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Towards sustainable onion storage:
Postharvest quality diagnostics using
volatile organic compounds and
physiological metrics

Abstract

Onion is an important component of the diets of many cultures worldwide, and also
one of the most commonly produced vegetables. The onion bulb is a well-adapted
storage organ and many of the harvested bulbs are stored for several months to
ensure year-round availability to consumers. However, significant amounts are lost
due to sprouting, loss of water, loss of dry matter, fungal infections and bacterial
infections. To optimise storage and enable sales at the correct point in time to reduce
losses decision support systems are needed to identify signs of quality problems.
One potential such system is the monitoring of volatile organic compounds in the air
of storage facilities to detect developing quality problems, such as storage diseases.
In this thesis, the volatile organic compounds emanating into the headspace of onion
bulbs affected by Fusarium basal plate rot, Penicillium rot or Pectobacterium-caused
soft rot were investigated. The aim was to identify the compounds that are relevant
as indicators of developing storage diseases, and which could be the target of future
monitoring systems. Several relevant indicator compounds were found. Some of
them are naturally occurring onion metabolites whose relative abundance changed,
including methyl propyl disulfide and dimethyl disulfide. Others, such as
ethenylbenzene and 2,3-butanediol are products typical of fungal or bacterial
metabolism. Other systems for storage monitoring may include physiological
measurements to predict quality changes such as sprouting. Therefore, the thesis also
investigated the connection between selected physiological indicators and sprouting.
It was found that the changing concentrations of glucose, fructose and sucrose, and
the decreasing dry matter contents of the bulbs had a significant connection to the
start of sprouting.

Keywords: Allium cepa, basal plate rot, blue mould, e-nose, food loss, non-structural
carbohydrates, SPME-GC-MS, soft rot, sugar, VOC






Mot hallbar I6klagring: Kvalitetsdiagnostik
efter skord med hjalp av flyktiga organiska
amnen och fysiologiska matvarden

Sammanfattning

Lok dr en viktig del av kosten i méanga kulturer virlden 6ver, och dr ocksé en av de
mest producerade gronsakerna. Loken &r ett vdlanpassat lagringsorgan, och manga
av de skordade lokarna lagras i flera manader for att sdkerstélla tillgdng aret runt for
konsumenterna. Dock gér betydande méngder forlorade pa grund av groning,
vattenforlust, torrsubstansforlust, svampangrepp och bakterieangrepp. For att
optimera lagringen och mdjliggdra forséljning vid rétt tidpunkt, och dérigenom
minska forlusterna, behdvs beslutsstodsystem som kan identifiera tecken pé
utveckling av kvalitetsproblem. Ett potentiellt sddant system &r Overvakning av
flyktiga organiska dmnen i luften i lagringsutrymmen for att uppticka problem
sésom lagringssjukdomar. I denna avhandling undersoktes de flyktiga organiska
dmnen som avges fran 16k som paverkats av Fusarium-orsakad basalrota,
Penicillium-mogel eller rota orsakad av Pectobacterium. Syftet var att identifiera de
dmnen som dr relevanta som indikatorer pd utveckling av lagringssjukdomar och
som kan bli mal for framtida dvervakningssystem. Flera relevanta indikatordmnen
identifierades. Nagra av dem é&r naturligt forekommande 16kmolekyler vars relativa
koncentrationer fordndrades, sdsom metylpropyl-disulfid och dimetyl-disulfid.
Andra, sdsom styren och 2,3-butanediol, dr typiska produkter av svamp- eller
bakteriemetabolism. Andra system for lagringsévervakning kan inkludera
fysiologiska métningar for att forutsdga kvalitetsforandringar i form av groning.
Dérfor undersokte avhandlingen ocksd kopplingen mellan utvalda fysiologiska
indikatorer och groning. Det visade sig att fordndrade koncentrationer av glukos,
fruktos och sukros samt minskande torrsubstansinnehdll hade en signifikant
koppling till groningens start.

Keywords: Allium cepa, bakterierdta, basalrota, blamogel, elektronisk nésa, icke-
strukturella kolhydrater, matsvinn, socker, SPME-GC-MS
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1. Background

1.1 Introduction

The Allium genus contains several important horticultural crops, including
garlic (Allium sativum), leek (Allium ampeloprasum var. porrum) spring
onion (Allium fistulosum), chives (Allium schoenoprasum) and onion (Allium
cepa). Of these crops, the onion is the most important economically, with
over 100 million tons of onion bulbs harvested on a yearly basis worldwide
(FAOSTAT 2025). Onions are used, primarily for their flavour, in cuisines
all over the world. The onion follows a biennial lifecycle, growing from seed
to bulb in its first season, and reproducing sexually the following year. To
survive harsh conditions, the bulbs enter a dormant period, where growth is
paused until conditions are more suitable. This trait is useful for human
consumers, as it means bulbs may be stored for extended periods of time,
allowing for the consumption of onions year round even in climates where
the growing season is short. However, a number of different problems,
including sprouting, rot and weight loss, often arise during storage, leading
to significant losses (Anbukkarasi et al. 2013; Franke et al. 2013; Olanipekun
2018). Quality monitoring systems may help by improving storage planning
and thereby reducing losses.

1.2 Onion physiology

1.2.1 Bulb formation

Bulb initiation in an onion plant requires certain threshold values of degree
days and day length (Lancaster et al. 1996). The exact values required vary
depending on cultivar, with cultivars requiring long days commonly used in
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higher latitude regions, where days are longer during the growing season
(Mashayekhi et al. 2022). In addition to these requirements, bulb initiation is
affected several other factors, and occurs earlier in the presence of high plant
densities and low red:far-red light ratios (Mondal et al. 1986a; b).
Accelerated bulbing in highly competitive environments can be a way for the
plant to enhance its survival by entering dormancy to await better conditions
(Brewster 2008b). Bulb initiation can be described as having occurred at the
first occurrence of leaf initial with a ratio between blade length and sheath
length of less than 1 (Heath & Hollies 1965). This measurement often
coincides with the more common definition of bulb initiation occurring at a
“bulbing ratio” (maximum bulb diameter:minimum sheath diameter) greater
than 2 (Brewster 2008b). As bulbing progresses, all new dry matter produced
by the plant is stored in the storage scales and leaf growth is halted (Tei et
al. 1996). Consequently, the size and number of leaves of the plant when
bulb initiation occurs affects the size and number of scales of the finished
bulb. The continued swelling of and dry matter transport to the storage scales
eventually results in a mature bulb, at which point the leaf blades of the plant
wilt.

1.2.2 Dormancy, non-structural carbohydrates and sprouting

As the bulb matures, a period of dormancy with little to no cell division
activity and low respiration rates begins (Yasin & Bufler 2007). Dormancy
can be defined as the period between cessation of scale formation and the
initiation of sprout growth (Pak et al. 1995). Depending on the conditions the
bulb is exposed to dormancy may last for a long period of time or, if the bulb
is exposed to spring-like temperatures, break in just a couple of weeks (ibid.).
A combination of sprouting inhibition treatment and temperature control can
be utilised to enable long term storage of dormant bulbs. The dormancy can
be artificially prolonged using treatments, such as maleic hydrazide
application or irradiation that inhibit cell division in the bulb apical meristem
and decrease respiration rate (Benkeblia et al. 2002). Application of maleic
hydrazide is typically carried out before harvest, and the compound is
transported from the leaves into the bulb where it can remain, inhibiting cell
division, for a long period of time, thus prolonging dormancy (Ilic et al.
2011). Postharvest application has also been tested, and found to function
satisfactorily (Benkeblia 2004). Through radiation damage, gamma
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irradiation treatment similarly inhibits cell division activity and respiration
rate in treated bulbs (Benkeblia et al. 2000).

One of the main purposes of the onion bulb is to store energy that can later
be made available for growth and reproduction. Therefore, the majority,
around 80 %, of a bulbs dry matter content consists of energy storing non-
structural carbohydrates (NSCs) (Darbyshire & Henry 1979). In particular
energy is stored as sucrose, glucose, fructose and for long-term storage, the
polymeric fructooligosaccharides (FOS) or fructans (Brewster 2008a).
Fructans are well-suited as long-term storage molecules as their presence,
even at high concentrations, in the vacuole does not impair photosynthesis,
(Vijn & Smeekens 1999). The amount of fructans contained in a bulb, and
the rate at which they are hydrolysed are some of the main factors
determining how long a bulb can remain dormant (Jaime et al. 2001).

As dormancy breaks, sprouting is initiated. Ahead of sprouting a
redistribution of NSCs, especially fructans, takes place from the bulbs
storage scales to the basal plate (Ohanenye et al. 2019). This facilitates the
hydrolysis of stored fructans that enables respiration and subsequently
growth. The rate of sprout elongation is dependent largely on temperature,
with temperatures around 15 °C leading to faster growth than both lower and
higher temperatures (Abdalla & Mann 1963), though the optimum
temperature may vary depending on cultivar (Miedema 1994).

1.3 Storage of onions and postharvest quality problems

1.3.1 Harvest and pre storage treatment

While the wilting of leaf blades signifies full maturity of the bulbs, harvest
often takes place before all bulbs in the field have reached this stage. Rather,
the point at which the leaves have folded over on a certain percentage of the
plants, a so called “tops down” percentage signifies the appropriate time for
harvest. The percentage of tops down aimed for depends on the qualities
desired in the crop. A moderately early lifting, around 50-90% tops down,
results in bulbs that have a high number of intact dry scales, which is
beneficial to storability and prevention of rots (Wright 1997; Wright et al.
2001). Lifting either too late or too early may cause an increased risk of
storage rots, due to fewer protective dry scales and higher moisture retention
in leaves, which promotes infection. As previously mentioned, maleic
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hydrazide is normally applied to the leaves before bulbs are lifted, to allow
absorption into the bulb, while gamma irradiation is carried out after field
drying (Benkeblia & Varoquaux 2003). However, the use of maleic
hydrazide has been questioned due to the potential risk of traces remaining
in the bulbs that reach consumers and the effects of runoff into nature, and is
disallowed in e.g. Estonia (Poldma et al. 2011). Gamma irradiation, while
common in several parts of the world, is restricted in other parts (Stefanova
et al. 2010). The use of other methods to inhibit sprouting, including ethylene
or 1-methylcyclopropene treatment and controlled atmosphere has been
tested with promising results (Downes et al. 2010; PSldma et al. 2011).

After lifting, bulbs must be dried, or “cured” in order to achieve the
degree of dryness and closed necks necessary for good storability. The
methods used to cure the bulbs vary. In some climates, leaving the bulbs to
dry in the field may be sufficient, while other, moister climates may require
active curing in a heated space (Downes et al. 2009). However, excessive
curing may hasten the development of storage rots in cases where a pathogen
is already present (Schroeder et al. 2012).

