
 

 

VOLATILE ORGANIC COMPOUNDS AS BIOMARKERS FOR DETECTION 

OF ONION QUALITY DURING STORAGE 

 

 

 

 

Ph.D. thesis by 

Aimei Wang 

Jan 2018 

 

 

 

 

Department of Food Science 

Aarhus University – Aarslev 

Denmark 

 



ii 
 

Main supervisor 

Ph.D., Associate Professor 

Merete Edelenbos 

Department of Food Science 

Aarhus University 

 

Co-supervisor 

Ph.D., Senior Scientist 

Anders Johansen 

Department of Environmental Science  

Aarhus University 

 

 

Assessment Committee 

Ph.D., Professor 

Dan Funck Jensen  

Department of Forest Mycology and Plant Pathology 

Swedish University of Agricultural Sciences 

 

Ph.D., Associate Professor 

Mikael Agerlin Petersen 

Department of Food Science 

Copenhagen University 

 

Ph.D., Associate Professor 

Marianne Hammershøj (chairman) 

Department of Food Science 

Aarhus University 

http://envs.au.dk/en


iii 
 

Preface 

The work described in this Ph.D. thesis was performed at the Department of Food Science, 

Aarhus University. The Ph.D. project was part of the project “Strategies and Technologies 

to Reduce Postharvest Losses of Potatoes and Vegetables” (project no. 1382-00057B) and 

financed by Innovation Fund Denmark.  

First of all, I would like to acknowledge my supervisors Merete Edelenbos and Anders 

Johansen.  I want to thank Merete Edelenbos for supporting me throughout my whole 

Ph.D. study. I get great support from her on how to behave as a Ph.D. student and guidance 

on the experimental design, data analysis, and paper and thesis writing. I am grateful for 

my co-supervisor Anders Johansen for his support during my study, on experimental 

design, data analysis, papers writing and proof reading of thesis, and his support when I 

worked in the lab at Roskilde campus.  

I would like to thank Alexandru Luca, who has supported me a lot during my Ph.D. on 

working with GC-MS, experimental design, data analysis, writing and thorough proof 

reading of thesis. I would also like to thank Md. Nahidul Islam, who is working on the same 

project, for the help and supports during experiments and on data analysis and writing 

papers.  

Special thanks goes to Jens Michael Madsen and Birgitte Foged. Jens is indispensable 

during my Ph.D. study as I got enormous technical help from him during experiments, 

such as assembling lab equipments, processing of onions, taking photos, etc., with which I 

would have struggled a lot without him. Birgitte supported me a lot with working and 

maintaining the old and new GCs.  

I would also like to thank Satu Latvala and Minna Haapalainen from Finland, who have 

support me a lot on designing and working together on the experiments about Fusarium 

as well as the paper writing. I also want to thank Tanja Begovic and Tina Thane for their 

support during my stay and work at Roskilde campus. 

I would like to thank all the colleagues in the Department of Food Science for making it a 

nice, warm, cosy and creative working place. Special thanks goes to Nina Eggers for 

encouraging and accompanying me in the gym to keep fit and Anders Kjær for proof 

reading of thesis.   

Finally, I would like to thank my family and friends who have been supporting me always.  

Aimei Wang, December 2017 



iv 
 

Abstract 

Onion has a long cultivation history and is one of the most consumed vegetables worldwide. 

The bulb is the storage organ of the plant. Storage conditions are optimized to maintain 

quality between seasons and to reduce weight loss, sprouting, rooting, and disease incidence. 

The pathogens causing diseases in storage come from the field and are brought into storage 

and for some, moved around by the ventilation air. Diseases develop in storage under 

conditions that are optimal for pathogenic growth. Most diseases infect the interior and later 

symptoms are shown from the outside. Determination of volatile organic compounds (VOCs) 

emission and respiration rate are possible methods for non-destructive determination of 

onion diseases. In this Ph.D. study, VOCs were sampled by solid-phase microextraction 

(SPME) and analyzed by gas chromatography-mass spectrometry (GC-MS) to get detailed 

knowledge on VOC emission from onions, and to prove the feasibility of the VOC biomarker 

method as a way to detect diseases in onions at bulk storage.  

