is when they are primed to begin
sprouting. However, the physiology of the edormant bud is very similar to that ah endedormant

bud midway through dormancy or to the bud of a newly formed tul’ppendixFigure 2.3, and
therefore stage O represents the dormant morphology for dormant apical buds. Stage | is distinct from
stage O because of the signs of visible growit 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 Il the EP are at the top of the bud and clearly expose#d, with
upright on the side of the raised bud. At stage Il, 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 stageatilwhich point the EP have grown beyond the height

of the SP and opened at the tip. At stage Ill 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 d&ostage V sprout, which will have elongated away from

the base, and has well developed ldigE primordia.

To standardise the assignment of a stage to any SEM image, a sprouting atlas was developed, with
lists of features expected at each developmert@ge Table2.3.1). 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 spragi stage of any bud in the earliest stages of sprou
(between a dormant bud and an elaaiting sprout) can be determinedsP = Shield Primordia, El
Emerging primordia, 2P = Secondary primordia, 3P = tertiary primordidi(gee 2.3.1 anatomy for
exanples)

Criteria: Stage O Stage| Stagell Stage lll Stage IV Stage V
Bud flat to surface? Yes No No No No No
Does there look like growth (raised buc No Yes Yes Yes Yes Yes
Likely number of primordia sets visible” 1 2 2 3 3 4
Primordia set coveringp 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 anatomiaglifes

of interest at each stage, cartoons of each sprouting stage are proviguré2.3.3). These cartoons
exemplify the distinct morphology seen at each stage. Although six stages of bud development can be
distinguished using the atlas, at points st thesis a more general description of development is
provided since (depending on the analysis) not all traits can be captured. Thus, stages O and | can be
O2YO0AYSR (2 RSTAYS Fy a9l NIe&¢ aidl3asS 2F o0#MRE RSOS
aidr3S 2F 0dzR RSPYSt2LISydGs yR aidlr3sa L+ FyR = 02

—h

These are also depicted in Figure 2.3.3.
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Early development

Mid development

Stagell Stagellll I

Late development

Figure 2.3.3: The six developmental stages of early sprouting development

Simplified caricatures of the six distinct developmental stages, created in Adobe lllu:
2020 by J. Pitman for this work. Broader groupingt o 60 Ear | yo6, o Mi d
is also given.
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2.3.1.2. Cross validating the sprouting atlas with mpbaiography.

SEM is a destructive imaging approgaittus, 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 deenhilst
keeping the entire bud in focus. Therefore, a maphmtography approach was used to nmvasively

image buds. Using lens extenders and focus stacking it was possible to getdalghion images of

buds without compromising the sample.

Whilst macrophotography allowed significantly higher resolution to standard photography, the
surface morphology was not as clear as in SEM. | therefore cross validated the developmental stages
identified using macrgohotography with SEM images. Figure2.3.4, example images of the six
developmental stages are presented from SEM and mphaiography. 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 éx&af 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
photogrgohy. Moreover, in some respects magshotography 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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Stage O ‘Dormant bud’

< Bud flat to tuber surface >
< 3x protective shield primordia >
< No emerging primordia visible >

Stage | ‘Active bud’
< Bud raised from tuber surface >

< Shield primordia opening >

< Emerging primordia visible >
but covered

Stage Il ‘Growing bud’

< Emerging primordia exposed >
< Shield primordia upright >
< No secondary primordia visible >

Stage Ill ‘Peeping bud’

< Bud flat to tuber surface >

< Secondary primordia visible >

< No stem or leaf hairs >

Stage IV ‘Immature sprout’

< Secondary primordia exposed >
< No clearly defined stem >

< Emerging primordia folding out >

Stage V ‘Sprout’

< Clearly established stem >
< Leaf like primordia >

< Secondary primordia open >

Figure 2.3.4: Comparison of each of the sprouting stages imaged with SEM and +photography.
Comparing macrgphotography with SEM images, to cross validate their use to detern
developmentaktage. 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 refere
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Deciding between mao-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 mphaiography but lack 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 macnghotographapproach 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
macra-photography can be slow after imaging, however the processing can be complelext aand

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 unavaifableirther growth assessments or for
biochemical analyse#\s such, SEM, and magubotography both offer different advantages and

disadvantages (Appendbable 2.}, and therefore where possible both approaches have been used.

2.3.1.3. Assessing intefmaorphology changes at each developmental stage

SEM and macrphotography 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, smples at each of the six stages of bud development were fixed and embedded in
TechnoVit resirand sectioned longitudinally to 8um thickness across the centre of the bud. This
process allowed the cellular structure to be retained, however compromised tin@lea 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 (25um) using a Cryostat. Gsgatins 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 analysisTechnoVitsectioning provided celluldevel detail but compromised the metabolic
integrity, and cryesectioning maintains the metabolometayrity but lowers the level of detail
(AppendixTable 2.2.

. STF2NB SAGKSNI 2F aS8SO0GA2yAy3 FLILINREFOKSA gSNB (F 1S
and recorded, allowing the internal structure to be aligned with the known external morpholiogy
Figure2.3.5, examples of each developmental stage when sectioned are presented ethaoVit
aS00A2ya LINPGARS (KS Y2ad AyaAirdakd Ayd2z2 GdKS AyidSN
limited cellular differentiation, with small tightlpacked 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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GKS LRGFG2 (§dzoSNE aG2NRAy3 fFNBS ljdaaydiAaAdAaSa 2F 6
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 prestuis to vasculature. Hair cells are also visible on the

Wi FGSQ adl3S o0dzRas Aadadziy3ad TFddihavislicds She srysediioilkR ot © L
FNBE YdzOK f2¢6SN) NBaz2fdziAzy® Ly (GKS WS guishatsee, aG I 3S
and the tightly packed cells at the surface transitioning straight into vacuolated cells is readily
LI NByido Ly GKS WYARQ &aidl38a G4KS SEGSyarzy 27
running up the centre of the sproutisivik 6 f S® CAylFfte&x Ay GKS Wil adSQ a
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 insighthatanternal

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 esgationsshow internal morphology.

Longitudinal sections are presented for each development stage. (A) Longitudinal sections ¢
from each developmental stage after being fixation and embedding in TechnoVit resin. (B) Ex:
of longitudinal cryesections usd for MSI. Images are generated by silhouetting the microsc

images of freez@lried cryasections.
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Using all of technigues above, it was possible to categorise the stages of early development and to
create a tool for quickly and clearly identifying eacstidct stage. An aligned example of each imaging

approach and each distinct developmental stage is presentégpendixFigure2.3.

2.3.2. Use of the atlas to assess growth and development in a range of potato cultivars.

A major issue with assessing ptit sprouting is that the rate of bud growth can be highly variable
0SG6SSY LI NByGte OGSNEB aAYATFNI AYAGAFf (dzoSNAZ
favourable to growth is often a poor proxy for actual growth and development of atiyidlual 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, | performed a series of experiments
analysing bud growth and development basedeither sprout length of developmental staging of the

bud.

2.3.2.1. Measuring growth over time

In Figure 2.3.6two measurement methods are demonstrated for assessing the growth of the same
buds over time. Two approaches were necessary due to the twessoagrowth being recorded: the
AYAGALFE 3INRPGGK Aa OSNE aviftt o0gAlGK GKS o0dzRa 27
millimetres), whereas the late growth is large (with changes measured in centimetres). As such the
first method used thestandard invitro 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 stariteranent. Then,

using a lens extender and the camera at adéfree 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 (Figure6AB 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 notpossible 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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A) 8- Assay measurements Assay Imaging approach
f
E 6_ X
E X
<
()]
54 )
3 d
o c 3
”291 , b . _z%_
0 1 1 1 1 1 1
0 24 48 72 96 120
Hours
B) 1004 Magenta measurements Magenta imaging approach
_ d
E X
£ o=
p= 2% ’
@ b
o a <
) .
o 1 5 b %
— X
0.1

1 1 1 1 1 1 1 1 1
0 24 48 72 96 120144168192

hrs
Figure 2.3.6In-assay measurements allow distinction of bud growth in early development whict
not possible using magenta based assays.
Bud length (fom the tuber surface to the bud tip) was measured using images of potato discs |
standard assay approach and using a taller magenta assay approach. (A) Bud length measu
when buds are imaged in the standardvitro assay approach (B) bud lengtteasurements (on &
log10 scale) when imaged in magenta style assay. Example images are presented on the rigl
24hr and 144hr time points. Images were taken at 24hr time points and measurements recordec
imageJ software. In (A & B) each crospresents a sample, with the group mean and stand
deviation given as the same buds are being measured. Example images are presented on the
the 24hr and 120hr timepoints. RM oiveay ANOVA with multiple comparisons was performed
both datasetdo determine whether timepoint means significantly differed, with a P<0.05 differe
denoted by lettering. Exact P values in Appendix Table 2.3. In each image a 10mm scale bar i
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 lengtirom 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), inghhditvetween the &2hr
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 significantfeience 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 logl0 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 thase fibur 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 acceleratafter 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 veaflgtass 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 diplay different developmental stages. As showirigure 23.7A, there is considerable
overlap in the lengths of buds at stages O, I, Il and Ill, with the overall difference in length between
the four stages being less than a millimetre (Stage O mean len@tfidmm, Stage Il 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 irthe 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 (0Ohrs), at least three
distinct stages are seen at any one time point, until 120hrs-pesdy 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 timepc
(A) Bud length over time with mean and standard deviation given by horizontal lines, and al
points are shown and the letters denoting significariéed.05) in ordinary oneay ANOVA. Exact P
values presented il\ppendix Bble 2.4 (B) Truncated violin plot showing developmental stage
each timepoint, the thick black line indicates the median developmental stage reached, and ¢
lines indicate qudiles. KruskaWallis Test performed to determine statistical significance of medi
at different timepoints. Letters denote the significance of adjusted P<0.05, for exealiuPs see
appendix table 2.4. (C) The mean bud length with is given with stdndaviation at each
developmental stage or timepoint. Developmental stage lengths were tested for signif
differences using an ordinary owveay ANOVA with multiple comparisons. The letters den
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. Thisdsilpalsti

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 anatomicabateres 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 assp is likely to be either stage Il or Ill. Moreover, when considering the broader
RS@OSt2LySydart adrasasz WSIENIeQ RS@St2LIYSyd odzRa |
gAtt y2404 0SS glraitte t2y3ISNI G§KI Yy ewodghly Rymihléngtl ( K® Wa
and are most likely to be seen betweend® K2 dzZNBE Ay GKS | daléed CAyYyIlffe

rarely be seen before the 96hr time point and will be considerably longer than 1mm.

In Figure 2.2.7A whilst the median develogmal 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 evidentRigure 23.8, where the data from seven comparable
assay experiments over a twear period is presentedVhen 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 Ohrs, most buds were stage O. At 24hrs, the median was stage
| with some wariation across the experiments. At 72hrs, there was a wider variation in stages seen but
no significant difference between the median stage in each experiment (Kiskas P<0.05). Finally,

at 120hrs there was uniformity with most buds at stage V.idgnre 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 developmentatages varied at each timepoint, however there was consisten
between experiments in the stages seen.

All data presented relates to c.v. King Edwards. (A) Violin plots show the collated developmental
seen at each timepoint. (B) Shows the develeptal stages seen at four time points across se\
different experiments. In (A & B) solid lines across the violin plot show median developmental
dotted lines show quartiles. The median stage at each timepoint was compared using a-Krakisa
oneway ANOVA and the letters denote the significance between timepoint medians (Adji
P<0.05), for exact -Palues seeAppendix Table 2.5(C) The percentage of samples in ee
developmental stage for each timepoint. Colour of developmental stage shol@gend on the right.
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2.3.2.3. The applicaly of the sprouting atlas across cultivars

Having assessed the reliability of the sprouting atlas across experiments, | then proceeded to test its
applicability on other cultivars. The sprouting atlas was developed using c.v. King Edwards for reasons
laidout 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 ideaimparisons to King Edwards. Each of the
varieties were extensively imaged by SEM, and their developmental features were recorded and
assessedTable 23.2 presents a modified sprouting atlas for the three cultivars. Most of the
differences between the ctivars 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 Wenatim¢rgence of

the stem, it is more likely to see Estima expanding laterally rather than increasing in length upwards.
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Table 2.3.2: The sprouting atlas, adjusted to cover three cultivars

The criteria is given for each of the four developmental stalfdisere is a different feature for any «
the cultivars it is separated into a separate line on the same criteria row. The three cultive
labelled King Edwards (KE), Maris Piper (MP) and Estima (A).