1.3.2 Storage conditions

Long term storage of onion requires appropriate conditions to minimise
sprouting, transpiration and pathogen growth. As sprouting and catabolism
is promoted by temperatures between 5 and 20 °C (Abdalla & Mann 1963),
storage should be carried out either above or below these temperatures.
Storage at higher temperatures, around 25-30 °C, will inhibit dormancy break
and is often be the method of choice in warm climates where the cost of
cooling storage facilities is prohibitive (Brewster 2008c). However, warm
storage temperatures tend to promote pathogen growth (Schwartz & Mohan
2007) and are less effective at long term prevention of sprouting than
temperatures near 0 °C (Tanaka et al., 1985, referenced in J. L. Brewster,
2008c). The relative humidity of the air in storage must also be controlled,
as low humidity can accelerate weight loss due to transpiration. On the other
hand, excessively high humidity and temperature differences between air and
onions can cause condensation (Brewster 2008c), which promotes growth of
certain pathogens (Schwartz & Mohan 2007). A high RH may also promote
rooting and sprouting (Islam et al. 2015). Ideally, storage should be carried
out at near, but not below freezing temperatures, and a RH around 70%
(ibid.). Additionally, controlled atmosphere may be applied to further
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improve storability of onion bulbs, with an atmosphere containing 3% CO-
and 0.5-2% O; having been shown to reduce sprouting and rooting
(Adamicki 2005).

1.3.3 Losses due to quality problems

While well suited to storage due to their biennial lifecycle and their ability
to go dormant during the harsh conditions of winter, as metabolically active
plant parts onion bulbs cannot be stored indefinitely. Losses occur due to a
range of different quality problems arising during storage, including
sprouting, pathogen infection and weight loss due to transpiration. While
modern storage facilities where temperature, humidity and surrounding gas
composition can be controlled can help reduce losses, they cannot fully
prevent them. The amount of losses arising due to quality problems differ
from case to case depending on cultivar, methods for cultivation and storage,
injuries and disease pressure. An average of 13% lost during storage has been
stated for Swedish conditions (Franke et al. 2013). For India, the world’s
biggest producer of onion, postharvest losses may be up to 35-40%
(Anbukkarasi et al. 2013). Postharvest onion losses as high as 50% have been
mentioned for Nigeria, which is another relatively large producer of onions
(Olanipekun 2018; FAOSTAT 2025).

1.3.4 Sprouting

Sprouting is a major cause of storage losses (Adamicki 2005) as even the
early stages, including root growth, are considered quality problems,
lowering sales value. Visible shoot growth typically renders the bulb entirely
unfit for sale (UNECE 2019), except for processing purposes. As sprouting
is initiated the NSCs and water stored in the bulb are gradually depleted,
furthering the storage losses by reducing bulb weight. As up to 90% of an
onion bulb’s dry matter content is made up of NSCs (Darbyshire & Henry
1979), the consumption of carbohydrates and transpiration over time will
lead to a loss of bulb fresh weight as well as total dry mass. The loss of NSCs
tends to be greater than the loss of water, resulting in the percentage of dry
matter in a bulb decreasing over time in storage (Mogren et al. 2007).
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1.3.5 Fungal diseases

A wide variety of fungi occur as pathogens in cultivation and postharvest
storage of onions. Typically, infection that becomes obvious during storage
will start toward the end of the growing season or be enabled by mechanical
damage caused by harvest, topping and handling (Schwartz & Mohan 2007).
It is also possible for fungal diseases to spread throughout a storage unit, as
sporulation occurs in infected bulbs. Some common fungal causers of
postharvest losses in onions grown in cooler temperate climates, such as
northern Europe, include Botrytis aclada and Botrytis allii (neck rot),
Fusarium oxysporum f.sp. cepae (Fusarium basal plate rot), Penicillium spp.
(blue mould), Peronospora destructor (downy mildew, with associated bulb
rot) and Sclerotinia sclerotiorum (white mould) (Schwartz & Mohan 2007).
For the purposes of this thesis, the focus will be on Fusarium oxysporum
f.sp. cepae and Penicillium polonicum.

Fusarium oxysporum is an ascomycete in the Nectriaceae family, with
more than 100 formae speciales, many being specialized in infecting
different genera and species of plants, while others are non-pathogenic (Edel-
Hermann & Lecomte 2019). The species is a common soil inhabitant, with
some strains also being capable of a saprophytic lifestyle, breaking down
lignin and cellulose (Rodriguez et al. 1996). The main mode of reproduction
and dispersal is through asexually produced soilborne macro- and
microconidia as well as hardy chlamydospores that can survive adverse
conditions (Schwartz & Mohan 2007). Fusarium oxysporum inocula may be
present on seeds or in the soil (Southwood et al. 2015). Infection and
symptoms can occur at any point from sprouting to postharvest storage, with
fungal invasion either of undamaged tissue or facilitated by pre-existing
wounds (Schwartz & Mohan 2007). Fusarium basal plate rot is a widespread
and severe problem in stored onion bulbs, leading to significant losses (ibid.).
The infection is characterized by a white mould on the basal plate surface
and may eventually lead to the complete breakdown of the bulb, starting from
the basal plate area (ibid., Figure 1).
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Figure 1: An onion bulb showing severe symptoms of Fusarium basal plate rot.

Another common cause of storage losses is Penicillium infection. A number
of different Penicillium spp. are known to infect onion bulbs, including
albocoremium, allii, citrinum, digitatum, expansum, funiculosum, glabrum,
hirsutum, tulipae, radicicola, oxalicum, polonicum and venetum (Overy et
al. 2005; Vikram et al. 2005; Schwartz & Mohan 2007; Dugan et al. 2014;
Cakir & Maden 2015; Duduk et al. 2017). The mode of infection and
symptoms caused by the various species and strains are similar, though
severity may vary, and the type of disease caused is typically referred to as
blue mould. As the name implies, blue mould is characterized by bluish green
conidia on the bulb surface or between the outer dry scales, with lesions
penetrating deeper into the bulb. The pathogens are often present in soils or
may persist in plant parts left in the field.

In general, while some fungi can grow at low temperatures, fungal
infection and growth in onion bulbs are promoted by moderate to high
temperatures, moisture and pre-existing damage.
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1.3.6 Bacterial diseases

Another cause of many of the losses occurring during storage of onions is
bacterial infections. Like in the case of fungi, there are a number of different
bacterial species that commonly cause storage rots, including Burkholderia
cepacia (sour skin), Burkholderia gladioli subsp. alliicola (slippery skin) and
Pectobacterium carotovorum (soft rot, syn. Erwinia carotovora). Of the
bacterial storage rots, soft rots caused by P. carotovorum and other closely
related species are some of the more common and severe causes of
postharvest losses in onion (Schwartz & Mohan 2007) as well as other stored
crops, such as potato (Waterer & Pritchard 1984; Kushalappa et al. 2002).
Therefore, P. carotovorum will be the main bacterial pathogen in the focus
of this thesis.

Pectobacterium carotovorum is a gram-negative, rod-shaped and
pectolytic bacteria in the Pectobacteriaceae family. It is capable of invading
plant cells, weakening the cell wall using pectate lyases, and eventually
killing the cell (Hall & Wood 1973; Hugouvieux-Cotte-Pattat et al. 2014).
Due to this generalist mode of invasion P. carotovorum poses a threat to a
wide variety of crop species, including bulbs, tubers, roots and aboveground
plant parts (Schwartz & Mohan 2007; Dadasoglu & Kotan 2017; Meng et al.
2017; van der Wolf et al. 2021). In onions, symptoms of soft rot caused by
P. carotovorum typically start near the neck or at a wound, gradually
spreading through the bulb beginning with the central scales. Infection is
promoted by warm, moist conditions, especially if these conditions are
present at harvest (Schwartz & Mohan 2007).

1.4 Quality indicators for stored onion bulbs

1.4.1 Physiological indicators

As previously mentioned, there is an intimate connection between NSC or
dry matter contents and onion bulb dormancy and sprouting. Dry matter
contents also affect the usability of the bulbs for purposes such as frying
(Hansen 1999b). Because of this, many studies have used NSC or dry matter
contents or total soluble solids as indicators of onion bulb quality or
storability (Rutherford & Whittle 1982; Sinclair et al. 1995; Hansen 1999a;
Lancaster et al. 2001; Benkeblia et al. 2002, 2004; Benkeblia & Varoquaux
2003; Chope et al. 2006, 2012; Yasin & Bufler 2007; Downes et al. 2010;
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PSldma et al. 2011; Nabi et al. 2013; Sharma et al. 2015; Petropoulos et al.
2016; Ohanenye et al. 2019; Golubkina et al. 2022). The activity of FOS-
metabolising enzymes is another related factor that’s been studied and found
to be connected to dormancy break and the loss of FOS over time (Benkeblia
et al. 2005). The rate of fructan hydrolysis and initial dry matter content in
the bulbs has also been shown to be connected to storability, with dry matter
contents above 16% being indicative of good storability (Jaime et al. 2001).
Yet another NSC-related measurement that’s been suggested as a predictor
of sprouting is the ratio of monosaccharides:disaccharides, with bulbs that
are actively sprouting containing a higher ratio (Chope et al. 2012). The
connection between sprouting and concentrations of the phytohormones
abscisic acid, zeatin riboside and isopentenyladenosine has also been
investigated. It was found that high concentrations of abscisic acid at harvest
may indicate better storability (Chope et al. 2006), while high concentrations
of zeatin riboside indicates imminent sprouting (Chope et al. 2012). Other
measurable quality indicators that are of interest to consumer acceptance
and/or health, but are not necessarily connected to storability, include
contents of flavonoids, phenolics and pyruvate (Wall & Corgan 1992;
Mogren et al. 2006; Sharma et al. 2015). Firmness tends to decline with time
in storage and bulbs with a high dry matter content tend to be firmer
(Coolong et al. 2008), meaning firmness may be an indicator of current
quality, but possibly not of storability.

1.4.2 The potential for volatile monitoring in crop storage

In the past two decades, systems for monitoring of VOCs using
combinations of different types of gas sensors, arranged in so called gas
sensor arrays or e-noses, have been developed and tested in various aspects
of crop production and postharvest management (Seesaard et al. 2022). By
their ability to continuously and non-invasively monitor the changes
occurring in a stored crop, these systems offer advantages over more labour
intensive methods for physiological measurements. But as headspace volatile
compounds disperse through the air of a storage unit, the issue of pinpointing
the source of the infection-related odours needs consideration. E-noses have
been tested in lab conditions and found to be able to distinguish between
healthy onion bulbs and bulbs infected with various storage diseases with
relatively high accuracies. Examples of such studies include Li et al. (2011)
and Konduru et al. (2015), who used e-noses to distinguish onion bulbs
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without infection from ones exhibiting symptoms of sour skin or neck rot.
Labanska et al. (2022) similarly tested an e-nose and found it could identify
the extent of basal plate rot in groups of onions. E-noses can not only identify
microbial infections, but also track quality aspects of non-infected crops, e.g.
tomatoes (Messina et al. 2012). In order to select the most suitable and
inexpensive combination sensors for detection of onion storage diseases,
knowledge on the VOC:s released into the headspace of infected onion bulbs
is needed.

1.4.3 Headspace volatiles of onions and postharvest pathogens

S-Alkyl cysteine sulfoxides (ACSOs), when hydrolysed by alliinase, are the
basis for the many sulfuric compounds responsible for the characteristic
onion smell and taste (Randle & Lancaster 2002). The dominating ASCO in
onion (Allium cepa) is trans-(+)-s-(1-propenyl)-cysteine sulfoxide or 1-
PESCO (Brewster 2008a). Upon injury resulting in cell lysis the hydrolysis
of ASCOs occur, resulting in a number of reactive sulfur-containing
compounds, including the tear-inducing lachrymatory factor as well as
thiosulfinates and sulfides (Randle & Lancaster 2002). These organosulfur
compounds make up much of the headspace volatile profile of onion bulbs.
Various sulfides, including dipropyl disulfide, methyl propyl disulfide and
dimethyl disulfide tend to be among the most abundant compound released
into the headspace of healthy onion bulbs, as has been repeatedly reported
(Vikram et al. 2005; Li et al. 2011; Wang et al. 2016, 2019). Cut or otherwise
injured bulbs release many of the same compounds, though the relative ratios
of release may be altered (Machova et al. 2019).