First, VOCs with low- to medium-boiling points (<150 °C) were chosen as the target volatiles 

as they have higher vapor pressures and are expected to emit readily at low storage 

temperature. VOCs with boiling points below 150 °C were extracted from healthy and 

diseased onions by SPME on a carboxen/polydimethylsiloxane (CAR/PDMS) fiber, 

separated on an HP-PLOT/Q column, and analyzed by MS. The results showed that the VOC 

profiles of healthy and diseased onions differed. More VOCs were emitted from diseased 

than from healthy onions, and diseased onions had higher respiration rates.   

To study the changes in the VOC profiles of onions during storage in relation to senescence 

and disease development, VOCs from the same samples of onions were analyzed periodically 

during a 3-month period. The results showed that the SPME method was ultra-sensitive and 

it was able to determine the changes in individual VOC emission of onions stored at 4, 15, 

and 25 °C. The total VOC emission decreased during storage of healthy onions but increased 

from onions that became diseased during storage. 

Controlled experiments with three strains of Fusarium oxysporum and three strains of 

Fusarium proliferatum were executed to investigate the VOCs emission from fungi isolates 

grown on liquid onion media (LOM). LOM was produced from onion juice and it was heat 

treated before use to exclude the formation of VOCs derived from the enzymes of onions. 

Thirty-one VOCs were produced by Fusarium growing in LOM, of which allyl mercaptan, 2-

methyl-1-propanol, 3-methyl-1-butanol, methyl thioacetate, and n-propyl acetate were 

exclusively detected compared with LOM. Different species and strains emitted the same 
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VOCs and could be differentiated by their VOC profiles. That was in agreement with the 

relatedness of the studied species and strains. Results from Fusarium-strains grown to 

different biomass levels showed, that the concentration of VOCs were positively related with 

the amount of fungal biomass determined by real-time polymerase chain reaction (PCR). 

Onions were artificially inoculated with two F. oxysporum strains with the aim to determine 

the correlation between VOC emission and respiration rate, and disease levels quantified by 

multispectral image analysis (area of diseased tissue) and real-time PCR (fungal biomass). 

One strain caused no infection (Fox006) while the other caused severe infection (Fox260) 

within 7 weeks post inoculation (wpi) at 22 °C. The total VOC emission, bulb weight loss, 

and respiration rate were positively correlated, and the dry matter content negatively 

correlated with the levels of diseases. It was thus shown, that VOC emission is clearly related 

with fungal growth in artificially inoculated onions. The infected onions could be classified 

into three groups based on their VOC profiles after 1 – 7 wpi:  mild infection at 1 wpi, medium 

infection at 3 – 4 wpi, and severe infection at 5 - 7 wpi. There were high linear correlations 

between levels of infection and total and individual VOC emission including styrene, methyl 

propyl sulfide and 3-methylfuran, and respiration rate. The data showed that infection of 

onions could be detected by analysis of VOC emission. 

The VOC method was applied to bulk samples of onions that had different levels of diseases. 

Disease ratio was evaluated as the number of onions with microbial infection of the total. 

For onions incubated at 18 °C for 20 h, the total VOC emission and respiration rate was 

higher for onions with a higher than a lower disease ratio. Similar results were obtained from 

air taken inside boxes filled with 2 tons onions kept at 0.5 °C.  