Criteria: Cultivar |Stage O Stage| Stagell Stage lll Stage IV Stage V
KE Yes No No No No No
Bud flat to surface? MP: E No* No No No No No
Does there look like KE No Yes Yes Yes Yes Yes
growth (raised bud)? MP; E No** Yes Yes Yes Yes Yes
Likel number o] KE ! 2 2 3 3 4
prim())/rdia sets visible? MP 1 2 2 s 3 3
E 1 2 2 3 3 3
Primordia set coverin .. \io. £ op SP EP EP op op
bud tip
KE Yes Yes Yes Yes Some Rarely
Are SPVisible? MP Yes Yes Yes Yes Yes Some
E Yes Yes Yes Yes Yes Yes
. KE 3 3 2 2 1 1
\I;ills<iebllye Number of SP MP - 5 5 5 5 5
E 3 3 2 2 2 2
KE Flat Raised Upright Curled Curled Curled
How are theSPoriented? MP Raised Raised Upright Upright Upright Curled
E Raised Raised Upright Upright Upright Upright
KE No Yes Yes Yes Yes Some
Are EPvisible? MP Some Yes Yes Yes Yes Yes
E No Yes Yes Yes Yes Yes
. KE 0 2 3 3 2 1
\I;ill;ebllye Number of EP MP 1 5 3 3 5 5
E 0 2 3 3 3 2
KE N/A Raised Upright Upright Open Open
How are theEPoriented? 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 are2Poriented KE; MP; E N/A N/A N/A Raised Upright Open
Are 3Pvisible? KE; MP; E No No No No No Some
. KE;MP |0 0 0 0 0 2
Number of3Pvisible? £ 0 0 0 0 0 1
. KE; E No No No No Some Many
Any hairs? MP No No No No Few Some
. KE None Very few Few Some Some Regular
Likely abundance ¢
Stomata? 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 vyes
E No No No No No Yesrrrrx

* Buds are not pitted so always appear as a bump on the surface

** Despite rise, there is no swelling or clear activity

*** 2x SParranged opposite each other instead3X 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 progressurred at a similar rate. llrigure 2.3.8 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 ofvhgeties 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 2.3.9Developmental progress over time is similar between different cultivars.

(A) Each cultivar is separated, and truncated violin plots show the collated developmental stage
at each timepoint. The letters denote sifjoance between developmental stage medians within
three cultivars at the seven timepoints using a Kruskallis test with multiple comparisons (adjuste
P<0.05). Colour legend across the top. (B) Shows the developmental stages seen at four t&m
across different experiments for Maris piper and Estima [colour key the same as in (A), Maris F
green, Estima in yellow]. In all graphs solid lines across the truncated violin plots show n
developmental stage, dotted lines show quartiles.rdskatWallis test with multiple comparisons we
performed on each time point to determine if the median developmental stage differed betw
experiments and cultivars (P<0.05), this is denoted by the lettering. Exeatu®s available ir
Appendix Table.B.
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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 sippressants. Having validated the sprouting atlas, | therefore investigated whether the in
vitro assay could be used as a tool to assess the efficacy of sprouting suppressants. To do this, |
focussed on three commercially available suppressants: chlorpraph (CIPC), 14

dimethylnaphthalene (1 ADMN) 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 @ggn 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
compaunds into the sprouting assay. kigure 2.3.10the 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 deternmeach samples
developmental stage (or the closest applicable stage). CIPC was mixed into agar at 50uM and 100uM

concentrations and the buds were imaged by SEM at 120hrs.
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Figure 2.3.10: 100uM CIPC treatment caused deformed bud growth, and disrupted developmel
(A) Presents the developmental stages identified after 120hrs in the sprouting assay when potat
were on agar made up to either OuM CIPC, 50uM CIPCOuM.EIPC. Truncated violin plots shc
distribution of samples, with the thick black line indicating the median and dotted lines den
quartiles. The median stage at each treatment after 120hrs was compared using a Kvadliabne
way ANOVA and thetters denote the significance between treatment medians (Adjusted P<O.
The exact R/alues are given in Appendix table 2.7. The 100uM treatment was significanth
developed than the control and lower dose. (B) Example SEM images of the bud coattiior
treatment. The top row are buds at 120hrs on 50uM and 100uM. Bottom row is a control (OuM
at 120hrs and at 72hrs. The morphological differences from the controls given as are developi
stage. Scale bar shown on each image. 72hrs stagentiiol included as morphologically similar
100uM deformed bud.

NMUD6.0 x680 1 mm
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The two doses of CIPC in agar had differing effects on the sprout developnitbriQwM treatment

not significantly affecting development, and the 100uM treatment severely affecting development
(Figure 2.3.10A). The samples treated with 50uM CIPC showed only minor differences from untreated
control buds, with slight physiology charggsuch 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 100uM CIPC treated buds appeared
signifcantly impacted by the treatment. The number of leaf primordia visible at 120hrs was equivalent
to stage Il 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 anatonthebuds 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
100uM CIPC buds peared closer to an excessively opened stage Il bud (Figure 2.3.10B). Whilst some
of the features relevant to the sprouting atlas are present, the 100uM CIPC treated buds were difficult

to classify into a precise developmental stage as the deformatiosgpited distorted features.

2.3.3.2. Volatile suppressant application

Commercial application of sprouting suppressants varies between products, but the majority rely
dzLR2y WK2{d F233Ay3Q> gKSNBoe (GKS O2YLRdz/tght Aa QI L
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 suppssreaching 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 1RIMN. Therefore, whilst application in agar allows for a highly refined
investigation withknown 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 intarell space, to which a select volume of stggsant was applied,
and the lid of the assay plate was raised slightly to allow volatiles to enter from thevielespace

into the sample wells. The three suppressants discussed (CIPC, SPORNUIN) were all trialled in

this manner with a water conbl. 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 (whiolstly composed

of highly volatile terpenes), followed by the aromatic hydrocarborIMN, 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 sypessant were added to the filter paper. Fiigure 2.3.11he impact of

each suppressant after 120hrs in the assay was assessed using the sprouting atlas.
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For 1,4DMN (Figure 2.3.10A) all trialled volumes significantly supressed sprouting, with no buds
showing developmental features beyond stage lll. The higher doses @MM did not result in
significantly different levels of suppression (Kruskélllis Test P>0.05), indicating that even the
lowest levels of SPO trialled were highly effective. To mstibse 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 tha 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 ®2thkeCIPC 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 ClP&erevident.

A) 1,4-DMN B) SPO C) CIPC

Developmental Stage

Developmental Stage
T T

Developmental Stage
T T

T T T T T T T T
0.00 050 1.00 2.00 0.00 010 0.25 1.00 0.00 0.50 1.00
ml ml

Figure 2.3.11Volatile application showed no dose dependency in-DMN and SPO.

Three commercially used suppressants were applied to filter paper in thevigéspace of the assay
The developmental stage was then recorded after 120hrs. Letters denote significance in m
within each treatment type using KrusRalallis Test with multiple comparisons (Adjusted P<0.0(
exact Pvalues are available in Appendix Table 2.7. (ADMM showed no effect of different doses
(B) SPO showed no dose effect. (C) CIPC at 0.50ml application had no suppression effect, b
Iml.

65



Chapter 2: Categorising the physiology of early sprout development.

2.3.3.3. The impact of SPO andDMN on growth

The mode of action of CIPC has been explored at length in a previbosse PhD project (Grand
2021), and therefore, it is unnecessary to explore the compound any further in vitro. lrasgréPO

and 1,4DMN 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 d 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, Il and Ill) corresponding with the findings shown in Figure
2.3.10 where there was only one instance of a bud progregsiagstage lll. 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 Il or Ill control
buds.
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Figure 2.3.12: Application of 1;BMN or SPO at the start of the assay prevented bud grow
however when remwed the buds were able to partially recover.

(A) Presents a standard assay, where 1ml oDIVWN and SPO was applied to filter paper in the inter
well space at the beginning of the assay process (0Ohrs) and the length of the buds was measur
120hrs.H20 was used as a control, applied in the same manner. The mean length and st:
deviation are given, and an ordinary one way ANOVA with multiple comparisons was perforn
test for significant difference between treatment mean lengths/éfue inappendix table 2.9. There
was no significant difference between the SPO aneDIVIN treatments, but both were significantl
different form the control. (B) SEM images of the buds and images of the entire disc are sho
each treatment in the standard assapproach. Scale bars given in each image. The water treatec
was too large to SEM fully, and as such was decapitated and imaged on its side. (C) Buds
treatment for the first 72hrs of growth, before transplanting onto control agar in new gsisags to
determine if they were capable of recovery. Developmental stage was recorded at the transfer
(72hrs) and 120hrs later (196hrs) as shown by truncated violin plots. The median stage ¢
treatment and timepoint was compared using a Kruskallis oneway ANOVA and the letters denot
the significance between treatment medians (Adjusted P<0.05). The exXdatuBs are given ir
Appendix table 2.9.
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Lack ofdamage 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 trdausigd onto fresh, control aga
without the volatiles present to determine growth had resumed after 12QRigure 2.3.12)C The

growth of the buds did not fully recover, and there are clear signs that the volatiles have impacted the
buds, however some gvath is noted. The buds receiving the SPO treatment became bleached white,
and the 1,4DMN treated buds turned a light gree@nly two of the suppressants treatedbuds
reached stage V after 120hrs on the control agar, however there is clear evidence o#isinty and

opening torevealnew primordia.

The technical guide for applying SPO andOMN in stores recommends for application to be timed
gAGK Of SFNJ aAdya 2F ANRPGgUOKI y2NNIffeé 6KSy GKS
opening) (ADB 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 groathestablished. 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 treatménfqbatrol], SPO

& 1,4DMN) was applied to the filtgpaper in the inter well space. The assay plates were then resealed
and left for a further 120hrs. Then 192hrs post assay initiation, the buds wereasured, stage
identified and imaged under the SEM. The results of this delayed treatment are preseriignire

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-DMIN treatment caused significant damage to the buds.
Assgy plates untreated for 72hrs, at which timepoint 1ml of each suppressant (H20 [Control], ¢
1,4DMN) was applied and the assays resealed for a further 120hrs. Stage and bud measur
were taken at the 72hr time point, before treatment, and at 192(1r80hrs post treatment). (A) Show
bud development before and after treatmenfhe median stage at each treatment and timepoint w
compared using a Kruskdlallis oneway ANOVA and the letters denote the significance betwt
medians (Adjusted P<0.05). Téneact PValues are given iAppendix table 2.10(B)The mean length
and standard deviation are given for each treatment and timepoint, and an ordinary one way A
with multiple comparisons was performed to test for significant difference between treatmmean
lengths (Pvalue inappendix table 2.10JC) Example images (SEM and maatrotography) presented
for the delayed SPO and iIDMN treatment after 196hrs. Scale bars given.
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After 72hrs on control agar, all buds were mvdy through development, some even at stage V. The
buds that remained in control conditions (water added to fiteer paper) then all proceeded to full
sprout and reach stage V (Figure 2.3.13A). In comparison, the SPO @dN ,#teated buds did not

all reach stage V, with the median stage reached in both cases increasing only slightly from stage Il at
72hrs tostage 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 {DMN and SPO buds was minoithaa 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 abdiN4ncreased.
However, after a brief 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 after4b#i,4nd SPO
treatment. The 1,4DMN buds darkened in colour, going slightly green, and fattendle base. The

SPO treated buds blackened, with the primordia shrivelling and were clearly very damaged.

2.4. Discussion

The invitro sprouting assay and the sprouting attkesscribed in this chaptdrave been used to closely
examine the earliest stagasf 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 smoutin
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 mpiate 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 deswipf 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 budto-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,
macra-photography, and histological sectioning. This timeline of sproutifggvatl 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 theredibly 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 alléarsthe timing of biochemical changes to be

put into context of the plant morphology. This approach is frequently utilised in studies of leaf shape,
and wellestablished leaf growth atlases have enabled the underlying genomic and transcriptomic
features hat drive leaf shape to be discovered (Bar 2014; Cox 2020; Wang 2013). Heredejpéehin
insight into the physiology of sprouting potato buds provides two advantages. The first is the
physiological context associated with the metabolic changes that witliscussed 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 sproutidgrnisonstrated in SEM, diagrammatically

and using macrgphotography. 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 domant 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 | and Il), before fré8lt ¥ LINA Y2 NRA | & LISS LXE
protective emerging primordia (stage lll), signalling the beginning of drastic morphological change.
Once the buds have peeped, and fresh primordia are exposed, the physical development accelerates,
with vertical growth othe new primordia and opening outwards of the previous primordia (stage V),
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 traasifmmmvill 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 sprougirdevelopmental 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 developedQ&in§EM

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 théngeloniagenus The SH 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 didthgd 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, aretéfore 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 inté\ngeloniaseedlings, 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 colongebdhrough development.
During the early stage of development (stagé) @he 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 mackphotography images are aligned. In the mid stages (staf® the bud lightens as the
fresh primordia become apparent, and finally in the late stages (staly@ thve sprout is mainly white

as the stem emerges and more fresh primordia establish. These coloogehare not visible in the

SEM imagery, and hence it was necessary to align n@wtography 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 rkimg 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 lfid-burning sprouting suppressantsuch as sparmint oil

or orange oilneeds to be timed to when the bud has just emerged from the shield primordia, and
fresh tissue is exposgd’homa 2022; Varga 1956; Zair 2022ly at this pointanthe bud-burning
suppressarg be most effective. bwever, with no sprouting atlas, or SEM approaches to notice the
subtle growth of stageslll,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 t(®&x. Agronomy, in
convasation). As demonstrated in Figure 2 3this 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 tofirst notice the white sprouts and threarrangenent andapplication of a suppressant (which

is often contracted out andiencenot immediate) a large amount of sprouting will occur, and the
commercial value of the stored potatoes drops dramaticallyerefore, earlier detection of growth
could mitigate gainst this loss. Thus, using theacrophotographyalignedatlas subtle anatomical
FSIGdaNBa GKFIG RSy23GS | aLISSLAYy3IE o0dzR 2y GKS @SNH
detection of active sprouting and timelier suppressant applicationsue$, aligning the SEM based
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sprouting atlas with the macephotography atlas not only avoided compromising samples, but

provided a lowtech method for using the atlas as a tool to assess bud development.