Wang et al. (2019) investigated the release of volatiles by onions infected by
F. oxysporum and found some notable compounds, of which release
increased markedly in infected bulbs, including isoprene and 1-propanethiol.
They also found that certain compounds were present only in samples from
infected bulbs, including styrene and 3-methyl-1-butanol, both typical
markers of fungal activity (Beck et al. 2008; Speckbacher et al. 2021). The
volatiles released by Penicillium infected bulbs specifically have not been
the subject of dedicated studies, but was included in a wider panel of
pathogens by Vikram et al. (2005). However, the study did not identify any
volatiles exclusive to Penicillium infection, and the relative mass ion
abundance of detected compounds showed no great deviance from those of
control bulbs, but the overall volatile profile enabled differentiation between
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the pathogens. As Pectobacterium carotovorum (syn. Erwinia carotovora)
is a threat to a number of different crop species, several studies have been
carried out to identify headspace volatiles relevant to its detection in onion,
potato and cabbage (Waterer & Pritchard 1984, 1985; Prithiviraj et al. 2004;
Vikram et al. 2005; Yang et al. 2021; Tiwari et al. 2022). These studies found
several VOCs to be indicators of soft rot, including dimethyl disulfide and
3-bromofuran in onion, and 2,3-butanediol, 3-hydroxy-2-butanone, ethanol
and ethyl acetate in potato and cabbage.
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2. Aim and objectives

The aim of this thesis is to find tools that can be used in order to monitor the
quality of onion bulbs in storage and through this monitoring prevent losses.

In order to reach this aim the following objectives were set:

e Investigate the connection between the onset of sprouting and a
selection of established physiological quality parameters,
including dry matter content, firmness, and sucrose, fructose and
glucose contents over two full storage seasons (Paper I).

e Compare the presence and relative abundance of individual
volatile organic compounds in the headspace of onion bulbs
infected with Fusarium oxysporum or Penicillium polonicum to
those of uninfected control bulbs, to identify indicator
compounds for fungal infection (Paper II).

e Study the temporal changes in volatile organic compounds in the
headspace of onion bulbs infected with Pectobacterium
carotovorum, in order to identify indicator compounds for early
and later stages of soft rot (Paper III).
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3. Method summary

This section is a summary of the methods used in the experiments that were
part of the thesis work. For in depth descriptions, refer to the respective

paper.

3.1 Plant material

All studies performed as part of this thesis utilized long day yellow onion
bulbs intended for long term storage, commercially grown using
conventional production methods in the Scania region of Sweden. Onions
were harvested at full maturity and at the start of the experiments free from
visible damage. For Paper I, the bulbs used were of the cultivars Hystore,
Hytech and Saskia, and obtained directly from commercial storage once per
month over a period of 9 months, from harvest until end of storage during
two consecutive storage seasons (2019-2020 and 2020-2021). Five bulbs
each a four replicates were used for each sample and month. For Paper II and
111, onion bulbs were obtained from local grocery stores, but originated from
the same commercial storage facility as the bulbs used for Paper 1. Bulbs that
were of an average size of 125 g (or 8 bulbs/kg) and labelled with the same
sales batch numbers were chosen for these experiments.

3.2 Physiological measurements (Paper )

3.2.1 Firmness and sprouting

After removal of all fully or partially dry scales, the top and basal plate of
each bulb, a handheld penetrometer (6 mm pin, Digital Fruit Hardness Tester
41050, Step Systems GmbH, Germany) was used to measure the firmness at
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three points along the equator of each bulb, letting the penetrometer rest on
a table and pushing the onion bulb onto the pin protruding over the edge.
After firmness measurement, all bulbs were halved along the vertical plane,
and their sprouting status was judged as either sprouting (obvious internal
sprouts) or not sprouting (no clear sprout differentiation), as is exemplified
in Figure 1. The fraction of sprouting bulbs was calculated based on the
number of sprouted bulbs out of the 5 bulbs in each replicate and sampling
occasion.

Figure 2: Examples of bulbs deemed to be sprouting (A) or not yet sprouting (B).
Previously published in Paper 1.

3.2.2 Sugar composition

Samples for HPLC analysis of glucose, fructose and sucrose contents were
prepared by blending cut onion bulbs into a homogenous mash using a
Waring blender. The resulting mash was frozen at -80°C, after which they
were lyophilized for five days at -90°C using a Hetosicc CD 13-3 (Heto
InterMed, Denmark). Dry samples were then ground into fine powders and
sugars were extracted by adding 50 mg onion powder to 5 mL MilliQ filtered
water after which the suspension was shaken overnight at 4°C. The
suspensions were then centrifuged and the supernatant was collected to
analyse sugar contents using high-performance liquid chromatography
(HPLC) to separate the constituent sugars into separate chromatogram peaks.
To identify the occurring peaks by retention time comparisons, standards of
glucose, fructose and sucrose were also run.
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3.2.3 Dry matter content

In order to determine the dry matter content of the bulbs, the onion mash left
over from each sample after fractions were removed for sugar analysis was
placed in an aluminium tray, weighed, and dried in a convection oven at 60°C
for 7 days. After this the resulting dry mass was weighed again and the dry
matter percentage was calculated by dividing dry weight by wet weight.

3.3 Pathogens (Paper Il & III)

3.3.1  Fusarium oxysporum

Initially, attempts were made to inoculate bulbs with Fusarium oxysporum
f.sp. cepae CBS 148.25 (obtained from Westerdijk FungalBio Diversity
Institute, Netherlands). However, this strain failed to reliably produce
symptoms of basal plate rot in bulbs kept at 20°C for 8 weeks after
inoculation. Therefore, we isolated our own strain of Fusarium oxysporum,
by scraping spores from bulbs with naturally occurring symptoms of
Fusarium basal plate rot onto acidified potato dextrose agar (acidified PDA,
or APDA) plates, and repeatedly culturing out the different colony
phenotypes onto new plates, until pure cultures were obtained. DNA from
these pure cultures was extracted and amplified using PCR with ribosomal
RNA gene primers NL1, NL4, ITS1 and ITS4 for the fungi and ENV1 and
ENV4 primers for bacteria. The amplified product was sent off for
sequencing, and the results showed that sequences from one of the isolated
strains were up to 99.46% similar to those found in previously sequenced
strains of Fusarium oxysporum. DNA from other isolates could with
comparable degrees of similarity be identified as Clonostachys rosea,
Fusarium redolens, Penicillium glabrum and Rahnella aquatilis. The newly
isolated strain of Fusarium oxysporum was chosen to infect bulbs to be used
for sampling of headspace volatiles.

To prepare F. oxysporum infected bulbs for sampling of headspace
volatiles, a spore suspension was created by scraping spores from a 14 day
old culture of F. oxysporum, grown on PDA at 25°C, into sterile deionized
water and straining the resulting suspension through several layers of sterile
butter muslin until a spore suspension free from other particles was obtained.
The spore density in the suspension was counted in a counting chamber, and
adjusted to a concentration of 10° spores mL"! using sterile deionized water.
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A wound was made to a depth of 20 mm in the basal plate area of each bulb
to be infected, using a sterile 4 mm injection needle, and 100 uL of spore
suspension was applied to each wound and allowed to soak in for 1 hour.
After this, bulbs were individually bagged in polyamide oven bags, sealed
with a plastic bag clip, and incubated at 25°C for the course of the
experiment. Control bulbs were left uninjured and not inoculated.

Figure 3: The setup used to sample headspace VOCs of onion bulbs using SPME.

3.3.2  Penicillium polonicum

Penicillium polonicum CBS 222.90 was purchased from Westerdijk
FungalBio Diversity Institute and used to inoculate bulbs to be used for
sampling of headspace volatiles, using the same methods as for the Fusarium
inoculation, with the following modifications: Bulbs were not inoculated
through the basal plate, but through wounds perpendicular to the equator,
and control bulbs were similarly wounded, but inoculated only with sterile
deionized water.
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3.3.3 Pectobacterium carotovorum

Modified crystal violet pectate media (CVP) was prepared according to the
recipe by Hyman et al. (2001) in order to enable detection of bacteria with
pectolytic activity on reisolation. First attempts at infection with
Pectobacterium carotovorum NCCB 37025 failed to produce symptoms in
inoculated onion bulbs. This strain also grew very weakly, if at all, on CVP
and did not produce the divots indicative of pectolytic activity on these
plates. It was concluded that this strain lacked the desired pathogenicity. A
new strain, P. carotovorum DSM 30168, was purchased from Leibniz
Institute DSMZ (Braunschweig, Germany). This strain grew well on CVP
and produced the characteristic divots around its colonies. It also showed a
strong ability to cause soft rot in inoculated onion bulbs when preliminary
test were carried out. Therefore, this strain was chosen for use to study the
effect of soft rot on the headspace volatiles of onion bulbs.

Bulbs to be used for headspace volatile sampling were inoculated with
10° colony forming units (CFU) suspended in sterile 0.086% NaCl solution
to a depth of 2 cm through the center of the neck of the bulb, and individually
bagged before being incubated at 25°C for the duration of the experiment.
Bulbs to be used as negative controls were left unwounded and uninoculated,
but otherwise treated the same.

3.3.4 Other pathogens

In addition to the previously mentioned three pathogens used, infection
attempts and volatile sampling was carried out using Burkholderia cepacia,
the causal agent of sour skin in onions, as well as lung infections in
vulnerable humans. However, despite the fact that the strain (DSM 7288)
used was originally isolated from onions, it failed to reliably produce
symptoms, and the data from these samplings were not processed further.