This Ph.D. study shows that emitted VOCs and respiration rate can give valuable 

information on quality and diseases of onions in storage. 
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Resumé 

Løg har en lang dyrkningshistorie og er en af de mest spiste grønsager i hele verden. Løget 

er plantens oplagsorgan. For at bevare løgets kvalitet fra en sæson til den næste, opbevares 

løg under forhold, der så vidt muligt begrænser vægttabet, topspiring, rodspiring, og 

forekomsten af syge løg. De patogene svampe, der forårsager sygdomme i løg, kommer fra 

marken og bliver bragt ind på lageret, hvor de i nogle tilfælde bliver ført rundt med 

ventilationsluften. Sygdomme udvikles på lageret under forhold, der er optimale for 

mikrobiologisk vækst. De fleste sygdomme udvikles først inde i løget, mens symptomer 

uden på ofte ses senere. Måling af flygtige organiske stoffer (VOC) og 

respirationshastighed er potentielle metoder til ikke-destruktive måling af sygdomme i løg. 

I dette Ph.D. studium blev VOC’er opsamlet ved fastfase-micro-ekstraktion (SPME) og 

analyseret ved gaskromatografi-masse spektrometri (GC-MS) med henblik på at få 

detaljeret viden om VOC-frigivelse fra løg og for at undersøge muligheden for at bruge 

VOC-metoden til at påvise sygdomme i store partier af løg. 

Indledningsvist, blev der udvalgt en metode til at påvise VOC’er med et lavt-til-mellem 

kogepunkt (<150 oC), da disse stoffer har et højt damptryk og forventes at gå over på 

gasform ved lav temperatur på lageret. VOC’er med kogerpunkter under 150 oC blev 

ekstraheret fra sunde og syge løg vha SPME på en CAR/PDMS fiber, adskilt på en HP-

PLOT/Q kolonne, og analyseret ved MS. Resultaterne viste, at VOC-profiler fra sunde og 

syge løg var forskellige. Mængdemæssigt var VOC-koncentrationen fra syge løg højere end 

fra sunde løg og syge løg havde en højere respirationshastighed. 

For at undersøge VOC-emissionen under lagring i forhold til ældning og sygdomsudvikling 

blev VOC-udskillelsen fra de samme løgprøver bestemt flere gang i en 3-måneders periode. 

Resultaterne viste, at SPME metoden var ultra-følsom, og at det var muligt, at bestemme 

ændringer i koncentrationerne af individuelle VOC’er ved lagring af løg ved 4, 15 og 25 °C. 

Den totale VOC-emission af sunde løg blev mindre under lagring og steg i løg, der blev syge 

undervejs i lagringen. 

Kontrollerede forsøg med tre stammer af Fusarium oxysporum og tre stammer af 

Fusarium proliferatum blev udført for at undersøge VOC-emissionen fra svampeisolater, 

som blev dyrket i et flydende medium (LOM). LOM blev fremstillet ud fra løgjuice (LOM), 

der blev varmebehandlet før brug for at undgå enzymatisk dannelse af VOC-stoffer i 

forsøget. Der blev frigivet enogtredive VOC’er fra LOM-mediet, hvoraf allyl mercaptan, 2-

methyl-1-propanol, 3-methyl-1-butanol, methyl thioacetate og n-propyl acetate kun blev 
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frigivet fra LOM inokuleret med Fusarium. Forskellige Fusarium arter og stammer frigav 

de samme VOC-stoffer og kunne differentieres ud fra deres VOC profiler. Dette resultat er 

i overensstemmelse med arternes og stammernes slægtskabsforhold. Resultater fra 

Fusarium-stammer, der blev dyrket til forskellige biomasseniveauer viste, at 

koncentrationen af VOC’er var positivt korreleret til mængden af svampebiomasse bestemt 

ved realtids polymerase chain reaction (PCR). 