To deepen the insight provided by this developrarassessment 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 sputing 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@aain 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 budddmonstrate meristem cell size and organisation was
enlarged and utilised these insights to unveil the madieaction 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 cgextioning 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 exaatgtage IV there is no visible stem
when observing a bud using SEM or maghotography 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 welbrganked cells connecting tightly packed meristems with-mraling tissue. The
structure of the cells in the stage IV samples is considerably different from the cells seen in a stage ll|
bud (which lack any organisation) and is distinct from stage V structgeso vasculature is
established. Internal features such as these are not visible using SEM orphatography, and yet

they signify a considerable change in the structure of the sprout. As such, providing internal context

to the external morphology hasxtended 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 tubeto-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 ikipotatoes 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 progressdaindustry 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; Z2Gb5; Coleman 998; Fourkaraki 2016;
Hartmann2011).

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 DestefaneBeltran 2006; Broa 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
physidogy of the buds. In Figure 2.3.7B for example, at 72hrs buds from stage | to stage IV are seen.
A stage | buds will have only two sets of primordia, no specialised cells, no organised internal cell
structure, and little freshly developed tissue (shieldnmmrdia 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
specalised cells and a proto stem will be establishing at the core of the bud. The anatomy of buds at
stage | and stage IV are therefore vastly different, and yet, using time alone as the indicator for
development, they will have been collated. When considgrine 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 thephysiology 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 establishmemif 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, Hartmah(2efd)

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 2022y, 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, ad@osant bud
exposed tafavourable 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 threshbidmof 3
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earliest signs of growth are not being captured, and thereforemeemuanced 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 Ohr buds and 72hr buds, with the entire sample population within the first 72hrs fittiag i
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 shovim Figure 2.3../where stage V samples (which are distinguished by the
first emergence of the stemare only observed at 96 or 120hr tipeints. After the stem forms,
determining bud length becomes a matter of centimetres rather than fractions of millimetres, as
shown by tle magenta experiment in Figure 2.2\6in which it was necessary to use a log scale to
render the graph interoperabléAsbuds can quickly exceed the commercial viapilitreshold of 5

10mm within 48Is of stem emergence, bud length is not a reliable prine development.Using
explicit physiological featuress defined by the sprouting atlésa more meaningful and reliable way

to measure sprouting progress and compare different aspects of the sprouting process.

Bud weight is an alternative method fassessing 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 lizeh in s
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 ttiicdilty 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 respirdabn 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 toa$$@ssing 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 assayyrovides 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 boddanic 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 apcal 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 atidss 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 shortédium 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,
harvesed, 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 roundshape), 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 @re 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 impgrevagplicability

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 axitladg would also be
beneficial. The axillary buds have so far not been included because the apical dominance maintaining
axillary bud paralormancy adds another source of variation in sprouting rate. Assessing whether
sprouting is identical for axillary dnapical 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
suwppressants, 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 whicle tmeristem 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 showthis 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 agsgsprouting 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 witro 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. Howrgept éor

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 supgsants 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 wadjasted to allow the three suppressants (CIPGOMN, and SPO) to be applied
either in the agar below the potato discs or to disperse as a volatile throughout thewwiltplates.

As SPO and E2MN are both solvenbased compounds, it was not possitdanix 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 amot taken into the tissue and instead needn@kecontactwith 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 causkdd&é¢o 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 beg 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 tgasfiotent

suppressant to cause widespread cell disruption, and the bud could continue to Sprout.p n > a = 0 dzR &
were delayed in development compared to the controls in the same absayever still reached stage

V. It is likely that the presence ¢tdw doses ofCIPC was able to introduce a momentary barrier to

development, but it was insufficient to rirdain the suppressiorThis 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 thevigitespace, bt

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 reachimgbud 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, aegatopas

completely disrupted, and the deformities caused byagar application were observed.

Compared to CIPC, SPO andMN showed strong sprout suppression regardless of the volume of
suppressant introduced into the assay (Figure 2.3.11). Thikelly Idue 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 irreparablelamage to the periderm and severely compromises the bud structure when it
comes into contact with the bud (Finger 2018; TeBamnolker 2010). However, when applied to
dormant buds (i.e., when SPO is introduced into the assay at 0 hours), there iséitidrological

impact on the buds, despite still showing clear suppression. In Figure 2.3.12B, the SPORv# 1,4
treated buds are clearly suppressed in their development at 120 hours compared to the control, but
neither treatment has caused visible damaget+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-DMIN treated buds was slightly lower than the SPO
treated buds, andhis slight difference is likely related to the different modes of action of the
suppressants. 1: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, SP\vgrkio burn the periderm

of the bud (Finger 2018; TepBamnolker 2010), and whilst this would occur immediately, it will only
occur on the fresh tissue. TepBamnolker et al (2010) has previously shown that SPO does not
damage most of the tuber surfacend 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 sadikely that

the SPO was relatively ineffective on the bud until the emerging primordia became exposed at stage
I-Il, at which point damage could occur. If this is the case, the hardiness of the shield primordia could
also explain why little to no visibbldamage is seen under SEM in a stage | 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 primagia ¢
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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-DMIN treated buds was a clear indication that even in the in vitro
assay approach, timing of suppressant application is coedfextive 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 (TepeBamnolker 2016; Gome2astillo 2013). However, in these

SE LIS NA Y Sy i asippréssats wer@ dppliéd 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 applicaBB®aind 1;4

DMN stopped development almost immediately. Suppressants were applied after 72hrs in the assay,
Y2ali o0dzRa ¢SNB i adlr3S LLL GLISSLAYIE YR INB 2y
occur however, with only a handful of budewtloping 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; Tedp@mnolker 2016; Gome2astillo 2013), and the

1,4-DMN treated luds 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 1,4DMN colour change phenotype has not been previously described, and it is an interesting
change in buanorphology. 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 Edwarglsead, and this pigmentation is also

not seen in the 1,OMN+treated buds. Without further spectrometry and chlorophyll extractions, it

is not possible to determine the cause of the green content of theDIVMNHreated buds, but its

presence is not advaageous, 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 appliedeimtananany

cases, 1 ODMN is used first as a dormancy extender, applied in stores when the tubers would naturally

be reaching the end of theired®@ 2 N I y i &dF iS® CNRBY GKIFIG LRAYyG F2N
SPO is applied to kill off any budsth@t d & LINR dzi @ ¢A YAy 3 2F GKAA& &LINE dzi
upon the observation of sproutingc(innington 2022; AHDB 2021, Gumbo 20Zhere are currently

no tools for closely assessing the buds in stores (a gap in the industry that the sproutirgaatéad

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;/MN treatment it is far les 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 assdgr syppressant applicatiorand 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-sizéel treatment spaces,

such as ltose used by Visddansiaux 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 decdumiedtandard harvest times,

as sufficient tubers can be produced by growing plants in greenhouses. As a result, experiments are
feasible yearround, and more detailed information can be collected about the sprouting process. This
makes it possible to scea 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 suppressantsuRher 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 supypseasa 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 variation in
sprouting behaviour. Secondly, it demonstrates the effectivenedsso$prouting 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 assessmentfa@ommercially 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 sproegldpment, described in the

next chapter
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3.1. Introduction

Plant metabolomes change as they grow and create new structures. Changes in the metabolome come
from copious metabolic pathways such as tiroduction 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 planttransformationoccurs 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 ocayrtimeir 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 thakenup the metabolome of a
biological system. Whilst metabolomics may be one of the more recently developed and less used
WhYyAaAoaQ FASEtRazZ AG Kra NIYLARfE@ dzyRSNH2YyS I RGIFyO
for investigating biological systenfPutri 2013). Collecting metabolite profiles for analysis is becoming
increasingly easier, and with improvimpmputational interrogation techniques there isvéde scope

to provide biological insightguickly and simplfTugizimana 2016; Wurtzel 2016erBz 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 overlookiedyenomics or transcriptomic approaches such

as the activity of ceexpressed pathways (Lau 2015) or unexpected growth phenotypes in transgenic
lines (Roessnor 2000). These snapshots of the metabolome allow for a quantitative assessment of

phenotype chang, 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 changesver 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 develameanges, including
plants, animals, and microbes. For example, Omidbakhshfard et al. (2021) used metabolomics and

proteomics to analyse growingrabidopsis thaliandeaves. They found that different groups of
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metabolites accumulated at different stagefthe sixday 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 angening process o€itrus
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 nutritionabalue. 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, afign 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 dfers throughout the potato lifecycle. Over this large period, the researchers
found profound metabolomic differences between the chosen life cycle stages, and the sialirce
metabolism shifts were easily distinguished. However, at such a broad #ualmesearchers 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 uséd 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 weekssitorznie. Tuber
metabolomes were extracted at roughly foweek 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 fatheultivars 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 dpes 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 beargeted 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 prbddédculturally 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 metabte 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 adaountargeted

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 iEting 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 spronigj process. Therefore, in this chapter, | will focus on assessing
the metabolomic changes that occur during the crucial and short transition from dormancy to activity
using higbksensitivity equipment, collecting higiesolution data, and avoiding the usé potentially
metabolomeimpacting 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 sptiog 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 metabthiééscan 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 indicaaf 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 accumulatieien$ide
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 byPhytophthora infestanjs some with ati-fungal properties such as alptamatidine 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

specfic 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 sucststen 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 indicatgesgcide use
(Shahid 203) 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; Fernadez 2016). This is because metabolic markers are directly related to the phenotype of the
plant, while genomic biomarkers are only indirectly related. Maidssisted selection (MAS) is a
frequently used practice in crop breeding, and often relies on bagtabolic 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, speding 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 SNFbased biomarkers, to correctly predict polygenic maize traits required
measuements/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 hasteatial as a practical tool for tracking sprouting and

timing suppressant application.

3.1.1.3. Metabolic marker uses in potato research.

In potato research, @tabolic markershave beenusedfor various roles, including: flagging plant
health, identifyingcultivars with innate resistance to stressgesg, drought, herbivory, disease, etc.),
signalling the need for treatment/cultivation (e.g., timing haulm Kkilling, pesticide application,
sprouting suppressant application, etc.), or for tracking tuber igah storage Pushpa 2013;
Yogendra 2015; Massadafadina 2020Sprenger 2018; Roessner 2000; Tarr 2@ahid 2023).

Metabolic markers provide tangible phenotypes that can be assessed quickly and relatively simply.

A major area of potato metabolic mieer research has focused on the identification of resistance to
disease and abiotic stressors for mareassisted selection (MAS). In MAS, metabolic markers can help
decipher complex genomic data, guiding the selection of resistance genes. For examphaylii

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 genomiffelences 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 blackbagsing 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 domestiltivars. In a similar fashion,
MassadangCodina 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 flavoaid 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 ind#é\S 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 selectedrffurther breeding (Obidiegwu 2015).

In potato storage, metabolic markers can be used to detect and track the quality of stored tubers and
to determine poststorage processing options. Tuber quality assessments are looking for metabolic
markers of coldnduced 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 colduced sweetening. This 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 nietatarkers

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, awggddelay 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. Aaltjitio
farmers and store managers may o\aply 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 stomsild 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 apprhas have their own advantages and disadvantadeg 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 spectromeklig)Nill be

usdl, 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 deciss further discussed in 3.4.2.1). The
extensive data collected in IMS experiments can be used to understand metabolome dynamics. In
thisstudy, DR { ¢Aff 0S dzaSR (2 AYOISNNRIAIGS K2g GKS YSi
a broad level, loking 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$hased metabolomics provides extensive data.