3.4 Analysis of headspace volatiles (Paper Il & I11)

Headspace samples were taken using solid phase microextraction (SPME)
fibers coated in a blend of three adsorbents (Divinylbenzene/Carboxen/Poly-
dimethylsiloxane or DVB/CAR/PDMS (gray-coded hub); Supelco,
Bellefonte, PA). Fibers were exposed to the air inside each onion bag (Figure
1) for 45 minutes, after which volatiles were desorbed in a gas
chromatograph inlet to be separated and tentatively identified using gas
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chromatography-mass spectrometry (GC-MS). A polar DBWax column and
anonpolar HP5 column were used in all experiments, to identify compounds
with a higher degree of certainty than would be possible using only a single
type of column. To enable calculation of Kovats retention indices for the
detected peaks, an alkane blend (C7-C30) was injected using the same
methods as for the onion headspace samples, but adding a 6 minute solvent
delay. Obtained peak areas were recalculated as a percentage of the total area
under the chromatogram (% AUC), to enable comparisons between samples.
Compound identification was carried out through comparison off mass
spectra using library searches in NIST MSSearch 2.4, comparisons of
obtained polar and nonpolar retention indices with those previously
published, and for some compounds of interest by injection of synthetic
standards. Peaks identified as compounds present in only one sample or in
samples of empty oven bags or clean SPME fibers were included as basis for
the % AUC calculations, but were removed from further analysis.
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4. Results and discussion

4.1 Sugar, dry matter and firmness as indicators of
sprouting

In the study of physiological indicators of sprouting status (Paper I), it was
found that the contents of the sugars glucose, fructose and sucrose changed
over time, and notably the contents of all measured sugars peaked between
the 5™ and 7™ month in storage. This was also the point at which an average
of 60-80% of the bulbs showed signs of internal sprout elongation. All three
sugars showed statistically significant connections between measured peak
area and degree of sprouting (p<0.05), and the trend was especially clear for
glucose and fructose (Figure 1).
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Figure 4: Percentage of sampled onion bulbs showing internal sprout elongation in
relation to measured HPLC peak areas of the sugars fructose, glucose and sucrose.
Originally published in Paper 1.
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The changing patterns of sugar concentration in the bulbs over time in
storage and in connection to onset of sprouting matches observed in this
study matches established knowledge on onion carbohydrate metabolism.
The storage and metabolism of NSCs as an energy source in the onion bulb
is intimately connected to the bulbs function as a survival organ, as FOS are
converted into simpler sugars such as sucrose, fructose and glucose, which
can then be metabolised to enable the sprouting process. In addition to the
three separate HPLC chromatogram peaks for sucrose, fructose and glucose,
a fourth peak, present in all samples, could be seen decreasing in size as the
storage season and sprouting progressed. For the 2019/2020 season the peak
started at an average peak area of 25334921 one month into storage, and
decreased to an average peak area of 919491 at the last sampling occasion,
8 months later (Figure 2). Though the method used does not allow us to
ascertain the composition of compounds in this peak, it is reasonable to
assume it at least partially consists of other water soluble NSCs, in particular
fructans. As such, the steady decrease in peak area over time seems to show
the decrease in content of fructans in the bulbs, as they are gradually
hydrolysed to release the simpler sugars needed for respiration.
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Figure 5: The change over time in storage of the HPLC peak area (arbitrary units),
divided by milligrams of lyophilized onion extruded, of the peak separate from the
individual sucrose, glucose and fructose peaks. This peak is presumed to contain
fructans, among other water soluble components of the onion bulbs. Points represent
average values for all samples of each respective month from start of storage in October
2019 (1) to end of storage in June 2020 (9), with error bars denoting standard deviation.

The results of the dry matter percentage measurements showed a similar
decreasing trend over time, inversely correlating to the extent of sprouting
(correlation of -0.390, p<0.001, 95% confidence interval -0.497; -0.270).
The loss of dry matter was relatively similar between the different cultivars
and seasons, with values ranging between 4.9 and 11.1% observed, with an
average loss of 7.65%. The average initial dry matter contents in 2019 and
2020 were 10.6% and 11.4%, respectively. As rates of dry matter loss were
similar, the samples that started with a high dry matter content also retained
the highest contents until the end of the storage period. This is consistent
with previous studies, where higher dry matter contents have been found to
be indicators of good storability, as certain levels of NSCs are typically
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required by processers and end users and the NSCs are depleted over time
due to respiration (Hansen 1999a).

While firmness significantly declined over time when all samples were
considered as a collective (p<0.001), no connection to degree of sprouting
could be found. This was possibly caused by the somewhat uneven
measurements obtained from the handheld penetrometer, as the method is
quite sensitive to variations in handling by the person carrying out the
measurements (English et al. 2022). Tukey pairwise comparisons between
the total firmness changes for each sample type showed some grouping, but
as a whole, the change in firmness for most samples overlapped.

Several of the measured mineral nutrient contents in the bulbs, measured
as weight per kg dry matter, were found to significantly correlate with
sprouting. However, this seems to merely be an artefact of the decreasing dry
matter content correlating with sprouting while mineral contents remained
relatively unchanged. Similar effects have been noticed in previous studies
(Grevsen & Sorensen 2004).

4.2 Headspace volatiles of uninfected bulbs

The VOCs detected in the headspace of onion bulbs free from infection were
consistent with what has been reported in previously published work, with
dipropyl disulfide and methyl propyl disulfide being some of the main
components of the volatile profile in solvent extracts (Kuo & Ho 1992). In
the samples run on the polar GC column of control bulbs injected with sterile
water and unwounded control bulbs (Paper II and III) dipropyl disulfide was
the main compound in terms of percent of the total area under the curve (%
AUC), with an average of 5.59% and 2.89% in samples of water-treated and
unwounded bulbs, respectively. Similarly, methyl propyl disulfide had
average % AUCs of 1.66% and 0.55%. In the unwounded control samples
run on the nonpolar column, dipropyl disulfide and methyl propyl disulfide
made up an average of 5.05% and 1.17% of the AUC. A total of 24
compounds were detected in the water-treated control samples. In the
unwounded control, 16 compounds were detected using the GC-MS
equipped with the polar column, and 22 were detected using the nonpolar
column. The headspace samples of water-treated control in the P. polonicum
experiment also contained minor amounts, with averages between 0.1% and
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0.7% AUC, of phenol, 2-ethyl-1-hexanol, decanol, hexanal, octanal and
decanal,  1-methylthio-1-propene, dimethyl disulfide, 1-allyl-2-
isopropyldisulfane, 6-methyl-5-hepten-2-one, methyl 1-propenyl disulfide,
l-pentanol and 2,4-dimethyl-thiophene and 2-hexyl-5-methyl-3(2H)-
furanone. Unwounded control bulbs released similar VOCs, but lacked
phenol, 1-allyl-2-isopropyldisulfane, 1-pentanol and 2-hexyl-5-methyl-
3(2H)-furanone. Propyl propenyl disulfide, 1-ethoxy-2-propanol and acetic
acid were detected in unwounded control bulbs but not in the water-treated
control. Many of the compounds occurred in only a minority of control
samples. Some of the compounds occurring in a majority of unwounded
control bulb samples include dipropyl disulfide, methyl propyl disulfide,
propyl propenyl disulfide, 6-methyl-5-hepten-2-one and the previously
mentioned aldehydes. The limited detection of sulfurous VOCs in
unwounded bulbs in this study is likely because the release of various ASCO-
derived volatiles is triggered by cell lysis (Randle & Lancaster 2002). Other
studies, where a wider variety and higher relative abundances of sulfurous
compounds were detected used sliced or mashed bulbs (Kuo & Ho 1992;
Machova et al. 2019).

4.3 Headspace volatiles of bulbs with fungal infections

Infections with P. polonicum and F. oxysporum both resulted in changes to
the headspace volatile profiles of the infected bulbs as compared to their
respective uninfected control bulbs. A total of 23 compounds were detected
in samples of Penicillium infected bulbs. As was the case with uninfected
bulbs, dipropyl disulfide and methyl propyl disulfide were the two main
compounds, but with relatively higher amounts than in the control, with
14.89% and 2.82% AUC, respectively. Multilevel pattern analysis
comparing the relative abundances of compounds in control and Penicillium
infected bulbs revealed five indicator compounds for P. polonicum infection,
with 2,4-dimethyl-thiophene and 2-hexyl-5-methyl-3(2H)-furanone being
the most consistent, both occurring in 19 out of 23 infected samples (Table
1). Both of these compounds were also present in certain of the water-treated
control bulb samples, but at lower frequencies and relative abundances.
Infection with F. oxysporum created more distinct changes to the
headspace volatile profile of the bulbs. Nine indicator compounds were
found (Table 1), five of which were found in at least 23 out of 31 samples
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and not at all in control samples; 1-(Methylthio)-propane, dimethyl disulfide,
2,2-bis(methylthio)-propane, ethenylbenzene and 1-(methylsulfinyl)-
propane. Methyl propyl disulfide was indicated as an indicator compound of
Fusarium infection, being detected in every infected sample, but only 2 out
of 13 control samples. However, as previously stated, methyl propyl
disulfide is known as a regularly occurring headspace volatile of healthy
onions. It is possible that Fusarium infection raised the normal amounts of
methyl propyl disulfide released above the detection threshold in this
particular case.

42



Table 1: The indicator headspace volatile compounds for Fusarium oxysporum and
Penicillium polonicum infection in onion bulbs. Adapted from Paper II.

Indicators for Polar Nonpolar Occurs Occurs
Fusarium CAS RI RI inF in C stat p.value

Methyl propyl disulfide 2179-60-4 1214.9 934.6 3131 2/13 0.992 0.005

1-(Methylthio)-propane 3877-15-4 n/a  n/a 30/31  0/13 0.984 0.005
Dimethyl disulfide 624-92-0 1033 n/a 29/31  0/13 0.967 0.005
2,2-bis(methylthio)-

propane 6156-18-9 1357 10368  29/31  0/13 0.967 0.005
Ethenylbenzene 100-42-5  1235.4 890.7 23/31  0/13 0.95 0.005
1-(methylsulfinyl)-

propane 14094-08-7 1696 n/a 24/31  0/13 0.861 0.005
1-Octen-3-ol 3391-86-4  1427.4 978.6 1931 3/13 0.715 0.02
2.

(Methylsulfonyl)propane 4853-74-1  1948.1 n/a 11/31  0/13 0.568 0.045

Methyl 1-propenyl
disulfide 5905-47-5 12724 n/a 731 0/13 0.539 0.04

Indicators for Penicillium

2,4-Dimethyl-thiophene 638-00-6  1241.2 910.0 1923 2/19 0.86 0.005
2-Hexyl-5-methyl-

3(2H)-furanone 33922-66-6 2044.0 14459  19/23  9/19 0.849 0.005
Methyl 1-propenyl

disulfide 5905-47-5 1279.1 942.4 1323 5/19 0.663 0.02
1-Ethoxy-2-propanol ~ 1569-02-4  1147.2 n/a 9/23 0/19 0.626 0.005
2-Methyl-5-pentanolide n/a 1569.3 n/a 6/23 0/19 0.511 0.02
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4.4 Headspace volatiles of bulbs with a bacterial
infection

Pectobacterium carotovorum infection caused the increased relative
abundance of several typical bacterial metabolites in the headspace of
infected bulbs. A total of 29 recurring compounds were found in samples of
P. carotovorum-infected bulbs analysed using GC-MS equipped with the
nonpolar HP5 column (Figure 6), and 20 in samples analysed with GC-MS
equipped with the polar DBWax GC column (Figure 7).
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Figure 6: Heatmap of VOCs found in the headspace of control onion bulbs (C) and bulbs
infected with Pectobacterium carotovorum (P) from 0 to 14 weeks post infection (WPI).
Samples were taken and analysed using SPME-GC-MS equipped with a nonpolar HPS
GC column. Each sampling point represent average values for 3 bulbs. Onion furanone
is synonymous with 2-Hexyl-5-methyl-3(2H)-furanone and HA-2-EME is Hexanoic
acid, 2-ethyl-, methyl ester.
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Among these were several indicator compounds found only in samples of
infected bulbs, including 3-hydroxy-2-butanone, 2,3-butanediol, 3-methyl-
1-butanol, dimethyl disulfide and ethanol (Table 2).

Compound
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Figure 7: Heatmap of VOCs found in the headspace of control onion bulbs (C) and bulbs
infected with Pectobacterium carotovorum (P) from 0 to 14 weeks post infection (WPI).
Samples were taken and analysed using SPME-GC-MS equipped with a polar DBWax
GC column. Each sampling point represent average values for 3 bulbs.