Løg blev kunstigt smittet med to stammer af F. oxysporum med henblik på at undersøge 

korrelationerne mellem VOC-emission og respirationsrate, og sygdomsniveau bestemt ved 

multispektral billedanalyse og realtids PCR. Den ene stamme (Foxoo6) forårsagede ikke 

infektion, mens den anden (Fox26o) forårsagede et markant sygdomsangreb indenfor 7 

uger efter inoculation (wpi) ved 22 oC. Den totale VOC emission, vægttabet, og 

respirationshastigheden var positivt korreleret, og tørstofindholdet negativt til 

sygdomsniveauet. Det blev således påvist, at VOC-emission var klart relateret til mikrobiel 

vækst i kunstigt smittede løg. Løgene kunne klassificeres i tre grupper ud fra deres VOC-

profiler efter 1 – 7 wpi: mild infektion ved 1 wpi, middel infektion ved 3 – 4 wpi og kraftig 

infektion ved 5 – 7 wpi. Der var høje lineære korrelationer mellem infektionsniveauet, og 

den totale og individuelle VOC-emission inklusiv styrene, methyl propyl sylfide og 3-

methylfuran, samt respirationshastigheden. Resultaterne viste, at infektion i løg kunne 

påvises ved analyse af VOC-stoffer. 

VOC-metoden blev også anvendt på løgpartier med forskel i sygdomsforekomsten. 

Sygdomsforekomsten blev bestemt som antallet af syge løg af det totale antal. For løg 

inkuberet ved 18 oC i 20 timer var den totale VOC-emission og respirationshastighed 

højere for løg med en høj end en lav sygdomsforekomst. Tilsvarende resultater blev fundet 

ved opsamling af VOC-stoffer i luft udtaget fra 2 tons løgkasser på et kommercielt lager 

ved 0,5 oC.  

Dette Ph.D. studium viser, at VOC-emission og respirationshastighed kan give værdifuld 

viden om kvalitet og sygdomme i lagerløg. 
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1 Introduction 

The onion, bulb onion or common onion is a well-known member of the edible Allium genus. 

Onion is one of the earliest cultivated crops in human history and one of the most commonly 

consumed vegetables all over the world. The total production was 88.5 million tons in 2014, 

which accounted for 7.6% of the total primary vegetable production and placed onion as the 

6th highest ranking vegetable produced in the world (FAOSTAT 2014).  

To ensure a stable supply of onions to the market, it is necessarily to store onions between 

seasons. Many factors affect the storage quality of onions: genotype, curing temperature, 

handling, storage conditions (relative humidity [RH], temperature and gas composition), 

and storage time (Anbukkarasi et al. 2013; Benkeblia and Shiomi 2004; Emch et al. 2015; 

Kopsell and Randle 1997; Van Den Berg and Lentz 1973). Quality changes and losses are 

unavoidable during storage due to loss of bulb weight, changes in firmness and pungency, 

bulb sprouting, and development of diseases (Petropoulos et al. 2016). Losses of onions due 

to diseases can be as high as 94% (Brown and Leclaire-Conway (2013). Up to 30% may be 

lost after infection with Fusarium spp., causing basal rot (Haapalainen et al. 2016). Diseases 

develop during storage and may remain invisible from the outside until the very late stages 

where bulbs have become totally spoiled and have to be sorted out before packaging.  This 

increases the economic losses for growers, put pressure to the environment, lead to 

inefficiently utilization of water and land, and influence the natural ecosystems negatively 

(Lipinski et al. 2013). 

Hence, development of better management strategies to reduce losses of onions in storage 

is important. Quality of onions at storage are traditionally evaluated by taking a subsample 

and cutting the bulbs to inspect their interior for diseases. This is feasible in small-scale 

facilities but not in large-scale, modern facilities managed by few people because onions may 

be stacked high in wooden boxes and are not easily accessed. Thus, rapid, automated, and 

non-destructive evaluation methods are in demand for better storage control (Sinha et al. 

2018). 

It has been pointed out that diseases in plants lead to increased emission of volatile organic 

compounds (VOCs) (Dudareva et al. 2006; Sankaran et al. 2010) and increased respiration 

(Walters 2015). Therefore, it could be a possibility to use VOCs and respiration rate as 

markers for quality changes and detection of diseases in onions. Onions emit VOCs naturally, 

but at rather low concentration. Analytical methods such as direct gas injection and solid-

phase microextraction (SPME) combined with gas chromatography-mass spectrometry 
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(GC-MS) analysis, and gas sensors have been applied to monitor the emission of VOCs from 

artificially inoculated onions (Li et al. 2011; Prithiviraj et al. 2004; Vikram et al. 2005). 