MSbased metabolomics has been widely used in many scientificipliigs, 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 recodland 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
solvent) and then fired past an electromagnet and into a detector, here aiffigght quadrupole
(QTof). The mass and charge of the ionized metabolite determine its flight through the detector, with
smaller or higher charged metabolite ions hittitige 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 mags-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 DIMS approach can be conded in either negative or positive mode depending on the
metabolites of interest in the study. In negative mode metabolites are deprotonated (it¢, Mi2H,

M-H20O, etc.) causing metabolites the formation of negatively charged ions, and in positive the

L for more information on the applicability and examples of uses of MS and NMR see the revieuts ley &
(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 naturetbe 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 bse 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 dema@st@tbe 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, ivill 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%) thaitip® 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 beaes 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 pgocessi
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 bottleapaky/ses.

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 t@althe peaks of comparable ions, without removing ions

that represent different metabolitesFigure 3.1.lillustrates 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 presiag 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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Figure 3.1.1: Feature detection and alignment needs to be optimised s€gamples to provide any
useful insight.

The detected mass spectrum for four random samples from a trial dataset between m/z42480
are presented, with the dotted red line denoting the baseline for the spectrum (intensity = 0). |
the raw data foreach sample is presented, and the peaks for each sample are slightigligiesd. In
(B) peak alignment has been performed on the raw data, and now one m/z value can be con
between all 4 samplesdonated by the solid black line at m/z 4211. Two otbetential peaks become
apparent after alignment, the first around m/z 4193, and the second at m/z. these peaks are de
by dotted lines.

This inconsistency in exact m/z value will always occur between samptEbatches, particularly with

the improvements taVIS detectorssensitivity(Alseekh 2021), and therefoteue feature alignment
becomes a core aspect pfocessing optimisationAs such, iis necessary to accurately align the
detected peaks, to generatone ion m/z value across all four samples antboth it to makethe
intensity datacomparable(Figure 3.3.B)When aligned, the raw data alsasakes two neighbouring
peaks obvious in the daf@enoted by theblackdotted lines in Figur8.3.1B). In the uraligned data,

these peaks would likely be overlooked, and considered anomalies in bell curve of the main peak,

however when aligned they become distinct.

Thesmall peak preceding the main pegikkmer is likely to be a reabn feature of interest, as its
consistently seen in all samples, and has reasonable levels of detection, and as shob|dtbe
included in the final dataseT helatter peak, howeverisless likely to be important and is likely to be
noiseas it barely leaves the baseline in afythe 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 datasétowever in the process of smoothing out the noise ip@ssible

to overdo it and mergeéhe preceding peak into the main peak as it is not clearly separated from the
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main signal A tradeoff, therefore, is necessary between effectively identifying real features in the
data, filtering out the noise that does nabrrespond to a real metabolite, and processing the data in

a way that producea comparable datasedf 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 shesrevofuon 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 20W@nformative ion peaks, whether caused by
background noise, assorted metabolite adduatsl ion specier isotopes, can mask true metabolite
peaks and complicate interrogation of the metabolome (Mahieu 2015; Alseekh 2021). Therefore,
various ion filteringapproaches 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 occurringtatistical tests, multivariate analyses, andhpeay 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, | will use a combination of all three approaches to filter out the
most important ionsn 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 pebatsed metabolomics.

The tradeoff between providing the most information pabte 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 ahgsis, making it impossible to distinguish metabolic changes of importance
(Tugizimana 20160ver the course of two years, | have explored the processing -nédiarough

various processing trials and developed a reliable and highly accurate processkfigwr. | will not

go into the details of the trials here, but the workflow is available at

https://github.com/Jkellaway/ThesiMSdata-processing.gitThe finished workflow prictizes 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 workiflohas 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.
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3.1.4. Aims and Odxjtives:

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 changae 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 metabtomic 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 sprouing.

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 duringrtube
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. Ildentify metabolic pathways associated with early events of tuber bud sprouting.

a. Use computational analyses to identify putative mmic 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 targete 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?
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3.2. Methods

3.2.1. Potatesample preparation

/ dzft GA DI NI YAYy3d 9Rél NR&Qa LRGFG25a8 6SNB INRSYS KI
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 24it®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 stogdf @tfor up

to 5 days before metabolome extraction.

3.2.2. Metabolome extraction

t20F G2 YSdilFro2tAGSa ¢S NEB-chhforimédbSie extzactioy @i K KBQ WY S
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 in ratio to the weight of the tissue. Four

solvents were used in the extractiosolvent A(55% methanol: 22.5% chloroform: 22.5% deionised

water) at 10 ul.mg, solvent B(50% methanol: 50% chloroform) at 5ul.mgleionised wateat 3.5

ul.mg?, and D0%chloroformat 2 ul.mg'.

First, solvent Awas added to the sample with two 3mm steel ball bearings in a 1.5ml Sapw
Eppendorf tube. The sample was then ground by a MP Biomedicals Fagtps&p (6 minutes shaking

at 4.0m.s), and vortexed for 1@econds 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 Eppendorpand ke
on ice. The remaining tissue pellet was therertracted by addingolvent Bvortexing for 10 seconds

and resting on ice for 10 minutes. Theexracted solution was then centrifuged at 14000rpm for 2
minutes at 4°C and the supernatant was addedhe previous supernatant. The combined solution
was then separated into aqueous and chloroform phases by first adding bottetbeised wateand

the 100%chloroform and centrifuging the solution at 14000rpm for 15 minutes at 4°C. The separated
phases wee then pipetted into separate tubes. The extracts were performed at either 4 or 5 rhg.ml
(depending on sample weight) and then aliquots of the samples were diluted down to 0.0Thbg.ml

be available for MS analysis. All stocks and diluted samples veeesl sit-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. BMS method.

For untargetel metabolomic screens, the metabolome extracts were analysed in a Wate® G2

Tof Mass spectrometer using electrospray ionisation. A 10uL aliquot of 0.01igamiple was
directly injected into the mass spectrometer in line with 50:50 methanol, usitgter Acquity UPLC

auto sampler (no chromatography column attached). Spectra were collected in negative ionisation
mode, across the mass range ofB000 m/z (for dataset D_1 a slightly smaller window oBB0Da

was used). Positive mode data was alsdéectdd, 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 consisterever 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 0.61mg.ml
citric acid standard and a 10uL blank 50m€thanol 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 trimmed46 86ans associated with

the sample, removing the scans taken prior to sample detection and scans from the wash period.

3.2.3.2. BMSMS

Tandem mass spectrometry was performed on certain key metabolites to confirm their presence in
the sample. To do this, 0.01mg:hstandards forhe 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, MassBardnd 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 irsdnge 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 | have developed a
novel processing worldv adapted from the work of Overy et al (2005). Raw data is initially converted
from .RAW files to .mzML files using MSConwéetgion: 3.0.22144 and then processed into a Total

lon Count (TIC) spreadsheet in R (Version 3.3.6). For descriptions ofdlde Bnd processing steps

see: https://github.com/Jkellaway/ThesiMSdata-processing.git The TIC datasets produced are

incredibly high resolution, as the script prioritises pedé&ntification, and therefore multiple ion

filtering steps were employed to extract informative metabolite data (See 3.3.1).
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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 {Véi$i0R2), and
Metaboanalyst 5.0 (Version 12.0). PCA, GPASand 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 perfdrmeMetaboanalyst 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
toimp2 S GKS RIGFQa O2YLI NroAfAGE FyR G2 SldzataAaas
scaled using Pareto scaling to reduce the dominance of high intensity peaks and enhance lower
intensity peaks, allowing changes in intensity to be more easilindisshed. 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, twesampe t-test with pvalue threshold of 0.05, and volcano plots utilising the FC
and ttest data. PCA and ORD3 analyses were then performed, and from the GBAS&nalysis VIP
scores were recorded. For muffioup analyses the same processes were condudtediever the
univariate analysis was a oy ANOVA with Tukey HSD phet analysis (@alue<0.05). On each

PCA or OPLIBA score plot a Hotellings T2 confidence ellipses is provided for 95% confidence. The
Hotellings T2 statistic is calculated for the sd@s during the PCA and OHLS 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 searchigdtd collection of open

access metabolite databases (Skable 3.2.). To identify the putative metabolite identity of an ion,
the detected mass was searched for with either aftHMM-2H or MH2O ion species. For more
information on putative metabolitedentification see section 3.3.1.1.

Table 3.2.1: Metabolite databaseslList of databases searched for ion identities and for comparing raw spectr
standards spectra. Website link and date accessed given, as well as primary purpose.

Database Website lirk Accessed Primary Purpose
PubChem https://pubchem.ncbi.nim.nih.gov/ 201923 Spectra standards
KEGG https://www.genome.jp/kegg/compound/ 201923 lon searches
BioCyc https://biocyc.org/ 201923 lon searches
MetaCyc https://metacyc.org/ 201923 lon searbes
MetLin https://metlin.scripps.edu/ 201923 lon 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 ocaurthe potato tuber bud as it initiates
sprouting.

As a first step in elucidating the metabolic shifts occurring during bud sprouting, | performed an
untargeted analysis of dissected buds. Over the course of the thesis four negative mode Direct
Injection Electrospray lonisation Mass Spectrometry-¥M3)’ data sets were collected and are
summarised irmable 3.3.1 These datasets explore the metabolomic changes that occur over the first
144hrs of bud sprouting and offer differing factors for the analysish Eiataset 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
occuring 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 iteratiofidhee 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 appkd 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 coaipe to those forD_1,D 2

and D_3, and as such when referring to D_4 in this chapter, | will be referring solely to the control
buds of D_4.

2DIESI 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 simpliStiglDI
be used.
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Table 3.3.1: Summary of the four negative modeld$ datasets for untargeted metabolomic analys
of bud sproding. D_4 is a treatment datasehat will be discussed in Chapter 5, CTRL sample
treated with deionised water and equivalent to the other datasets, TRT samples have been treat
aminooxyacetic acid.

Dataset D1 D 2 D 3 D 4

Month of mass spec Mar-2020 May-2021 Oct2021 May-2022

analysis

Sampling time points 0, 24, 48, 72 0, 24, 48, 72, 9€ 0, 24, 48, 72, 9€ 0, 24, 72, 120

(hrs) 96, 120 120, 144 120, 144

#samplesateach 4,4,4,4,4,4 5/5/5,5,4,4,5 5,6,5,56,5 5 5,4,4,5(CTRL)
timepoint (as above) 0, 5,5,5 (TRT)
Developmental stage: n/a O, LILILIV,V O, LI LIV, V O, 1 111V, V (CTRI
seen in the samples O, I, I (TRT)

# samples pestage  n/a 53,4,4,511 6,7,3,4,3,14 5,4,3,1,24 (CTRL)
seen 7,7,1 (TRT)

3.3.1.1. Note on putative metabolite identities discussed throughout the chapter.

Using untargeted BMS alone it is not possible to provide a confirmed metabolite identity for each
detected ion as this relies on measuring accuratess 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
WAff KI@S 0SSy Llzil 6A@Sté& ARSYGAFASR ORSy2GSR
in two ways through this chapter: firstly, through metabolite database searches, and secondly using

functional analysis.

Metabolite database searchingqvides a solid foundation for the metabolites identities. By searching
for metabolites within 10ppm of the detected ion mass metabolite data basesTabke 3.2.1 a
catalogue of potential metabolites for the ion is created. This catalogue is theredilter 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 igmegative mode BDMS used throughout the results in this
thesis), and prexisting 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. Gcrasion 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 multivariatenadysis 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 mutlimensional 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 samnptleis. way the PCs identify

the maximum direction of variation between samples and ickemtify the variables (in this case the
recorded m/z for each ion mass) that contribute most to the variation seen between sampef.Cs
explaining the most variation are then used as the axes onto which samples are plotted. This means
that samples a organized according to how they most differ, allowing similarities and differelmces.
PCA, the model does not "know" which biological/experimental group the samples belong to (it is
unsupervised). This means that the samples will naturally clusteeyf éine 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 3.3.5hows the PCA scores plot for each of the four data sets (D_1 tolEach) dot represents

a sample's entire metabolome and is coloured according to timepoint and labelled according to
developmental stage as defined by the sprouting atla€hiapter 2. Across the datasets there is a
consistent pattern of the earlier timepais 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 th
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 timepdim¢re is a corresponding separation of

samples by developmental stage, with early stages (O) distinctly parted from the late stages (V).

96



Chapter 3: Metabolomics of the potato bud during sprouting.
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Figure 3.3.1: Principal Component Analysis distinguishes bud samples based on time

developmental staye.