As 3-hydroxy-2-butanone and 2,3-butanediol are part of the butanediol
fermentation found in Enterobacteriaceae (Blomqvist et al. 1993), including

Pectobacterium spp., their presence in the headspace of infected bulbs is a

clear indication of bacterial fermentation activity occurring in the bulbsThe
headspace samples of infected bulbs over time showed high relative
abundances of 3-hydroxy-2-butanone up to and including the 3 weeks post
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infection point, after which it decreased, in favour of an increase in 2,3-

butanediol (Figure 8 & 9).

Table 2: The indicator headspace volatile compounds for Pectobacterium carotovorum
infection in onion bulbs. Adapted from Paper I1I.

Nonpolar column CAS HPSRI  Occurs Mean OccursMean stat p.value

indicators in P inP inC inC

3-Hydroxy-2- 513-86-0 n/a (RT  26/35  2.97% 0/33 0.862  0.005

butanone 5.308 min)

2,3-Butanediol 513-85-9n/a(RT  21/35  5.20% 0/33 0.775  0.005
5.455 min)

2-Hexyl-5-methyl- 33922-  1448.1 20/35  0.22% 0/33 0.756  0.005

3(2H)-furanone  66-6

Dimethyl disulfide 624-92-0 n/a (RT ~ 12/35 1.14% 0/33 0.586  0.005
5.864 min)

1-Propanethiol 107-03-9 n/a (RT  10/35 1.03% 0/33 0.535 0.005
4.311)

3-Methyl-1- 123-51-3n/a(RT  12/35  0.61% 0/33 0.561 0.005

butanol 5.733 min)

2-Undecanone 112-12-9 16.464 5/35 0.55% 1/33  0.25% 0.398  0.050

Polar column CAS DBWax Occurs Mean OccursMean stat p.value

indicators RI in P inP inC inC

3-Hydroxy-2- 513-86-0 1259.3 26/36  1.76% 0/32 0.819  0.005

butanone

2,3-Butanediol 513-85-9 1524.7 26/36  3.04% 0/32 0.794  0.005

3-Methyl-1- 123-51-3 1182.5 17/36  0.67% 0/32 0.697  0.005

butanol

Ethanol 64-17-5 n/a(RT  9/36 6.08% 0/32 0.507  0.005
5.675 min)

1-Octen-3-ol 3391-86- 1426.5 9/36 0.85% 2/32  0.74% 0.453 0.025

4

By week 11-14 post infection, toward the end of the sampling period, the
relative abundance of the bacterial indicator compounds was reduced in
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favour of an increased relative abundance of 1-octen-3-ol (Figure 7). This
suggests an increased fungal activity in the infected bulbs, as the compound
is a common fungal metabolite (Assaf et al. 1997), and has been indicated as
a sign of fungal infection in onion bulbs (Paper II).

10.0%
7.5%
5.0%

2.5%

Percentage of Total AUC

0.0%

0 1 2 3 4 5 6 7 8 9 1" 14
Weeks post infection

Compound 2,3-Butanediol @ 3-Hydroxy-2-butanone

Figure 8: The temporal changes in relative abundance of 2,3-butanediol and 3-hydroxy-
2-butanone in headspace samples of onion bulbs infected with Pectobacterium
carotovorum. Samples were taken from 0 to 14 weeks post infection and analysed using
headspace SPME-GC-MS equipped with a polar DBWax GC column (n=3). Error bars
represent standard deviations.
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Figure 9: The temporal changes in relative abundance of 2,3-butanediol and 3-hydroxy-
2-butanone in headspace samples of onion bulbs infected with Pectobacterium
carotovorum. Samples were taken from 0 to 14 weeks post infection and analysed using

headspace SPME-GC-MS equipped with a nonpolar HPS GC column (A, n=3). Error
bars represent standard deviations.
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4.5 Practical applicability in storage

Various physiological measurements have been studied previously and show
promise as indicators that predict sprouting. One such indicator is the
changing ratio of mono- and disaccharides as sprouting is initiated and
progresses. The connection between increased monosaccharide contents in
the bulb and visible internal sprouting has been shown both in the study
carried out as part of this thesis (Paper I) and in previously published studies
(Chope et al. 2012). The contents of sucrose and glucose can be measured
using a simple reflectometer and test strip system (Kleman et al. 2023). Dry
matter content is also easy to measure and showed a connection to sprouting
as dry matter was consumed at a higher rate than water in the sprouting
process.
With regards to headspace VOC monitoring of F. oxysporum, P. polonicum
and P. carotovorum-infection in storage, several indicator compounds were
identified in this thesis. However, certain of the sulfuric compounds found
to be indicators of fungal infection (Paper II) are naturally occurring also in
healthy onions. These compounds include methyl propyl disulfide, dimethyl
disulfide, 2,4-dimethyl-thiophene and methyl I1-propenyl disulfide
(Bernhard 1969; Kuo & Ho 1992; Machova et al. 2019), though dimethyl
disulfide can also be produced independently by bacteria (Wang et al. 2021).
Despite being native to healthy onions, the changing abundance of sulfuric
VOCs has been shown to be an important factor in identifying F. oxysporum-
infected onion bulbs using an e-nose (Labanska et al. 2022). 2-Hexyl-5-
methyl-3(2H)-furanone, while not necessarily unique to infected bulbs, is
typically released in small amounts by healthy bulbs and in greater amounts
by injured or otherwise stressed onion bulbs (Li et al. 2011) and may be an
appropriate target for monitoring quality decline in stored bulbs, though the
availability of sensors targeting this compound is unclear. Ethenylbenzene is
a metabolite commonly found in fungi, including F. oxysporum (Beck et al.
2008), and is also one of the indicator compounds found in bulbs affected by
Fusarium basal plate rot (Paper II). Ethenylbenzene is also of interest as it is
hazardous to human health if inhaled, and consequently research into sensors
capable of detecting its presence has been carried out (Liu et al. 2018). For
P. carotovorum, several distinct compounds were found to be indicative of
infection (Paper I1I). Among them, 3-hydroxy-2-butanone and ethanol were
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among the more consistent indicators at the earliest stages of infection. Gas
sensors have been tested and found to be capable of detect these two
compounds (Park et al. 2017; Tian et al. 2020), though the specific sensors
have yet to be tested in crop storage situations. Li et al. (2011) used a 32
sensor array to sample the headspace volatiles in a concentration chamber
containing healthy onion bulbs or bulbs infected with either Botrytis neck rot
or sour skin and found that it could successfully and with high accuracy
determine which group of bulbs the sample came from. In a previous study,
a gas sensor array with just 6 sensors coupled with a support vector machine,
was successfully trained to detect sour skin with relatively high accuracy
under similar conditions (Li et al. 2009). Konduru et al. (2015) achieved a
similar classification accuracy (85%) of sour skin infected bulbs, sampled in
small plastic containers with a custom gas sensor array. Another study found
that the e-nose PEN 3 could identify and differentiate between different rates
of Fusarium basal plate rot in batches of onion bulbs with high accuracy, and
that while all sensors in the array contributed to differentiation the ones
targeting organic sulfur compounds and nitrogen oxides were particularly
important (Labanska et al. 2022). Further studies in real storage conditions
in combination with improved knowledge on which VOC:s to target, such as
those found in Paper II and III, and thus which sensors to use, could further
refine the system to produce effective and cost-efficient storage monitoring.
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5. Conclusions and future perspectives

e Recurring measurements of mono- and disaccharide contents in
stored onion bulbs can help predict sprouting and guide decisions
on removal from storage and sale before losses are incurred.

e The exact sugar ratios or dry matter contents that indicate
sprouting initiation will differ between cultivars and conditions,
and further studies are needed to establish applicable guidelines
for specific cases.

e VOC monitoring has promise as a method to detect quality
changes, including development of storage diseases, but there is
still room for fine-tuning in the selection of target compounds and
thus sensors.

e Compounds relevant as targets for automated monitoring systems
using gas sensor arrays include sulfur-containing compounds
native to onions, ethenylbenzene and 1-octen-3-ol for fungal
infections, and 3-hydroxy-2-butanone, 2,3-butanediol, 3-methyl-
1-butanol and ethanol for Pectobacterium soft rot. 2-Hexyl-5-
methyl-3(2H)-furanone may be a more general indicator of injury
or infection, but the usability of this compound for monitoring
requires further studies.
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Popular science summary

Onion is a vegetable consumed in large quantities in many parts of the
world. To ensure year-round availability, onions often need to be stored,
sometimes for many months. Since the onion bulb is the plant’s way of
storing energy for later use, it is well-adapted for storage. However, losses
still occur during storage due to onion bulbs being affected by various rots
or beginning to sprout. To reduce these losses, different monitoring systems
need to be developed. Such systems could measure various changes
occurring within the bulbs and enable better planning for sales and storage.
This could be achieved either by removing a small number of bulbs to
measure different properties or by using technology to detect, for instance,
the odours emitted by the bulbs.

This thesis investigated how the measurement of various sugars and dry
matter content in onions can be used to predict when sprouting will begin. It
was found that the levels of glucose, fructose, and sucrose, as well as the
decrease in dry matter, are linked to the onset of sprouting. The thesis also
examined which odours are released when onions are infected by various
types of rot. The odours emitted by onions affected by one of two different
types of mould or a bacterial rot were analysed chemically. It became clear
that the different types of mould and rot lead to the emission of distinct odour
molecules.

The information from the first part of the study can be used in future
development of sugar content sampling to predict sprouting. The results from
the odour analyses can be applied in the development of electronic sensor
systems capable of detecting early stages of rot during storage. This would
make it possible to remove onions from storage before the rot spreads to
more of the stored bulbs. Overall, the development of such systems can help
to reduce losses during storage.
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Popularvetenskaplig sammanfattning

Lok édr en gronsak som konsumeras i stora midngder i manga delar av
vérlden. For att loken ska kunna finnas tillgénglig dret om maéste den i de
flesta fall lagras, ibland i manga manader. Eftersom 16ken &r 16kplantans sétt
att spara energi till senare dr den vél anpassad for att kunna lagras. Men énda
uppstér svinn under lagringen, pa grund av att de lagrade l6karna drabbas av
olika rotor eller borjar bilda blad. For att minska svinnet behdver olika
overvakningssystem utvecklas. Sddana Overvakningssystem skulle kunna
miéta olika fordndringar som sker inom 16karna och gora att man kan planera
forséljning och lagring. Det kan fungera antingen genom att man tar ut
provlokar och miter olika egenskaper hos dem, eller genom teknologi som
méter exempelvis dofter som lokarna avger.