Prithiviraj et al. (2004), Vikram et al. (2005), and Li et al. (2011) reported the VOC profile 

3-6 days after inoculation of onions at 20-24°C with Aspergillus niger, Botrytis allii, 

Burkholderia cepacia, Fusarium oxysporum, Pectobacterium carotovora subsp. 

Carotovora, or Penicillium aurantiogriseum. B. allii was investigated in all three studies 

and results showed that the total VOC emission increased with infection. Methyl propyl 

disulfide was detected in all these studies, but the group of Prithiviraj et al. (2004) and 

Vikram et al. (2005) reported some specific common compounds and Li et al. (2011) some 

other compounds. The group of Prithiviraj et al. (2004) and Vikram et al. (2005) analyzed 

VOCs by direct gas injection while Li et al. (2011) extracted VOCs by SPME. These results 

indicates, that when VOCs are sampled by different methods, the results may not be 

comparable. Besides, the compounds analyzed in the three studies were mostly high-boiling 

volatiles having boiling points (BP) >150 °C. Volatiles with lower boiling points have higher 

vapor pressures and are thus easier emitted into the gas headspace. Therefore, it is of 

interest to study lower boiling volatiles as demonstrated by Luca et al. (2017), who showed 

that these compounds are promising biomarkers for quality changes in wild rocket. 

Furthermore, the repeatability of the applied VOC methods were not reported (Prithiviraj et 

al. (2004); Vikram et al. 2005; Li et al., 2011) which is a prerequisite when dealing with 

VOCs in the ppt range. Challenges also persist as the VOC profiles depend on other analytical 

aspects e.g. temperature and time of extraction (Luca et al. 2015a; Luca et al. 2015b) and if 

VOCs are sampled from a confined space or not. As onion bulbs are alive and change quality 

during storage, the VOC profile and the respiration rate may change accordingly (Benkeblia 

et al. 2000). Several other factors should also be considered in the development of a feasible 

quality control method. There should exist a direct relationship between the diseased tissue 

of the bulb and the emitted VOCs and the respiration rate. In other words, infection has to 

lead to a change in the VOC emission and respiration rate and these changes should be 

quantitative. Accordingly, it is important to elucidate whether specific pathogenic 

microorganisms lead to specific VOC emissions and if there are quantitative relations 

between VOC emission, fungal biomass, and levels of disease infections. Finally, it should be 

possible to determine VOCs and respiration rate rapidly under bulk storage conditions and 

to repeat these measurements at commercial storage conditions.  

The overall objective of this Ph.D. project was to investigate the potential for using a volatile 

organic compound biomarker method for detection of diseases in onions. 
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The overall hypothesis is that onions emit VOCs naturally in response to storage conditions, 

storage time, and pathogenic infections, and that, the emission is related to specific 

changes in onion quality. 

The specific hypotheses are: 

1. Low- to medium-boiling VOCs emitted from healthy and diseased onions can be 

detected and differentiated by SPME and GC-MS analysis. 

2. The VOC profile of onions change during storage in accordance with natural 

senescence and disease infections. 

3. Pure cultures of fungal strains grown on liquid onion medium emit a range of VOCs 

that differ in composition and concentration between strains. 

4. The composition and concentration of VOCs differ between healthy onions and 

artificially inoculated onions that develop diseases during storage. 

5. The VOC emission is quantitatively related with the pathogen biomass in liquid 

onion medium and in onions. 

6. The composition and concentration of VOCs are related with the proportion of 

diseased onion. 

 

1.1 Experimental design 

Fresh yellow onions (Barito, Hystand, Hylander, Hypark, Hoza, Summit) produced in 

Denmark in 2014, 2015, and 2016, and harvested, cured and stored at commercial 

conditions were used for the investigations.  

Five experiments were designed to validate the hypotheses in this Ph.D. study. An overview 

over the experiments and the corresponding papers are given in Table 1.1.  