Principal Component Analysis (PCA) score plots for all 4 datadejs\#th the circle colour indicating
sampling timepoint (hours) and the developmental stage labelled where possible (this wa
possible for D_1, which was collected before deveiept of the sprouting atlas). All graphs use tl
key on the right, have the RX2 score for PC1 and PC2 printed below the graph, and have a H
T2 confidence (95%) ellipses. If data falls outside of the ellipses it is excluded from further at
Datasets D_1, D_3 & D_ 4 (A., C. & D. respectively) show separation of timepoints along P
earliest timepoints negatively separating (on the left of the graph), the late timepoints posit
separating (on the right) and the mid experiment timepdir2hrs) cantered on the origin. (B) Datas
D_2 shows the same pattern but inverted on PC1. Since PC1 is a new variable created fc
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analyses, this inversion does not impact the result, as the data pattern remains consistent.
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The PCsare calculated measures of variation across the metabolome and are therefore affected by
both biological ad experimental variation. This is reflected in the different plots of the metabolomes
across tke 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), ddbaszhas a righto-left separation
(Figure 3.3.1B), and dataset D_4 has attefight separation with a diagonal tilt (Figure 3.3.1D).
Despite these differences]ldour datasets show the same pattern of early timepoints and stages
separating from latéimepoints and stages. This pattern is plotted along PC1, which explains the most
variation (denoted by the R2ZRQ] score). PC1 is the driving factor behind this separation, and this
separation of early and late development causes 38%, 28%, 25%, armal 8#%ariation in datasets

D_1, D 2, D_3, and D_4, respectivéyllectively, 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 demonstatthat 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 ovemagctynamics 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 liratton, the data inFigure 3.3.2has been filtered to either three time
points (0 hours, 72 hours, and 120 hours) or to examine only three developmental stages (O, Ill, and
V). This reduced dataset makes it easier to investigate the differences betweeclogiaeatal stage

metabolomes and timepoint metabolomes.

For dataset D_2, both the Ohr 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 Ill 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 expdd 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,

respectvely. However, the timepoint PCAs (Figure 3.3.2C and 3.3.2E) are not.
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Figure 3.3.2: PCA rably distinguishes bud developmental stage during sprouting.

Principal component analysis (PCA) score plots for datasets D_2, D_3, and D_4 after timej
developmental stage filter. Graphs use key to the left or right respectively, have the RX2s&td
and PC2 printed below the graph, and have a Hotellings T2 confidence (95%) ellipses. When
by timepoint (A, C, E), 0 hrs/O separates negatively from 120 hrs/V on PC1, with 72 hrs/lll in be
When filtered by stage (B, D, F), early staggggarate positively, and late stages separate negati
on PCL1. In C, PC1 separates three samples from the main group, witmehldye 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), PCL1 is occupied by the separation of two clusters:
the first cluster contains three samples (one from each time point) andther cluster contains the
remaining 12 samples. The cause of this difference is a weaker overall signal for the three alienated
samples (by approximately 46ld in all three), allowing background signal from the solvents and
machine to occupy a larger ggortion of the Total lon 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 an#lgsasch, for

the timepoint PCA for dataset D_3 (Figure 3.3.2C) the separation ofteddie metabolomes is
occurring along PC2. While this differs from the other datasets, the -eathte separation still
explains ~22% of the dataset's variation azah 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 [R€1] sco
does not precisely describe thehdur to 126hour 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 shouhitrat 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 revkdlistinct 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 causeof separation. Supervised multivariate analysisch as Orthogonal
Projections to Latent Structures Discriminant Analysis (@A)San overcome this challenge by
assigning a class to each developmental step (timepoint or stage) and adjusting theormod&imize

class separation. The ions that cause this maximal separation can then be extracted to identify the

causes ofnetabolomeseparation.

OPLSDA was used to identify the ions in the metabolome that caused the most variation between
Ohrs, 72hrs and20hrs or between stage O, Il and V. If the groups were separated solely by PC1, it
would imply a linear transition in the metabolome profile, with stage 11l or 72 hours being justa mid
point in a progressive shift from the dormant bud to the elongatapgout. 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 3.3.3shows OPL-BA pots 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 metabslome i
occurring, as the mighoint groups (stage Il 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 thdeifit 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 ORIASmaximised variation between groups, as the clusters are
completely separated, and some clusters acredibly tight (albeit still separated). In all six plots, the
separation of the start (Ohrs or Stage O) and endpoint (120hrs or Stage V) of sprouting occurs along
PC1 and accounts for 3% of the OPLBA variation. The midpoint (72hrs or Stagedtups 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-@®k8riation (R2X [PC2] <
14%), but it does indicate a more complex metlmime 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 midsprouting 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 Il group is not vertically septed 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 -méiate
metabolomes appears progressive rather than mphased. In Figure 3.3.3D, the witkiluster
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). Thistelr 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 betwwasple variation.

Nevertheless, th 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 midpoirgprout phase, with slightly different dynamics occurring between the

phases.
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A) QPLS-DA score plots — D 2 timepoint data B) OPLS-DA score plots —D_2 stage data
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Figure 3.3.3: OPLISA leads to clear seggation of samples on both a time and developmental stac
of the bud, with indications of a biphasic shift hinged on the midpoint.

Timepointfiltered plots (A, B, C, E, F) show 120 hrs/V separating negatively on PC1 (left), (
separating positivelpn PC1 (right), and 72 hrs/Ill in between on PC1 but vertically separated
PC2 from both early and late clusters. Stéiiered plot (D) shows the inverse, with no vertical clus
separation of the stage Il samples. All plots show entirely sepauetesters with no overlap, ant
only D shows much withioluster separation, likely due to the lack of vertical separation cause
stage Il. R2X scores for ORIdfusted PC1 and PC2 are shown below each plot. Graphs use tht
to the left or right respctively, have the RX2 score for PC1 and PC2 printed below the graph, an
a Hotellings T2 confidence (95%) ellipses.

102



Chapter 3: Metabolomics of the potato bud during sprouting.

3.3.1.5. Using similarity analysis of Variable Importance in Projection to explore how the lead
ilons underpinning metabolome shift change.

In addition to interpreting group dynamics, OHDS can be used to identify the ions causing
metabolome separatio 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 OMMS processing, VIP scorage calculated for each
detected ion mass and represent the level of correlation each ion has with the grouping seen in the
OPLSDA; a higher VIP score indicates that the variable (ion) has a stronger influence on the separation
of groups. In this analysed the OPL®As shown in Figure 3.3.3, a high VIP score indicates that the
ion is more important in the separation of stage O, Ill, and V metabolomes. A VIP score lower than 1
is insignificant and not considered to influence the separation of the graDpshe 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 metabolorshifts 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.).

OPLSDA VIP scores were calculated foialks 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, lll, 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 possiblgam more insight into the ions causing separation of

the metabolome groups without needing to explore a databate-24,000 variablegzigure 3.3.4A

shows the top 800 ranked ions from the dataset D_2 developmental-DRLSigure 3.3.3B). There

is a ste@ 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 droppingdy 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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Figure 3.3.4: Analysis of the Variable of importance in Projection (VIP) reveals the lead
underpinning metabolome separation andhich pairwise comparisons show parity.

(A) The top 800 ions with the highest variable importance in projection (VIP) scores from PC1-of the O
-V OPL®A in D_2 (Figure 3B) are shown in descending order. Each diamond represents a d
ion (m/z), wth grey bars indicating the standard error. Three kégbring ions are identified, with thei
putative metabolite IDs givenB) Jaccard similarity index scores for the top 1000 ranked ions ir
OPLSDA VIP lists of each dataset (D_2, D_3, and D_4haren, grouped by developmental stage
timepoint (corresponding OP3A plots presented in Figure 3). High similarity scores indicate tha
same ions are influential in both temporal and physiological dafaarid ) Jaccard similarity o
pairwise conparison PC1 OPIDA VIP lists to the VIP list of\As shown over the top 800 ranked iot
for datasets D_2 and D_3, respectively. The key for the pairwise comparisons is presented aci
bottom for both (C) and (D).

Three of the most influentialons 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 (explaind@id.1.).

The labelled metabolites link to core metabolic pathways associated with growth and development,
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showing the importance of these pathways in the transition from stage O to stage V. The most
influential ion (2 in VIP ranks) is m/z 191.052 qigiracid, which is linked to the shikimic acid and
chlorogenic acid pathways which are important in reactive oxygen species (ROS) scavenging and lignin
biosynthesis. The¥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 11" 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 praduct 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 @A # question, and diffent ions may be important

for different groups. For example, an ion may be important for separating stage | and Il, but not in
separating 96hrs from 120hrs. For this reason, the ions with the most influence on separation may
differ between temporal and plgfological data. Major differences in the most influential ions for
temporal and physiological ORD&s would complicate further investigations, as the data would need

to be processed and assessed separately. Therefore, to test whether the same ionpa@ntarimfor
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 grpsi 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 theripabetween physiological and temporal data, by

the 20" highest ranked iothe 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 0:8.7 from the 5@ ranked ion to the 809, further demonstrating that most
influential ions are sharedVith no clear disparity between physiological and temporal GPA 8ata,

we can be confident that the key metabolites in é®pment will be consistent. Therefore, grouping

by developmental stage will be the focus of further investigations, as it is the more physiologically

accuate.

In Figure 3.3.4B, dataset D_3 has a slightly lower similarity score than datasets D_2 ci®ist. T
likely due to the same factors that cause different arrangements of the timepoint and developmental
stage OPL-BAs (Figures 3.3.3C and 3.3.3D, respectively). The differentii?PaiBangement of the

two physiological and temporal datasets, wherelwe tstage 11l 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. Depite 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 OPDRA 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 Ill. However, this analysis excluded the
intermediate stages of development, so the extieting 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 GBIAS on pairs of developmental stages (e.g., stage |

vs stage Il) 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 pairwse OPL-PA 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 VI taleer stages will be compared to this
overall change in metabolome content. If the VIP lists of these comparisons (e.g., stage O vs stage llI)
are significantly different from stage O vs stage V VIP list, it implies that some of the most important
ionsfor 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 corredpeith the overall content

change.

This analysis is presentedrigure3.34C and3.34Dfor datasets D_2 and D_3 (respectively). Jaccard
similarity scores are shown for the VIP lists of eight different pairwise comparisons against the
pairwise compariso of stage ©/. In both datasets, the most important ions in the pairwise
comparisons of stage O to stages I, Il, or Il are very different from those in the stager@parison,

with similarity scores of 0-R.3 for the top 800 ions. Moreover, in bothtdaets, between the stage

OHlIl and stage & 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 score0c4)0.2
demonstrating that the impdant ions in the stage O to Il 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 ultimaié @etabolome changelhis indicates
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that the deviation in metabolome content change ends around stage lll, suggesting that this is the

pivot point for the biphasic shift.

The phase shift around stage Il is also evident in the pairwise comparisons against stage V. In dataset
D_2, the VIP lists of stag&/land stage IV are very similar to the stageDVIP list. This similarity
demonstrates that the metabolome content of stage | and Il is similar to stage O, as the ultimate
content change is comparable. However, the staj¥ Bnd stage M lists are more different to the
stage OV list, with stage HV sharing less than 0.5 similarity in the 60 most important ions. This
indicates that the metabolome content change from stage Il to stage V requires changes in different
ions. The dataset D_3 stageWlIsimilarity score conflicts with this, as the VIP list is very similar to
stage GQV. However, in dataset D_3, it is the stageVI¥ist that shows low similarity to stage\Q
indicating that the change is slightly later preuting. 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 lll, dictated by one groupsyfaind

then stage Il 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 lll, and the second between stages Ill and V. To identify
the ions and associated metabolites undergoing megfiihchange during these phases (and to shed
light on the biological processes underpinning these phases in bud development) | 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 onc&his provides a wealth of unbiased data on thousands of different ion peaks
but can also result in a large catalogue of potentially important idhs.vast scale of data can hinder
analysis, so it is necessary to apply filters to identify the most inapbiibns and narrow down the
scope of subsequent metabolite identification. This section will discuss various data filtering
approaches to identifyions of interest for further investigation, focusing on thrggeriods in
development: the initial phase ofagly development (stage O to Ill), the latter phase of early

development (stage Ill to VAnd the overalldevelopment §tage O to ¥ Three data filtering
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approaches will be used to identify key ions in the sprouting process: using raw statistical gnalyses

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 consistentghimu 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 tB metabolite over sprouting period and a decrease would indicate a depletion in

abundance over the growth period.