I denna avhandling undersoktes hur métning av bland annat olika
sockerarter och torrsubstans i 16kar kan anvédndas for att forutséga nér 16ken
kommer att borja bilda blad. Det visade sig att innehallet av glukos, fruktos
och sukros och minskningen av torrsubstans kan kopplas till bérjan av
bladbildning. I avhandlingen undersoktes ocksé vilka dofter som avges nér
l6kar smittas av olika r&tor. Doften fran l6kar angripna av en av tva olika
typer av mogel eller en bakterierdta undersoktes genom kemisk analys. Det
blev tydligt att de olika typerna av mdgel och réta ger upphov till att olika
sorters doftmolekyler avges. Informationen fran det forsta delforsdket kan
komma till anvdndning i framtida utveckling provtagning av sockerhalt for
att forutse bladbildning. Resultaten fran doftanalyserna kan anvéndas vid
utvecklingen av elektroniska sensorsystem, som kan upptécka tidiga stadier
av rota under lagringen. Pa sa vis kan man ta hand om I6ken innan rétan
spridit sig till fler av de lagrade 16karna. Sammantaget kan utvecklingen av
sadana system hjélpa till att minska svinn under lagring.
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ABSTRACT

Onions are produced and consumed in large amounts all over the world. Even though the dry
onion bulb is well suited to storage, significant losses occur due to sprouting and diseases
during the storage period. The objective of this study was to find methods to support decision-
making in storage and prevent some of these losses. Three onion cultivars were tested during
two storage seasons, and quality indicators such as firmness, sugar content, dry matter content
and mineral content were measured. All but one of the samples were treated with maleic
hydrazide for sprouting inhibition. Contents of fructose and glucose were found to be
connected to the extent of sprouting, with the highest contents coinciding with the onset of
sprouting in spring. Firmness and dry matter losses differed between samples from different
growing conditions with firmness losses up to 35.2% and dry matter losses between 4.9% and
11.1% found. Dry matter content was significantly connected to the fraction of sprouted bulbs
in a sample. While firmness had a decreasing trend for all but one sample, the firmness
measurements carried out with a handheld penetrometer were not consistent enough to be a
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reliable indicator of sprouting.

Introduction

As stated both by the Sustainable Development Goals of
the United Nations, specifically goal 12, target 12.3 (UN
General Assembly 2015) and the Recommendations for
Action in Food Waste Prevention produced by the Euro-
pean Union (EU Platform on Food Losses and Food
Waste 2019), reducing losses and waste of food is an
important step towards sustainability. The bulb onion,
Allium cepa L., is often stored for several months after
harvest and during storage it suffers losses. These
losses are caused by a variety of factors including
storage diseases, caused by a number of different
fungal and bacterial pathogens (Schwartz and Mohan
2007), sprouting and related weight loss due to tran-
spiration and respiration consuming stored carbo-
hydrates (Jaime et al. 2001). As stated in the UNECE
standard for onions, later stages of sprouting, where
visible leaf growth has occurred, render the bulbs unsel-
lable (UNECE 2019). The amount of postharvest losses on
a national level vary depending on cultivation and
storage circumstances, and examples of losses as low
as 13% (Franke et al. 2013) and as high as 50% (Olanipe-
kun 2018) have been reported. With a worldwide

production of over 100 million tons each year, onions
are one of the most produced and consumed vegetable
crops, second only to tomatoes (FAOSTAT 2023). Sprout-
ing can be inhibited using chemical control; one
common method is application of maleic hydrazide
before harvest, which inhibits cell division in the bulb
meristem (Greulach and Atchison 1950). Exposing the
bulbs to ethylene or 1-methylcyclopropene is another
method that has been shown to inhibit sprouting
(Downes et al. 2010). lonising irradiation is a third
method that is used in many places (Sharma et al.
2020). The methods available to a grower depend on
regional laws and regulations, as not all countries
allow the use of maleic hydrazide (P6ldma et al. 2011)
or irradiation (Stefanova et al. 2010). Preventing devel-
opment of storage diseases is more challenging.
Ozone application has been found to reduce growth of
fungal and bacterial causers of storage diseases
(Shelake et al. 2022). The effect of air temperature and
humidity during storage has been studied by many; it
has been found that temperatures of 0-5°C inhibit
both sprouting and disease development, while temp-
eratures of 25-30°C inhibit sprouting but may promote
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disease development (Abdalla and Mann 1963; Islam
et al. 2015; Petropoulos et al. 2017) A RH of 55-70% is
beneficial as it helps limit disease and root development
while also preventing excessive fresh weight loss (Gubb
and MacTavish 2002). However, no method can guarantee
complete long-term prevention of sprouting or disease.
Therefore, there is a need for tools that help predict
quality decline and support decision making regarding
which batches are suitable for long-term storage.

Factors influencing the storage potential of a bulb are
affected to varying degrees both by the genetics of the
particular cultivar and by cultivation and handling.
Approximately 80-90% of the onion bulb’s dry matter
content consists of non-structural carbohydrates such
as fructans, sucrose, fructose and glucose (Darbyshire
and Henry 1979). Contents of nonstructural carbohydrates
change during the storage season and these changes are
connected to the sprouting process (Downes et al. 2010).
The content of fructans and the rate of fructan hydrolysis
has been shown to be connected to onion bulb storability
(Jaime et al. 2001). Onions containing high amounts of
fructans and with low rates of fructan hydrolysis can be
stored for longer periods of time before sprouting. The
changing ratio between monosaccharides and disacchar-
ides over the course of a storage period has also been
pointed out as a potential predictor of sprouting (Chope
et al. 2012). Additionally, bulbs with high firmness typically
also have higher dry matter content, making firmness
another indicator of storability (Coolong et al. 2008). A
third factor influencing onion quality and storability is
the content of mineral nutrients in the bulb, which is
affected by fertiliser application. It has been shown that
reduced doses of nitrogen fertiliser application can result
in better storability (Golubkina et al. 2022). Increased
doses of sulphur fertilisation can improve bulb growth,
firmness and sulfur content, but no effect on total
soluble solids or storability has been found (Lancaster
et al. 2001; Forney et al. 2010).

Numerous studies have been performed over the
years in an attempt to elucidate the effect of cultivar
choice, cultivation methods and storage technology on
onion quality and losses, and many have delved into
the finer details of the bulbs’ carbohydrate metabolism
and enzymatic activity, and how this connects to the
sprouting process (e.g. Pak et al. 1995; Carter et al.
1999; Ko et al. 2002; Benkeblia et al. 2005; Yasin and
Bufler 2007; Chope et al. 2012; Sharma et al. 2015; Golub-
kina et al. 2022). In this grower initiated study we aim to
look into how some of these well studied aspects of
onion physiology could be of use for storage planning
in commercial onion production under Nordic con-
ditions. In order to do so, we worked in collaboration
with a large scale commercial onion producer and

took monthly samples of onions of three cultivars in
their storage over the course of two whole storage
seasons. The cultivars chosen were ‘Hystore’, ‘Hytech’
and ‘Saskia’, three commonly grown very long day culti-
vars with similar traits, all well adapted to Nordic con-
ditions and suited to long term storage.

The objective of this study was to compare measure-
ments of onion quality indicators with sprouting, with
the goal of identifying methods that could be easily
applied in storage facilities. In this study, we used a com-
bination of easily applicable methods and well-devel-
oped scientific methods. The quality indicators
measured were firmness, sugar composition, dry
matter and mineral content. We hypothesise that these
indicators are connected to sprouting status and can
be used to predict storability of onions.

Materials and methods
Plant material

The onions were produced by commercial growers in
the region of Skane, Sweden, in 2019 and 2020. Har-
vested onion bulbs were kept in a storage facility oper-
ated by Almhaga Gronsaker AB (Hollviken, Sweden).
The three cultivars, Hystore (HYS), Hytech (HYT) and
Saskia (SAS), were harvested in September and
sampled once a month during storage, from October
until June. To obtain four replicates, bulbs were col-
lected from squares placed at least 40 m apart in each
field. For each sampling occasion, samples consisting
of five random average sized (diameter 65-80 mm)
onion bulbs without visible defects were taken from
each replicate batch. In 2019, each cultivar was grown
in two different fields for a total of six sample IDs, and
in 2020, HYS and SAS were grown in two fields each
while HYT was grown in three fields, for a total of
seven sample IDs (Table 1). Before harvest, all batches
except HYT20k were treated with full dose maleic hydra-
zide (Fazor, Arysta LifeScience Great Britain Ltd, United

Table 1. A list of the onion cultivars used and the ID each batch
was given.

Cultivar D
2019 2020
Hystore HYS19a HYS20g
HYS19b HYS20h
Hytech HYT19¢ HYT20i
HYT19d HYT20j
HYT20k
Saskia SAS19e SAS201
SAS19f SAS20m

Each ID represents a batch of onions from a certain year (2019 or 2020) and a
certain field (a-m). All samples except HYT20k were treated with full dose
maleic hydrazide (Fazor, Arysta LifeScience Great Britain Ltd, United
Kingdom) at 80% tops down.
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Table 2. The sowing dates for the sampled onions and the pH, content of clay, sand and organic matter in soil samples from the fields

where the onions were grown.

P-AL K-AL Mg-AL Ca-AL
Sowing Lifting mg/100 g mg/100 g mg/100 g mg/100 g Organic
ID date date pH DW DW DW K/Mg DW Clay Sand matter Classification
2019
HYS19a  17-Apr 02-Sep 7.6 14 7.2 12 0.6 310 17% 53% 2.5% Sandy loam
HYS19b  17-Apr 08-Sep 6.6 17 6.7 5 13 100 15% 65% 1.9% Sandy loam
HYT19¢  08-Apr 28-Aug 7.6 1" n 9.5 1.2 291 12%  66% 2.5% Sandy loam
HYT19d  21-Apr 15-Sep 7.0 9.1 10 1 0.9 350 12%  67% 3.1% Sandy loam
SAS19e  12-Apr 06-Sep 8.4 17 17 1" 15 390 20% 60% 2.3% Sandy clay
loam
SAS19f  09-Apr 07-Sep 6.6 13 4.6 7.3 0.6 410 11% 70% 0.2% Sandy loam
2020
HYS20g  08-Apr 07-Sep 8.1 26 9.7 21 0.5 540 13% 66% 3.9% Sandy loam
HYS20h  20-Apr 15-Sep 6.3 6.8 8.6 7.8 1.1 250 11% 79% 2.1% Sandy loam
HYT20i  06-Apr 02-Sep 6.5 1" 9.8 1 0.9 270 13% 60% 3.5% Sandy loam
HYT20j  08-Apr 03-Sep 7.5 8.2 10 8.2 1.2 320 17%  54% 2.4% Sandy loam
HYT20k  06-Apr 05-Sep 8.0 75 7.1 15 0.5 1000 17% 47% 4.2% Loam
SAS201  10-Apr 16-Sep 7.5 53 9 6.1 1.6 250 15% 62% 2.3% Sandy loam
SAS20m  28-Apr 20-Sep 6.1 38 8 6.2 13 170 17%  60% 2.2% Sandy loam

Values are given for soil dry weight.

Kingdom) at 80% tops down. Bulbs were lifted in August
or September (Table 2) and allowed to dry in field until
September 25th in 2019 or until October 5th in 2020.
After field drying, the bulbs were dried for an additional
four weeks in trays, protected from rain by a roof but
otherwise exposed to ambient conditions, before being
placed in refrigerated storage. The refrigerated storage
was kept between 0 and 1°C with a RH of 80 to 85%.
Onions intended for the experiment were kept separate
from the bulbs meant for commercial sale, but in identical
storage conditions. In 2019, grower reported losses,
defined as the fraction of stored bulbs not suitable
for retail sale, were 19% (HYS19a), 17% (HYS19b), 7%
(HYT19¢c), 22% (HYT19d), 6.5% (SAS19e) and 7%
(SAS19f). In 2020 the losses were 7% (HYS20 g), 9%
(HYS20 h), 7% (HYT20i), 100% (HYT20j), 8% (HYT20k), 9%
(SAS20 1) and 100% (SAS20 m). The 100% losses recorded
for HYT20j and SAS20 m were due to the whole batches
being sold to industrial processing at the end of storage
as a large percentage of the bulbs had sprouted.