A standard twetailed t-test with a false discovery rate threshold of 0.1 was performed on the Total
lon Count (TIC) data of the three stagenparisons (stage -0, stage IV, and stage &) 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 thddst was performedreducing the mmber of

ions in datasetD_2 and D_3eak liss from 24,401 and 21,38detected ions to 4136 and 7761
detected ions eaclfAppendix Table 31). Forboth datasets there number of significant ions was
lowest in the stage @l phase (1,152 of 24,401 in D_2dah114 of 21,387 in D_3), the number was
higher in the stage W phase (1586 of 24,401 for D_2 and 38121B87for D_3. InFigure3.35A

and 3.35Bthe two-tailed ttest p-values for each ion are presented for the stagdl@nd stage HV
compari®ns 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-M. For the stage @l comparisonpnly 1152 ions underwent significant
change in the transition from dormant to mid sprouting bud, whereas over triple the number

underwent significant change in the stagds/ comparison (3818 ions identified).
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Figure 3.3.5: Tests and fold bange analysis reveal ions undergoing significant change during
different sprouting phases.

(A & B) Twesample ttests with a 0.1 false discovery rate threshold for dataset D_2 pain
comparisons of stage - and stage HV respectively. Grey cies indicate ions not showin
significance (P>0.05), and magenta indicating ions of significance (P<0.05). For the-Hta
comparison only 457 ions showed significance, compared to 1734 in the stdeoithparison,
and the scale of significance wlasver for stage @Il compared to stage {W. (C & D) Fold chang
(FC) analysis for the dataset D_2 stagddl @nd stages N pairwise comparisons respectivel
Grey circles indicate ions undergoing less than 1.5x differential change, magenta indiczte
equal or exceeding this threshold. In both plots the comparison is earlier stage vs late stac
measuring the change from stage O to Ill. A positive FC change indicates an increase of abi
in the transition from early to later developmtal stage, and a negative FC indicates a declin
abundance. Ralues and FC values are log transformed so that ions can be more
distinguished.

Despite narrowing the datasets down fron24,000 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 ditiyeexpressed and

to provide directionality to the changes identified (Figure 3@and3.35D). The same trend of the
stage IHV comparison having more differentially expressed ions than staljei©present, however

it is not an even split betweewmp and down regulated ion abundancégppendix Table.2). In dataset
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D_2 there are 72 ions umgulated and 145 ions dowregulated in the stage @I comparison,
implying more ions (and their associated metabolites) are being accumulated in the trarfsiim
stage O to stage lll. In the D_2 stag&/Ijhase 178 ions are being upregulated, and 240 ions being
downregulated, showing a greater overall metabolome change in this later phase than the dihge O

phase.

Combining the FC analysis with thst output allows the statistically significant ions with known up

or down regulation to be further investigated using a volcano ploEitjure3.3.6 the volcano plots

for the three comparisons in both datasets D_2 and D_3 are preseAgguedix Table3.3). 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-ldtage O
comparison provides far fewer ions difterests (83 and 68 respectively) than the stagevlii
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, dlihg#&ds

only 19 ions of interest being upregulated and 64 ions being down regulated, compared to the 238
upregulated and 142 ions downregulated in the stag®/lHomparison. The indication from these
analyses is that the metabolome change of stagdl IS not as drastic as the-Mchange, where there

is a greater proportion of metabolome change. Overall, the stafié @@mparison 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
pairwise analysis, the significant weight of the secondary phase of sprouting would have
overshadowed the alternative activity occurring in the stagil@hase in spnating. In dataset D_2,

just over half of the ions identified (46 of 83) as having significant change between stage O and Ill do
not undergo significant change between stages Ill and V, and therefore constitute ions showing
significant change before but naifter the mid sprouting phase shift. For dataset D_3 it is 32 of 68
ions that are unigue 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 phasasassp 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 I
phaseof sprouting.

Volcano plots for the stage-l, I}V and GV comparisons in datasets D_2 and D_3. Red ¢
indicate significantly upregulated ions and blue dots indicate significantly down regulated iol
and B) For the stage-ll comparisons verefv ions are being significantly up or down regulated.
and D) The stage-M comparison has a significantly larger pool of significantly up/down regul
ions, and there is an even split between up and down regulated ions. (E and F) The &fa
compaison-which represents the general change happening over the course of sprauiamgthe
most change, which a large pool of ions being upregulated in both datasets, but fewer ions
downregulated in dataset D_2 compared to dataset D_3. Fold chdmgshold set at 1.5,-test

threshold at P<0.05. ThewRlues and FC values are log transformed to allow data to be less ti
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 repraseitns
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 assessmeapiproach, and in total 693 unique ions were identified
across both datasets after manual peak alignmentable 3.3.2 a short list of the ions of statistical
significance ftest Rvalue < 0.05 and a FC of 1.5) between m/z 100 and m/z 150 are presdoied

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 (MH) and therefore the detected ion a&ss 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: lons identified from statistical anales in D_3 between m/z 16050. Putative IDs founc
through manually searching metabolite databases with a 10ppm tolerance of the detected mass
numbers are those either showing at least a 1.5 FC, or P<0.05 (Grey are insignificant values)

lon Putative ID log2(Fold Change) t-test p-value

M/z Manual Search (+10ppm) Ol -v oV Ol -v oV
100.6521 No Match -0.6301 -0.3484 0.2818 0.0023 0.0849 0.2262
101.0177 Succinate semialdehyde; Acetoacetat -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; 22minobutyric 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; &CyaneL-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; EAspartate 4semialdehyde 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; Glutara 0.1822 -0.8748 -1.0570 0.4271 0.0835 0.0005
131.1760 D-Ornithine -0.41® -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 Cinnamyhlcohol; 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-Oxoqglutaric 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
X X X X X X X X
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Putative metabolite IDsvere assigned to these significantlijanging ionsby databasesearching
(explained in 3.3.1.1.Not all ions had a putative metabolite match, (i.e., m/z 100.6524)l 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 MH20 instead of MH), 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 searchiaigefoative 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. rB® 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 proBespite these
unassigned ions, statistical filtering creates a catalogue of metabolites of int€fasle 3.3.2)
Unassigned ions with interesting features are further interrogated in the literature and metabolome

databases, alternativimn species are assessethd nonplant 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 groth (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 significahinge in the stage-

phase but does in the stage-Miphase). Some ions may also be significantly changing in both phases
(e.g., m/z 131.176 [Put ID] ornithine, which has-@afjue < 0.05 in both the @l and IHV phases).
However, ions that oglsignificantly change in the stage\Gransition 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 betefest 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 stagevere removed
(Table 3.3.3.
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Table 3.3.3: Key ions from statistical analyses in each developmental stage. From the 693 ions identified through the statistical analysis filter, below represent those of
specific interest between the early and late phase of sprouting. The timing of their significant change is denoted by ‘Phase’ (Both indicates it was seen in both phases), the
detected ion mass is ‘m/z’, t-test significance value given, fold change (FC) and direction of change also given (change is according to timing, i.e. UP indicates an abundance
increase from stage O-lll). Putative metabolite 1Ds found through database searching with a 10PPM tolerance around the detected mass. A lead ion has been selected in cases
when there are multiple potential metabolite identities, the mostlikely option is selected. Metabolites have been grouped by their timing and direction of change.

Phase m/z P.value FC Change Putative metabolite ID m/z P.value FC ...  Putative metabolite ID
Both  379.062 0.007/0.001 1.54/0.59 Up/Down _Urate D-ribonuclectide 127.041 0.016454 1.8286 Up Barbituricacid
72,989 0.001/0.006 1.59/1.83 Up/Up Glyoxylic acid 131.039 0.007254 1.8669 Up Oxaloaccetic acid
115.000 0.003/0.024 2.01/2.21 Up/Up Fumaric acid 134.038 8.54E05 1.7955 Up Adenine
Both  115.999 0.003/0.023 1.71/1.63 Up/Up L-Aspartate 4-semialdehyde 145.054 0.024058 19065 Up 2-Oxo-glutaricacid
133.011 0.006/0.023 1.61/2.84 Up/Up Malic acid 150.045 0.00022 15163 Up Guanine
_ .333.050 0.003/0.001 1.96/1.70 Up/Up Nicotinamide D-ribonucleotide 179.038 0.022941 15895 Up Hexose
...... 404.994 0.042521 065232  Down Mamn 181.060 0.000568 1.9566 Up Mannitol
71.010 0.00024266 1.5009 Up Propenoic acid 191.052 0.014065 1.9949 Up Quinicacid
245.038 4.31E-05 1.6266 Up Glycerophosphoglycerol 192.055 0.01329 1.7632 Up Quinicacid C13isotope
341.102 0.0035127 1.7734 Up Sucrose 193.017 0.0061 1.9134 Up Ferulicacid
ol 377.086 0.0067597 1.6081 Up Reduced riboflavin 200.050 3.42E-05 2.038 Up Selenocysteine seleninicacid
378.087 0.0090659 1.505 Up (R})-S-Lactoylglutathione 204.052 0.000162 1.5027 Up Tetrahomomethionine
409.086 0.040363 1.5625 Up Ceftibuten 205.052 0.000547 2.4023 Up Indolylmethylthichydroximate
455004 0031121 15289  Up  Riboflavin-5-phosphate 206.066 0.000247 18049 Up N-Acetyl-L-phenylalanine
77.001  0.0023548 0.6492 Down Benzene 215.029 0.003492 2.4468 Up 2-C-Methyl-D-erythritol 4-phosphate
100.074 0.0015645 0.66142 Down 5-Aminopentanal 222.977 0.001052 1.6394 Up Sinapicacid
113.983 0.0016193 0.66097 Down L-Aspartate 227.031 2.78E-05 1.6287 Up (R)-5-Phosphomevalonate
121.025 1.10E-11 0.59289 Down Benzoic acid 239.969 0.001001 1.502 Up 1,3-Dihydroxy-N-methylacridone
151.069 0.00017021 0.53728 Down L-Arabinol 243060 1.43E-05 2.1272 Up Uridine
152.073 0.00083267 0.62956 Down Dopamine 255.005 3.13E-05 1.5503 Up Nicotinate D-ribonuclecside
162.069 0.001134 0.66599 Down Homomethionine 269.082 0.003254 17708 Up Apigenin
176.081 0.00019845 0.59233 Down Dihomomethionine 282.086 0.000352 1.7164 Up Guanosine
177.084 9.73E-05 0.56353 Down L-Galactono-1,4-lactone 285.034 9.17E-05 1.5174 Up Kaempferol
v 178.085 6.64E-05 0.652 Down D-Glucosamine 304.024 0.001317 16711 Up 2'.3-CyclicCMP
190.094 0.0006066 0.60777 Down Trihomomethionine 353.083 0.023487 1.6702 Up Chlorogenic acid
225.916 0.0017225 0.61415 Down L-Glutamyl 5-phosphate 354085 0.01734 1.5433 Up Chlorogenic acid C13 isotope
242936 0.021722 0.63299 Down L-Fucose 1-phosphate 355.093 0.016877 1.5051 Up 1-Feruloyl-D-glucose
248958 0.0027135 0.60934 Down gamma-L-Glutamyl-L-cysteine 368.099 0.039601 1.6704 Up Allocryptopine
265.945 0.0040399 0.64831 Down Adenosine 392.044 0.041666 1.5543 Up Dichloroarcyriaflavin A
310.095 2.70E-07 0.61798 Down Dhurrin 395.031 0.003884 1.8277 Up Aklanonicacid
316.945 0.00024443 0.63984 Down Lecanoric acid 451.064 0.010125 1.7254 Up 3'-Demethylstaurosporine
320.050 0.0043151 0.54116 Down beta-Citryl-L-glutamate 606.082 0.012836 1.6097 Up UDP-N-acetyl-alpha-D-glucosamine
.......364076 00011512 065441 Down 6-Methylpretetramide 738.924 0.029741 1.5495 Up KandelinA-1
85.025 0.013481 1.6234 Up Succinic aldehyde 755.023 5.33E-06 1.5788 Up ?7?
85.095  1.88E-06 1.6775 Up Dehydroalanine 783.095 0.016385 1.8049 Up Pedunculagin
101.018 0.0036273 1.5877 Up Succinate semialdehyde 784.061 0.007082 15721 Up FAD
n-v 109.030 0.022594 1.5491 Up Hydroquinone 822.082 0.006272 1.6132 Up Propanoyl-CoA
110.026 6.22E-05 2.3961 Up Cytosine 888.076 0.000277 1.6088 Up Fluorobenzoyl-CoA
113.022 0.0013647 1.9555 Up 3-Cyano-L-alanine 903.039 0.000473 1.6723 Up 2-Amino-5-oxocyclohex-1-enecarbonyl-CoA
116.074 0.0019354 1.6307 Up L-\Valine 942.042 0.007569 1.5002 Up Feruloyl-CoA
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In Table 3.3.3the 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, shikipateway and PPP intermediates. Very

few ions were found to be significantly changing in both the stagji¢ @ase and the stage-WIphase,

and nearly all of these were significantly increasing in abundance in both phases. Only one ion (m/z
379.06) showd 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 esitenmetabolomic 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 rigg@roup dynamics, and
excludingionsthat undergosubtle but important changein abundanceTherefore, raw statistical
approaches were not used in isolation. Instead, multivariate analyses alsoeised to interrogate

the dataset. Multivariate analysis approaches provided insightwitiwhions or groups of ions were

key components in the overall metabolome shift, providing a more extensive interpretatitme of

dynamics underpinning sprouting

The two multivariate analysis approaches presented in section 3.3.1 are PCA aAd/AO81d%e plts
(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 sprogtipud 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 i 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 PCAshodaaset (Figure 3.3.1) are
presented inFigure 3.3.7At 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 liroughout 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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A) PCA Loadings plots — D 1 all data B) PCA Loadings plots — D 2 all data
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Figure 3.3.7: PCA loading plots reveal the ions that cause separation between early and

developmertal stages.

(A-D) PCA loadings plots for all 4 datasets, with all samples included and ions present [correspond
score plots in figure 3.3.1]. Each point denotes an ion with labels on some of those causing sig
separation from the central clter. By identifying the ions separating from the cluster, key ions
interest can be identified such as 191.05 and 341.10 (black arrows) which are causes of separati

GKS f2FRAY3IQa L2040
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Across the four datasets presented in Figure 3.3.@nyndifferent 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 diidluence ions include m/z 191.05 (#/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 importanceeparating 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 notamimized, and the overlap of clusters reduces the level of separation for

the ions distinguishing metabolomes.

Supervised OPLZA maximizes cluster separation, providing a more reliable insight into which specific
ions are causing separation between deystental stages. These ions can be extracted using VIP
analysis. Using the VIP lists for OBIAS of stage 4, stage I}V, and stage &/, the most influential

ions in sprouting were determined for datasets D_2 and D_3. The VIP lists span the entitedlete

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 ffom 18
anything above 2 is having a significant infloenand 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 3.3.4the ions of high influence from dataset D_2 is presented between m2080alongside

their putative identity and VIP score feach 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 0l phase and then lower importance in the stage/Iphase, orice versa.

For example, m/z 191.015 citric acid [ID confirmed through MSMS] is highly influential in the
separation of stages O and Il but far less important in the stage Ill to V transition, with VIP scores of
11.17 and 3.98 for the phases respectivéilycontrast m/z 181.06 [Put ID] mannitol has a particularly

low influence on the separation of stage O and Ill metabolomes, but plays a significant role in the
separation of stages Ill and V. This ion has VIP scores increasing from an essentially iantiakequ

1.73 in the stage O to Ill phase to a highly influential 5.47 in the stage Il 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 betwee
detected m/z 80205. Putative IDs found through manualaseh of the KEGG database with a 10g
tolerance of the detected mass.

m/z Putative ID VIP Score
Manual KEGG Search (10ppm tolerance) Stage O to lll Stage lll to V Stage O to V

87.0033 Pyruvic acid; Butanoic acid 5.35855 2.60741 2.45787
89.0190 Lactic &id; 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 Acetylenedicarboxylic acid 4.69301 5.53765 2.77404
113.0220 Dihydrouracil; 3CyaneL-alanine 2.11591 5.32824 5.98090
115.0000CdzY I NA O F OART al f SA 3.16622 7.56113 8.63620
115.9150 Valine; EAspartate 4semialdehyde 6.31084 2.48763 5.09095
127.0410 (R}5,6Dihydrothymine; 3sopropyt3- 246869  5.05368  5.84317

butenoic acid
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-Oxoglutaric acid; Glutamine 4.20303 7.17931 8.49142
157.0040 4-Methylere-L-glutamine; Allantoin;... 3.16440 4.68794 5.53491
157.1190 Nonanoic acid; -Decanol 4.45332 7.61189 6.39816
173.9950 Indole-3-acetate; NAcetytL-aspartate; 456139 3.81599 5.88727
179.0380 Hexose (and isomers); Caffeic acid 4.41966 6.91817 8.64300

Mannitol (and monosaccharide alcohol

181.0600 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 3.028@3
193.0520 Ferulic acid 2.69424 5.19272 6.05701

cis(Homo)2aconitate; 5

201.0330 .
Hydroxyfuranocoumarin

6.67276 4.08813 7.33606

Lipoic acid; Homocitric acid;:@xalomalic
acid;

X X X X X

205.0520 1.78626 6.52268 6.97247
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Not all ions show a changeimportance 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 littiehavoit

is important, and therefore the relative ion abundance was compared at stage O, Ill and V. The
abundance of the ion Is given by its Total lon Count (TIC), a normalised score for the intensity of the
signal detected by the mass spectrometer, durthg processing of the abundance data this is
normalised across all samples, allowing for relative abundance of each ion to be configred.

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 carBdisotopes as they show the same trend as the
carbort? 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, solrand alphachaconine

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 Il (e.g., m/z 112.982) and for some stage Il 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 Ill then remaining constant (e.g., m/z 191.105Qheions are remaining constant

from O to Il and then rapidly increasing from stage Ill to V (e.g., m/z 205.0520). Such a varied dynamic
in the abundance changes again demonstrates thelim@arity of the metabolome shift from bud to

sprout, and exemyjifies the biphasic shift discussed.
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4-Methylene
Cytosine Isopropylmdate L-glutamine cis2-aconitate Pyruvic acid
00187  112.9820 00269 174.9510  0.0187 157.0040 0.0207  201.0330 00109 87.0033
0.024 0.018 .
0.0164 0.0164 0.008
0.022+ 0.016+
0.006
0.014+ 0.020 0.0144 0.014+
0.004
0.018+ 0.012+
0.012+ 0.0124
0.016] 0.010- 0.002
0.010 0.014 0.010 0.008 0.000
Lactic acid Phosphate Citric acid fragment  Valine Citric acid
0.02297  89.0190 0.0177  96.9586 0.0259  111.0050 0.0159  115.9150 0.047  191.0150
0.021+ 0.0164 0.020 0.03-
0.010+ *
0.020+ 0.015+ 0.0154
0.024 M
0.0194 0.0144 0.0104
0.0054
0.018- 0.0134 0.0054 0.017
0.017 0.012 0.000 0.000 0.00
Dihydrouracil ~ Fumaric acid  5,6-Dihydrothymine Oxalacetic acid ~ Aspartic acid
00109 113.0220 00209 115.0000 00109 127.0410 0.0157  131.0390 0.0089  132.0260
0.008 0.015+ 0.0084 0.006
0.0104
0.006 0.006-
./ 0.0104 ./ / 0.004
0.004+ 0.004
0.005+
0.002- 0.0057 0.0024 0.002-
0.000 0.000 0.000 0.000 0.000
Malic acid  2-oxo-glutaric acid Sucrose & smers Chlorogenic acid Hexose & isomers
00259 133.0110 00209 145.0540 0.059  341.1030 0.049  353.0830 0.0207  179.0380
0.020 0.015- 0-044 0.03 0.015
0.015+ 0.034
0.0104 0.024 0.0104
0.0104 0.024
0.0054 0.005- 0.014 0.01 0.005
0.000 0.000 0.00 0.00 0.000
Mannitol Quinic acid Homocitric acid Solanine Alphachaconine
0.0109  181.0600 0.087  191.0520 0.0159  205.0520 0.0107  851.4850 0.0159  866.4770
0.008+ 0.06- 0.008+
0.010- 0.0104
0.006 0.006
0.04- j / /
0.004+ 0.004+
0.005- 0.005-
0.002- 0.029 0.002-
0.000 0.00 0.000 0.000 0.000

Figure 3.3.8: lons of importance in metabolomic gy 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, Ill and V metaboloi
identified in the VIP analysi©n each graph, stage O = X, stage lll = triangle, stage V = he
Standard error given witthe mean Y axis is relative total ion count (%). Titles of the graphs are
putative metabolite ID and the detected ion mass (m/z).
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3.3.2.3. Key ion identification through functional analysise of the mummichog algorithm

to identify ions of interest.

Raw statistics, and multivariate analysis have effectively filtered out ions of intemesttfre 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 iorto-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 opemsource software Metaboanalyst.com, accessed 2P@P3) will be used to identify s
undergoing significant change between stages O, Ill, 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 ml 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 predetiadmolic network activity without definitive
O2YyFANNIGA2Y 2F SIFOK A2yQa YSGlro2fAdGS ARSydAGe®
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 withselgeted ion mass
tolerance (here 30ppm) and a selection of specified ion iggethere MH, M2H and MH20). 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 $ited 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 origiatdbolite 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 biol@ical 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 stagdlQItV and GV pairwise comparisons in both
datasets D_2 and D_3. For dataset D_2 the number of significant ion changes occurring in the stage
Ol was insufficient for meaningful functional analysis, and therefore in this dataset only the stage
-V and GV 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 aoisuns in datasets D_2 and
D_3respectively. As it had the most cases of significant change, the stager@parison yielded the
highest number of metabolites identified (559 and 586 unique metabolites for datasets D_2 and D_3
respectively), followed bthe stage IRV (553 and 564 metabolites) and the stagdI@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 dgahbf overlap
between the metabolites identified in each pairwise comparison. For dataset D_3 (where stige O
functional analysis was possible), 501 of the identified metabolites were seen in both the stdge O
and the stage HY pairwise comparisss. This shared identification is evidentliable 3.3.5where a

small selection of the metabolites identified in dataset D_3 is presented between detected mass range
m/z 74.0110.1, and in this small selection alone there are multiple metabolites seall three

comparisons, such asAlanine or 2Hydroxybutyric 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 data®eitéyes O

Il 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 investigal, 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 ndedasge
specific pathways or metabolites, and therefore potentially interesting metabolites, such as the amino
acid Lthreonine presented in Table 3.3.5, may only be detected in one comparison. As such, using
functional analysis alone would limit our ahjlib 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/z170.
Pairwise comparison dened by either O.llI (referring the stage O vs Stage ll), lIl.V (Stage Il vs \
6adGr3S h @ga +*0® LF GKS YSiGlo2ftAdS Aa LINBas
YN]SR woQ

Detected m/z KEGG ID Common name Ol -v oV

74.02293646 C00037 Glycine
83.00928093 C00366 Uric acid
87.04187429 (C00780 Pyruvic acid
88.03931701 CO00099 beta-Alanine
88.03931701 CO00041 L-Alanine

< < < < <
< < < < < <

88.03931701 (C00213 Sarcosine

93.52366297 (C00624 N-Acetylglutanic acid

96.04400547 C00148 L-Proline

96.95784027 CO00059 Sulfate

97.02473058 C00257 Gluconic acid

97.02473058 C16360 3,7-Dimethyluric acid

97.02473058 C16356 1,7-Dimethyluric acid

100.0399564 CO00188 L-Threonine

100.0399564 (C00263 L-Homoserine

100.0399564 CO05519 L-Allothreonine

100.0399564 C01234 1-Aminocyclopropanecarboxylic acid
100.0792023 (C12455 5-Aminopentanal Y
102.0211944 C16516 Indolylmethylthiohydroximate
103.0374327 C®BO01 (S)}3-Hydroxyisobutyric acid Y
103.0374327 (C05984 2-Hydroxybutyric acid Y
104.0280712 C16361 1,3,7Trimethyluric acid

105.0664068 C16311 12-Oxo9(Z)ydodecenoic acid
110.0253526 C02291 L-Cystathionine

110.0253526 C04281 Pyrroline hydroxycarboxylic acid
110.0253526 C01879 Pyroglutamic acid

X X X X

< < < < < < < < < < < < < =< <
< < < < < < < < <

X < < < < < < < <

X < < <
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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 metabolonieg Ue three data
filtering approaches discussed above it has been possible to identify ions from the untargdfii DI
analysis that undergo significant change during sprouting and play an important role in the
metabolome shift seen between stages O anth\éarly 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. lfable 3.3.647 of these potential metabolic markers are presented,
alongside their mean TIC in stages O, Ill and V. The 47 metabolites presented in Table 6 are ions with
significance in all three filtering systems a&sdoth 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 remajiims. 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 withkH2Mon 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 detekcteell in negative ion EMS. 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 stagehidise,
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 iong beused to help predict metabolite
identity, particularly if the ratio of peak and potential carBdisotope peak is 99:1 as per the natural
 6dzy R yOS NI GA2y 2F OFNb2yQa adlofsS Aaziz2Ll8a0
with a carbor®isotope peak at m/z 192.052. Finally, a lead metabolite may be selected because there
is more certainly in the mummichog metabolite match {eghue is calculated for each match) or there

is less difference between detected ion mass and the predictadnass for the lead metabolite

identity compared to the alternatives.
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Table 3.3.6: Catalogue of key ions (and their putative metabolite ID) from all three filtering systems
These ions (and associated lead putative metabolite) pass all three filtering systems (statistical analysis
filter, VIP filter and mummichog filter) in both data sets, indicating they are potential metabolic
markers for growth. The number of filters passed out of a possible 6 is given by ‘FIt’. The mean
abundance for developmental stages O, lll and V are given. Standard deviation also given.