Field data

Soil samples were taken from the fields during the
respective growing seasons (18 September 2019 and
15 August 2020), fractions of clay, sand and organic
matter were measured and ammonium lactate (AL) ana-
lyses for mineral contents were performed (LMI, Helsing-
borg, Sweden). Results are shown in Table 2.

Sample preparations and firmness
measurements

The bulbs were rinsed with tap water, and the top and
basal plate and all fully or partially dry scales were

removed. Bulb firmness was measured at three points
along each bulb’s equator using a handheld penetrom-
eter (6 mm pin, Digital Fruit Hardness Tester 41050,
Step Systems GmbH, Germany). For better uniformity
in measurements, the penetrometer was laid flat on a
table with the measuring pin sticking out and held still
while the bulb was pushed onto the pin. After this, the
bulbs were cut into quarters and sprouting status was
noted. Bulbs where internal sprout elongation had
started and the sprouts had visibly changed colour
were deemed to be sprouting (Figure 1). The quartered
bulbs were turned into a fine mash using a Waring
blender (Model 91-358, USA). For sugar content analysis,
onion mash was placed in a 50 mL polypropylene tube
(Sarstedt, Germany), weighed and frozen at —80 °C.
The samples were then lyophilised at —90°C using a
Hetosicc CD 13-3 (Heto InterMed, Denmark) for five
days, and weighed again.

Sugar analysis

To analyse the contents of sucrose, glucose and fructose
using HPLC, sugars were extracted from the samples by
adding 5 mL MilliQ filtered water to 50 mg of finely
ground lyophilised onion sample and shaking overnight

Figure 1. Examples of bulbs deemed to be sprouting (A) and not
yet sprouting (B).
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at 120 rpm and 4°C. Samples were then centrifuged for
five minutes at 18000 G and 4 °C, and the supernatant
was collected for analysis. For the samples collected in
October 2020 and June 2021, a Phenomenex LUNA
omega column and a mobile phase consisting of 75%
acetonitrile was used. For all other samples, a Sarasep
Car-H column was used with a mobile phase consisting
of water and 3 mM HCI. Standards containing D-(+)-sac-
charose (VWR, USA), D-(+)-glucose (Merck, Germany) and
D-(—)-fructose (Sigma-Aldrich, USA) at known concen-
trations were run using the same methods to ensure
consistent measurements.

Mineral and dry matter content

After samples for flavonoid and sugar analysis had been
collected, samples to be sent for mineral content analy-
sis were prepared from the remaining onion mash. Each
replicate was poured into an aluminium tray and
weighed before and after being fully dried in an oven
at 60 °C for seven days. The dry matter content was
recorded. In order to study the mineral content
dynamics, the dried samples from the storage season
starting in 2019, months October, February and June,
were analysed regarding a plant nutrient status panel
of 17 minerals (Eurofins Agro Testing Sweden AB, Kris-
tianstad, Sweden).

Statistics

Statistical analysis was carried out using Minitab version
19.2020.1 (Minitab, LLC) and R version 4.1.2. The corre-
lation between mineral and dry matter content was cal-
culated using Pearson pairwise correlation in Minitab.
The connections between sprouting, mineral content
and sugar content were calculated using the Anova func-
tion in R. A general mineral model was applied to the
sprouting, sugar and mineral data in Minitab. Tukey pair-
wise comparisons were made for average sprouting and
mineral content, and a main effects plot of the sugar
content and sprouting was created using Minitab.

Ethics statement

This study did not involve human or animal subjects and
therefore ethical approval was not necessary.

Results
Firmness

Firmness, as measured with the penetrometer,
decreased significantly over time (p<0.001). There was

a large variability between individual measurements,
and no significant correlation with sprouting could be
found. The total firmness decline varied somewhat, but
it did not significantly differ between most sample IDs
(Table 3).

Sprouting

The first signs of sprouting were observed in January of
both years, with an average of 26% of the bulbs showing
signs of sprouting from January to February. By March,
72% of the bulbs showed signs of sprouting, increasing
to 92-99% in the period April-June. Slight differences
between sample IDs could be seen, but the only signifi-
cant difference found when IDs were compared using
the Tukey method was that the group HYT20k, HYT20j
and HYS19a had a higher percentage of sprouted
bulbs than HYT19d (Table 4). The fact that HYT20k was
not treated with maleic hydrazide did not have a signifi-
cant effect on the sprouting status of the tested bulbs.

Sugars and dry matter content

The HPLC analysis of sugar concentration throughout
the storage seasons showed that concentrations of the
sugars fructose, glucose and sucrose were higher
around mid-storage season, coinciding with the start
of the internally visible sprouting process (Figure 2).

Table 3. The average firmness of onion bulbs of the cultivars
‘Hystore’ (HYS), ‘Hytech’ (HYT) and ‘Saskia’ (SAS) harvested in
2019 (19) or 2020 (20) from 13 fields (a-m) in Skane, Sweden.

Months after harvest

Sample ID 1(N) 9 (N) Mean change Grouping
2019

HYS19a 21.2+3.3 14.7+£2.1 —30.9% (@)
HYS19b 20.6x2.2 16.8+2.4 —18.6% ABCD
HYT19c 27.0£3.7 17.5+4.2 —35.2% D
HYT19d 20.9+1.8 15.6+3.6 —24.9% BCD
SAS19e 21.7¢4.2 17.4+4.2 -19.1% ABCD
SAS19f 23.7+2.5 18.6+3.6 —-21.7% ABCD
2020

HYS20g 23.3+4.6 18.6+2.5 —-19.5% ABCD
HYS20h 21.0£3.3 18.0+3.2 —13.3% ABCD
HYT20i 19.9+4.2 18.6+2.5 —5.9% AB
HYT20j 21.7434 16.9+4.8 —-21.5% ABCD
HYT20k 19.2+3.2 17.0x2.7 —10.8% ABC
SAS20I 21.8+3.1 19.8+£5.0 —8.0% ABC
SAS20m 18.1£6.0 18.1+3.8 1.6% A

All samples except HYT20k were treated with full dose maleic hydrazide
(Fazor, Arysta LifeScience Great Britain Ltd, United Kingdom) at 80%
tops down. Four replicates consisting of five random bulbs of each ID
were sampled from storage every month from October (one month
after harvest) until June (nine months after harvest) with the exception
of November 2020, when no samples were taken. Firmness is given in
Newton (N) + SD, as measured with a handheld penetrometer with a
pin diameter of 6 mm. Measurements shown were taken at the start
(October) and end (June) of storage, with three measurements taken
per bulb. Grouping information was acquired using Tukey pairwise com-
parisons and 95% confidence.
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Table 4. Sprouting in onion bulbs of the cultivars ‘Hystore’
(HYS), ‘Hytech’ (HYT) and ‘Saskia’ (SAS) harvested in 2019 (19)
or 2020 (20) from 13 fields (a-m) in Skane, Sweden.

ID N Sprouted Grouping
HYT20k 32 52.5% A
HYT20j 32 50.0% A
HYS19a 36 50.0% A
HYT20i 32 48.2% AB
SAS19f 36 47.8% AB
HYS20h 32 46.9% AB
SAS19e 36 46.7% AB
SAS20m 32 45.0% AB
HYS19b 36 44.4% AB
HYT19¢ 36 43.9% AB
SAS20l 32 43.8% AB
HYS20g 32 40.7% AB
HYT19d 36 35.6% B

All samples except HYT20k were treated with full dose maleic hydrazide
(Fazor, Arysta LifeScience Great Britain Ltd, United Kingdom) at 80%
tops down. Four replicates consisting of five random bulbs of each ID
were sampled from storage every month from October until June, with
the exception of November 2020, when no samples were taken, and the
resulting 32-36 values were pooled to calculate the average fraction of
sprouting bulbs. Sprouting was defined as visible elongation and colour
change of internal sprouts, as could be seen when bulbs were halved
(Figure 1). Grouping information was acquired using Tukey pairwise com-
parisons and 95% confidence.

This trend was particularly clear with fructose and
glucose (Figure 3(A, B)), which showed a marked
increase coinciding with many of the bulbs starting
their internal sprout growth. The monosaccharide
content tended to peak at the time when 60-80% of
the bulbs had sprouted, after which content decreased.
The sucrose content did not peak in the same way. As
sprouting progressed further (Figure 2), the fructose
levels dropped off to near the levels found at the start
of each storage season. Fructose was found to be

2019
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significantly connected with sprouting status, both as a
standalone factor (p<0.05) and when taking sampling
month and sample ID into account (p<0.01). A signifi-
cant connection was found between glucose content
(Figure 3(B)), month, and sprouting (p<0.01). Sucrose
content (Figure 3(C)) was significantly connected with
sprouting on its own (p<0.01) and in connection to
month (p<0.05), but not when sample ID was taken
into account. No differences in average peak area
could be found between samples run with the two
different HPLC columns and solvents, and data have
therefore been treated as part of the same set. Dry
matter content varied between sample IDs at the begin-
ning of the season and decreased at similar rates after
that point (Table 5). Dry matter had a significant corre-
lation of —0.390 with sprouting (p<0.001, 95% confi-
dence interval —0.497; —0.270). On average, dry matter
contents were higher in 2020 compared to 2019.

Mineral content

The concentration of certain minerals in the bulb dry
weight was found to be significantly connected to the
sprouting status. Concentrations of nitrogen (p<
0.001), sulphur (p < 0.01), calcium (p < 0.001) and potass-
ium (p < 0.01) were significantly connected to the extent
of sprouting when taking the sampling month into
account. Additionally, sulphur content was significantly
connected with sprouting when taking both the
sampling month and sample ID into account (p < 0.05).
Contents of calcium (p <0.05) and chlorine (p<0.01)

2020

Sugar
Fructose
Glucose

= Sucrose

0% 20% 40% 60% 80% 100%

Percentage of sprouted bulbs

Figure 2. The relation between the percentage of sprouted onion (Allium cepa L.) bulbs and the contents of fructose, glucose and
sucrose (expressed as HPLC peak area). Bulbs were harvested in 2019 and 2020, and sugar content was measured once a month

from October until June using HPLC.
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Figure 3. The amounts of fructose (A), glucose (B) and sucrose (C) found when sugars were extracted from homogenised and lyo-
philised onion bulbs collected from storage facilities from October (1) until June (9). Data shown as HPLC chromatogram peak
area per mg extracted dry onion. Error bars represent the average value (n =4) + the standard deviation for the sample.

also showed a significant connection with sprouting
without consideration of sampling month or sample
ID. No significance was found for the other tested min-
erals: magnesium, copper, zinc, iron, sodium, manga-
nese, boron and selenium. Nitrate and cobalt levels
were below the detection threshold (0.3 g kg™" and 43
ug kg™, respectively) and molybdenum content was
either exactly at or below the detection threshold (0.2
mg kg™") in all samples. The overall dry weight percen-
tages of the major minerals N, P, K, Ca and Mg were
1.28%, 0.34%, 1.76%, 0.26% and 0.09%, respectively.
Appendix 1 lists all measured mineral contents. All min-
erals except magnesium, sodium and iron showed nega-
tive correlations with the dry matter content of the bulbs
(Table 6).