m/z Putative metabolite ID Fit D_2 D3
96.958 Phosphate 5 =l ?ﬂ=_ g
v ] e
112.007  Cytosine 5 .?.:— g f.’.=— ]
v Sy =]
113.02  3-Cyano-L-alanine 5 .‘ﬁ=_ 8 |?.= " s
v sy =
116.068  L-Valine 5 ﬁ=: .‘3=‘ g
v sy =
121.025  Benzoic acid 5 @: i =
127.038  Napthalene 5 n - 2 ﬂ’.=;
v ] S
131.039  Oxaloacetic acid 5 ﬁ:=; 2 fﬂ: 1 g
v sy =
133.011  Malic acid 6 ul — g ?ﬂ: = 8
v v e
0 Q0
145.053  2-Oxo-glutaric acid 5 - § |3= 1 ﬁ
146.042  L-Glutamic acid 5 SRR §=—
0 w 0O "
151.069 L-Arabinol 5 mj p— ¢ q - g
v v e
0 s 0
156.011  2-Aminomuconic acid 5 l\l;=— g |3=— :
168.83 D-Glyceraldehyde 3-phosphate 6 '3 3 g H - §
179.038  Hexose 5 @=—— : @:——a
0 -« O -
188.927 Oxalosuccinic acid 6 Iﬂ — g ﬂ —
0 + O -
190.094 Trihomomethionine 5 " g Iﬂ - 8
4] O
191.015  Citric acid 5 W= : .‘.r.;;g
0 4]
191.052  Quinic acid 6 '\'r';:g |\|r|= "= g
0 e O o
192.055 13Carbon isotope (Quinic acid) 6 Iﬂ — g I\I: B 3
0 w O o~
193.052  Ferulic acid 6 -\-;L;g i .
0 4]
199.937 Selenocysteine seleninic acid 5 'ﬂ —: g 'ﬂ & §
0 e O o
205.052 Homocitric acid 6 'ﬂ u c " E s
0 g O o
221.148 Menaquinone 5 '\';= -t ""]I S
0 4]
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Table 3.3.6: continued...

m/z Putative metabolite ID Fit D_2 D_3
245.086  N-Acetyl-D-tryptophan 5 .?.=_ 2 .?.= = g
v Sy (-]
248.072  Pyridoxine phosphate 5 ﬁ:=;§ ﬁ:=-— g
Vv sy o
259.022  Fructose 6-phosphate 6 H = : H - z
v Sy =)
Q o 0 o
268.142  beta-Zeacarotene 5 m=~ 5 |||=
v s v =

0 0

291.131  12-OPDA 5 l:‘:=—— g .‘.:=— g
0 w O @
310.095 Dhurrin 5 lﬂ —— = H — s
o =3 0 =
323.021 UMP 5 I\ﬂ - 3 I\ﬂ - 3
333.05 Nicotinamide D-ribonucleotide 6 H — g ;H — g
o = 0 =
341.102  Sucrose (and isomers) 6 'ﬂ — 8 I\ﬂ — g
Q e 0 o
343.108 Gibberellin A8-catabolite 5 lﬂ = 5 lﬂ = 3
o] = 0 o
353.083  Chlorogenic acid 6 '\':L—— s '\':;__ s
. . o g 0 8
361.157 Gibberellin A19 5 u s I s
. 0 g 0 ©
367.101 Indolylmethyl-desulfoglucosinolate 5 lﬂ=—;g I\lﬂ e 3
¢} w 0 @
378.07 S-Lactoylglutathione 5 '::ng '\'ﬂ s
0 ~ 0 o~
392.025 Dichloroarcyriaflavin A 5 lﬂ}l E 5 I\l.: —— b
0 w 0 w
405.31 Mammeisin 5 'ﬂ g "l‘:: 2
0 w O .n
606.04 UDP-N-acetyl-alpha-D-glucosamine 6 I‘::El & g l\'};;?;
0: g 0 g
609.136 Quercetin 3-O-rhamnoside 7-O-glucoside 5 '\'} - S '\'I:L:g
0 o 0 o
609.272 Divinylprotochlorophyllide 6 'ﬂ:; '\"!:g
0 w 0 w
887.423  Bacteriopheophytin 5 '\';L;‘g'. I m_
Q o 0 ®
889.467  Divinylchlorophyll a 5 '\':=— g — s
0 w O o
917.443  Megalomicin B 5 EL;E v E g
0 g 0 M
954.139  p-Coumaroyl-diketide-CoA 5 '"=—— g '\';L;g

-
0
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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 alngelahanges 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] fructeegphosphate and m/z 353.083 [Put ID] chlorogenic acid which
significantly increase in abundee between stage O and stage lll, and then again from stage Il 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 Il ¢o\Vsiagooth

datasets.

Not all abundance changes are linear, with increases and decreases in abundance occurring either side
of stage Ill in many ions. This demonstrates the biphasic shift occurring in over the course of early bud
development. For exampléhe abundances of m/z 116.068 [Put IBjdline and m/z 205.052 [Put ID]
homocitric acid are not significantly different between stages O and Ill, however at stage V they are
significantly higher, indicating the ions only change in the latter phase bf lead development. The
inverse of this relationship (high abundance at stage O, then a drop to a stable abundance in stages lll
and V) is only seen with m/z 268.142 [Put ID] bstacarotene in both data sets. For some of the
metabolites presented in Tabl3.3.6 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
abundarece is highest stage Il 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 i\l increase in abundance dynamic is still abed. 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 stag® 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 tufiable 3.3.7presents only metabolites identified
with heightened significance in either ttstage Qlll or stage HV phase, with metabolites showing
statistical importance in both phases removed. More metabolites are listed in stdljd€rause the
mummichog filter could not be applied to the D_2 list of key metabolites due to the low dével
significant change identified in the functional analysis. This means that the list is notefi@snced
across both datasets. As a result, there are metabolites listed which only undergo five filtering steps
rather than the six performed on the stageV phase list. Regardless, the metabolites listed represent

the best options for metabolic markers for each of these phases.
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Table 3.3.7: The ions of high importance to either phase of sprouting. lons are grouped into either the first phase of
sprouting (stage O-111) or to the second phase of sprouting (stage I11-V) and any with high importance in both are
removed. The detected mass (m/z) and putative 1D are given.

Masses of importance in the first phase (stage O-11l) Masses of importance in the second phase (stage 11I-V)

m/z Putative ID m/z Putative 1D

125.09 Thymine 100.07 5-Aminopentanal

128.03 5-Oxoproline 110.03 Cytosine

129.02 2-Oxohexanoicacid 113.02 3-Cyano-L-alanine

137.06 3,6-Nonadienal 115.00 Fumaric acid

139.11 cis-1,2-Dihydro-3-ethylcatechol 116.07 L-Valine

141.08 2-Hydroxymuconate semialdehyde 133.01 Malic acid

145.05 2-Oxo-glutaricacid 150.05 Guanine

148.00 erythro-3-Hydroxy-Ls-aspartate 152.07 Dopamine

148.05 L-Methionine 190.09 Trihomomethionine

149.09 Perillyl aldehyde 204.11 Tetrahomomethionine
151.11 L-Arabinaol 205.05 Indolylmethylthiohydroximate
153.13 (+)-Linalool 215.03 2-C-Methyl-D-erythritol 4-phosphate
160.02 N-Methyl-L-glutamic acid 221.15 Menaquinone

164.01 L-Phenylalanine 224.17 4-Amino-4-deoxychorismate
166.02 Pyridoxal 227.03 (R)-5-Phosphomevalonate
168.03 Pyridoxine 231.16 gamma-L-Glutamyl-L-2-aminobutyrate
168.99 Glyceraldehyde 3-phosphate 243.06 Uridine

173.04 Shikimic acid 248.96 gamma-L-Glutamyl-L-cysteine
183.01 3,4-Dihydroxybutan-2-one 4-phosphate 275.15 p-Coumaroylagmatine
191.02 Citric acid 282.09 Guanosine

192.06 1-O-Sinapoyl-beta-D-glucose 284.03 Leu-Gly-Pro

195.01 Gluconic acid 285.03 Kaempferol

201.01 Xanthotoxol 333.05 Nicotinamide D-ribonucleotide
201.06 Imidazole acetol phosphate 378.15 (R)-S-lLactoylglutathione
229.02 Ribose 5-phosphate 430.14 Zeatin riboside monophosphate
240.03 1,3-Dihydroxy-N-methylacridone 594.16 Pelargonin

241.01 Thymidine 606.08 UDP-N-acetyl-alpha-D-glucosamine
251.06 S-(4-Methylthiobutylthiohydroximoyl)-L-cysteine  609.27 Hesperidin

259.02 Fructose-6-phosphate 610.14 Cyanidin 3,5-O-diglucoside
267.08 Inosine 626.14 Delphinidin 3,5-diglucoside
268.03 beta-Zeacarotene 784.13 FAD

270.05 Pelargonidin

291.14 12-OPDA

297.15 18-Hydroxyoleate

309.16 Sinapine

317.06 Lecanoric acid

323.03 UMP

325.09 D-Glucosyl-2-hydroxycinnamate

337.09 Coumaroyl quinic acid

338.98 Fructose-1,6-hisphosphate

343.11 Gibberellin A8-catabolite

353.08 Chlorogenic acid

360.09 1-Methylethyl glucosinolate

367.10 Indolylmethyl-desulfoglucosinolate

384.99 O-Feruloylgalactaric acid

392.03 Dichloroarcyriaflavin A

431.11 Kaempferin

432.11 Pelargonidin 3-O-glucoside

445.06 CDP-ethanolamine

503.16 Raffinose

517.41 13-beta-D-Glucosyloxydocosanoate

540.05 Formamidopyrimidine nucleoside triphosphate

549.42 Echinenone

887.49 Bacteriopheophytin
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Metabolic markers like these can provide insight into the metabolic activity occurring in the tuber
buds during each of thisvo stages identified. In the phasel® putatively metabolites associated with

rapid growth were identified, including glycolysis metabolites key to rapid ATP production (e.g.,
fructose 6phosphate, fructosel,6-bisphosphate) and PPP metabolites key N&xDPH production

(e.g., riboseb-phosphate, glyceraldehydefhosphate). In the stage -M 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 maskdndicate 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, thdy pmvide
opportunities to research and agriculture. For example, having metabolic markers for buds coming
G2kt 0 adlr3sS LLL O2dzZ R KI@S fFNBS I INAROdA (daNI £ O}
elongate making them incredibly vulndala 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 11l is identified the buds could be immediately treated, providing the bes

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 identifgdéflielopmental 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 cosenponents 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, whetheit 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 analyi®ocus 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 ¢e 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 stag#l,3tage I}V, or overall stage &
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 agarshed 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 basagpon 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 stagparwise comparison had the most
pathway hits (75 and 92 pathways foatdsets D_2 and D_3, respectively). Only one of the dataset
D_2 pathways was not seen in dataset OFigure 3.3.9lots the enrichment factor of each metabolic
pathway against the significancé.§gl0(PValue)] of the pathway in the dataset. This is préed 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 codesdist Appendix Table 3)4
Enrichment factor is the ratio of metabolites expectednfrédhe 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 pathy

undergoing significant change across the five péage comparisons.

Enrichment factor (the ratio of expected pathway hits to actual pathway hits) and the patt
significance (log10fpalue]) form X and Y axes. Pathway hits from D_2 and D_3 pairwise compe
presented, D_2 stage-{ll was not possiblas there were not enough significant hits to perform tl
Mummichog algorithm. Of 93 pathways 30 reoccurring and highly significant pathways have
labelled with their pathway number, the legend is visible below with full pathway name. For

pathwayindex seeAppendix Table 3.6
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In the bulk of the pathways detected the enrichment factor is arouf] Ihdicating that formost
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 idenéfion. 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
sud 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 thias#d D_2 stage @I 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 towvary 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 presencef pathways throughout sproutinghe detected metabolites in each
pathway were extractedfrom 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 abundanc€&igures 3.3.10 and 3.3.1d¢how 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 abued@anahe 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 sprottirigrther
distinguish the trends between metabo pathways, agglomerative hierarchical clustering using was

performed, using a oneninus 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
with high intermediate metabolite abundances in the first phase (stagellf) 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 |
identified in the functional analysis, with the TIC of each metabolite identified in the analysis co
into a mean abundance for the metabolitessiach sample. Rows have been arranged using hierarc|
clustering. The heat map is coloured according to abundance (with each row independently <
where: darkest blue is the lowest calculated mean TIC value, white is the range midpoint, and d:
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 intermediatese (@ eviouspagefor full legend)

134



Chapter 3: Metabolomics of the potato bud during sprouting.

Figure 3.3.11: Dataset D_3 abundance of pathway intermediates. (See previous for full legend)
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