Discussion

The purpose of this project was to measure a variety of
onion quality indicators and identify those that showed
promise as storability indicators, in order to help reduce
storage losses. The hypothesis was that the measured
quality indicators could be used to predict the storability
of onions. We chose to focus on how the measured
quality indicators changed over time and in relation to
internal sprout development, as sprouting is a
common cause of storage losses (Anbukkarasi et al.
2013; Sharma et al. 2016). We found that contents of
sugars, dry matter and certain minerals were connected
to the fraction of sprouting bulbs over time, while
firmness showed no significant connection, but also
tended to decrease over time. It can be assumed that
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Table 5. The measured dry matter content of onion bulbs of the cultivars ‘Hystore’ (HYS), ‘Hytech’ (HYT) and ‘Saskia’ (SAS) harvested in
2019 (19) or 2020 (20) from 13 fields (a-m) in Skane, Sweden.

Months after harvest

ID 1 2 3 4 5 6 7 8 9 Change (total)
2019

HYS19a 10.2+0.2 10.4+0.3 10.3+0.3 9.6+0.3 9.6+0.4 9.2+0.3 9.3+0.1 9.3+0.4 9.5+0.2 —6.4%
HYS19b 11.0+0.2 10.6+0.9 10.8+0.3 10.2+0.4 10.3+0.4 10.2+0.3 10.040.1 9.9+0.3 10.2+0.6 -7.3%
HYT19c 12.2+0.1 11.8+0.1 11.9+0.4 10.7£0.1 11.3+£0.3 11.24£0.1 10.9+0.3 11.1£0.2 10.8+0.2 -11.1%
HYT19d 10.8+1.0 10.6+0.4 10.6+0.5 10.3+0.3 10.0+0.2 10.0+0.3 9.7+04 9.8+0.4 9.9+0.3 —8.4%
SAS19%e 9.6+0.4 9.8+0.4 9.5+0.4 9.3+0.3 9.0+0.8 9.0+0.4 9.0+0.4 8.8+0.3 8.9+0.2 —7.8%
SAS19f 9.8+0.9 9.7+04 9.6+0.4 9.3+0.5 9.3+0.7 9.0+0.3 9.3+0.3 8.8+0.7 9.3+0.7 —4.9%
Average 10.6 10.5 104 9.9 9.9 9.8 9.7 9.6 9.8 —7.8%
2020

HYS20g 11.8+0.2 11.6+0.3 11.6+0.3 11.2+0.6 11.2+0.5 10.9+0.7 11.1+0.3 11.0£0.5 —6.6%
HYS20h 11.2+0.7 11.6+0.5 11.0+0.2 11.0£0.2 10.7+0.6 11.0+0.6 10.6+0.2 10.5+0.6 —6.2%
HYT20i 11.0+0.4 11.4+0.4 10.5+0.5 10.5+0.3 10.1+0.4 10.4+0.2 10.5+0.4 10.2+0.3 —7.0%
HYT20j 11.7+0.6 11.5+0.5 11.5+0.4 10.7+0.3 11.0£0.2 10.8+0.3 10.7+0.3 10.9+0.3 -7.1%
HYT20k 11.4+0.3 11.3+0.1 10.7+0.3 10.7+0.3 10.7£0.5 10.5+0.4 10.4+0.4 10.4+0.2 —8.7%
SAS20I 121404 11.6+0.8 11.2+0.4 10.7+1.3 11.1+0.6 11.4+04 11.0+£1.0 11.1+0.7 —7.8%
SAS20m 10.4+0.3 9.9+0.3 9.9+0.2 10.0+0.3 9.8+0.4 9.7+0.3 9.6+0.5 9.5+0.8 —8.9%
Average 1.4 113 10.9 10.7 10.7 10.7 10.6 10.5 -7.5%

All samples except HYT20k were treated with full dose maleic hydrazide (Fazor, Arysta LifeScience Great Britain Ltd, United Kingdom) at 80% tops down. Four
replicates consisting of five random bulbs of each ID were sampled from storage every month from October until June, with the exception of November 2020,
when no samples were taken. Average values for each month of the storage season are given in percentage dry matter with standard deviation, along with

the overall change in dry matter content.

the increased content of minerals per gram of dry matter
with time in storage (Table 6) are merely artefacts of the
decreasing dry matter content, and as such are only
indirect predictors of sprouting. This is in line with
findings by Grevsen and Sorensen (2004), who found
that the content of ash per fresh weight increased
towards the end of the storage season, as the bulbs
lost both carbohydrates and water. The contents of the
minerals N, P, K, Ca and Mg found in the samples in
this study were similar to values reported in the litera-
ture (Furlan and Bernier-Cardou 1989). In conclusion,
the content of minerals at harvest had no effect on
other quality indicators in this study.

As dry matter content seemed to decrease at similar
rates for all samples (Table 5), it seems onion bulbs
with a high initial dry matter content will retain a rela-
tively high content later in the season, when compared

to bulbs with a lower initial content. Jaime et al. (2001)
found that onions with an initial dry matter content of
at least 16% were better suited for storage, as fewer
had sprouted after a six-month storage period. In our
samples, we had no measured dry matter content
above 13%, and most samples started the storage
seasons with values below 11% in 2019 and below
12% in 2020. These values seem typical of onions pro-
duced in Scandinavia, as other studies have found that
dry matter content of 11-13% is common at the start
of storage and that this decreases to 9-11% towards
the end of storage (Hansen 1999; Mogren et al. 2007).
It has been shown that a relatively early harvest, at 20—
50% so called ‘tops down’ rather than 80%, can result
in a higher dry weight percentage in the harvested
bulb and somewhat slower sprouting (Grevsen and
Sorensen 2004). However, the earlier harvest also

Table 6. Pairwise Pearson correlations for the dry matter and mineral content in onion bulbs during storage.

Sample 1 Sample 2 N Correlation 95% Cl for p P-Value Significance
Sulphur (S) Dry matter 72 —0.650 (—0.766; —0.493) 0.000 b
Nitrogen (N) Dry matter 72 —0.347 (—0.536; —0.125) 0.003 **
Phosphorus (P) Dry matter 72 —0.704 (—0.804; —0.564) 0.000 il
Potassium (K) Dry matter 72 —0.298 (—0.495; —0.071) 0.011 *
Calcium (Ca) Dry matter 72 —0.249 (—0.454; —0.018) 0.035 *
Magnesium (Mg) Dry matter 72 —0.075 (—0.301; 0.159) 0.531

Sodium (Na) Dry matter 72 —0.086 (—0.311; 0.149) 0.474

Chlorine (Cl) Dry matter 72 —0.400 (—0.578; —0.185) 0.001 b
Zinc (Zn) Dry matter 72 —0.304 (—0.501; —0.078) 0.009 **
Iron (Fe) Dry matter 67 0.018 (—0.223; 0.257) 0.886

Manganese (Mn) Dry matter 72 -0.277 (—0.478; —0.049) 0.018 *
Copper (Cu) Dry matter 72 —0.575 (-0.711; —0.395) 0.000 Frx
Boron (B) Dry matter 72 —0.656 (—0.770; —0.500) 0.000 i
Selenium (Se) Dry matter 72 —0.644 (—0.762; —0.484) 0.000 d

Onion bulbs harvested in 2019 were sampled at the beginning, middle and end (October, February and June) of the storage season. All samples were pooled for

pairwise comparison.



8 I. KLEMAN ET AL.

resulted in a lower total weight of marketable bulbs, and
the long-term sprouting reduction was not as effective
as for bulbs treated with maleic hydrazide (ibid.). We
found that SAS20 m, which was sown later than any
other ID in 2020, had the lowest dry matter content,
but did not differ from the other IDs in terms of sprout-
ing (Table 4). We also found a significant connection
between the onset of sprouting and the increase in
content of the monosaccharides glucose and fructose
(Figure 2). The changing ratio between mono- and disac-
charides has previously been reported to be a good indi-
cator of sprouting status by Chope et al. (2012). The
subsequent decrease in fructose, glucose and sucrose
in our study is also as expected, as mono- and disacchar-
ides are consumed in the sprouting process (Sheikh et al.
2022). The peak of mono- and disaccharide content
coinciding with the start of sprouting can be attributed
to an increased activity of fructan-degrading enzymes, a
process that has been pointed out as a possible strong
indicator of the start of the sprouting stage (Benkeblia
et al. 2005). In our study, we did not examine enzyme
activity, but it seems the increase in monosaccharides
can serve as an easily measurable, if a bit later, indicator
of the same process. HPLC analysis of sugar content
showed changes over time (Figure 3). Similar measure-
ments could also be made with simple and relatively
cheap methods, e.g. Merck reflectoquant system
(Kleman et al. 2023). Another process that can be indica-
tive of sprouting initiation is the redistribution of fruc-
tans in the bulb (Ohanenye et al. 2019). However, we
homogenised all non-dry scales of the bulbs and could
therefore not detect movement of sugars. Further
studies regarding the redistribution of sugars in bulbs
and whether this could be useful in storage decision
making may be relevant.

The varying rates of decrease in firmness is another
interesting quality indicator. We found significant differ-
ences in loss of firmness for different samples of the cul-
tivar ‘Hytech'’ (Table 3). It could be assumed that this was
influenced by the cultivation and handling of the onions,
and could be predictive of storability. Firmness is con-
nected to dry matter content and, therefore, storability
(Coolong et al. 2008), and is a relatively easy parameter
to measure. Regular penetrometer measurements could
easily be applied in storage, and batches of onions with
faster rates of decline in firmness could be sold sooner
than batches that retain their firmness well. A
mounted penetrometer should be used, as we found
that the values obtained from the handheld penetrom-
eter were rather variable, even if the overall trend
remained clear. The high variability in the measurements
obtained from the handheld penetrometer may be part
of the reason we did not see any significant connection

between sprouting and firmness. However, it has been
shown that a handheld penetrometer can give relatively
reliable and consistent measurements in the case of
sugar beets, but it requires a defined operating pro-
cedure and training of the person performing the
measurements (English et al. 2022). Dry matter content
is another quality indicator that is easy, albeit slower,
to measure and only requires access to an oven or lyo-
philiser and scales.

Conclusion

In summary, measurements of dry weight, firmness and
sugar content are useful ways of following the quality of
a batch of onion bulbs over the course of a storage
season. The content of monosaccharides is a good indi-
cation of sprouting status and could aid in deciding
which stored batches to sell and thus help reduce
losses in storage.
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Appendix

The contents of 14 minerals in onion bulbs of the cultivars
‘Hystore’ (HYS), ‘Hytech’ (HYT) and ‘Saskia’ (SAS) harvested in
2019 from six fields (a-f) in Skane, Sweden. Four replicates con-
sisting of five random bulbs of each ID were sampled from
storage in October, February and June, and the resulting 12
values were pooled to calculate the average contents of each
mineral. Mineral contents are given per kg dry matter. ' n=
7, as five of the samples had iron content below the detection
threshold of 22 mg kg™". Capital letters indicate grouping, gen-
erated using Tukey pairwise comparisons and 95% confidence.
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