Experiment 1:  

The aim of this pre-study was to investigate whether the low- to medium-boiling VOCs and 

respiration rate could be used to differentiate between healthy and diseased onions. Healthy 

and diseased onions having Fusarium spp., B. cepacia, and Penicillium spp. were placed in 

glass jars at 22 °C, with three onions in a jar, for VOC and gas analysis. (Paper 1) 

Experiment 2:  

The aim of this experiment was to study the emission of VOCs from natural infected onions 

during storage. Onions were selected after 6 months at commercial storage and VOCs were 
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analyzed periodically during the next 3 months. The onions became physiologically older 

and diseases developed during the 3 months of storage. Three onions were placed in one 

replicate jar and VOCs were sampled sequentially from three replicate jars. VOC emission 

was studied from two cultivars stored at 4, 15, and 25 °C. General quality (weight loss, 

sprouting, rooting, respiration rate) and type and incidence of diseases were measured at 

the end of the experiment. 

Experiment 3:  

The aim of this experiment was to study the VOCs emission from F. oxysporum and F. 

proliferatum pure cultures growing in liquid onion medium, to quantify the fungal 

biomass, and to relate the biomass to the amount of emitted VOCs and the composition of 

the VOC profile. Three strains of F. oxysporum and three strains of F. proliferatum, which 

cause basal rot, were studied at similar growth conditions. Additionally, one strain of each 

species was studied at different mycelium densities. The fungal biomass was quantified by 

real-time polymerase chain reaction (PCR) analysis. 

Experiment 4:  

The aim of this experiment was to study the VOC emission (total VOC, VOC profile 

composition) and respiration rate from artificially inoculated onions and to relate these data 

to levels of F. oxysporum infection. VOCs and respiration rate of healthy onions and onions 

inoculated with two strains of F. oxysporum were compared at different weeks post 

inoculation. The level of infection was quantified by multispectral imaging analysis and real-

time PCR. 

Experiment 5:  

The aim of this experiment was to apply the VOC and the respiration rate methods to 

different batches of onions in bulk storage and to relate the data to disease ratio. VOCs were 

sampled at commercial conditions from an unconfined space inside 2-tons boxes filled with 

onions and from a confined space at laboratory conditions.



 

1 SPME of VOCs on a CAR/PDMS fibre, separation on GC on an HP-PLOT/Q column, and MS analysis. 

 

Table 1.1 Overall design of experiments in the Ph.D. study and the corresponding papers. 

Exp. Content 
Onion 

cultivar 

Fungal species and 

strains 
   Experimental setup Analysis Paper 

1 

VOCs were emitted 
naturally from 
healthy and 
diseased onions 

Unknown 
Fusarium oxysporum 
Burkholderia cepacia  
Penicillium spp. 

 One healthy and two diseased samples 

 Sample size: three onions incubated in a 1 L glass 
jar 

 Incubation for 24 h at 22 °C 

 Three technical replicates of each sample 

VOCs by SPME1, respiration 
rate 

1 

2 

VOCs were emitted 
naturally from 
healthy and 
diseased onions 
during 3 month 
storage 

Hystand 
Hoza 

 F. oxysporum 
B. cepacia 
Botrytis spp. 

 Two cultivars stored at 4, 15, 25 °C for 3 months 

 Sample size: three onions incubated in a 1 L glass 
jar 

 Periodical incubation for 24 h at the temperature 

 Three replicates per cultivar / temperature  

VOCs by SPME1 , sprouting, 
rooting and decay index, 
weight loss 

2 

3 

VOCs were emitted 
from fungi strains 
grown on liquid 
onion medium 
(LOM) 

Summit 

F. oxysporum 
Fox006/Fox244/Fox260 
F. proliferatum 
Fpr047/Fpr057/Fpr060 

 Six fungi strains 

 Sample size: 1.9 mL LOM and 0.1 mL fungal 
inoculum in 20 mL glass vials 

 Incubation for 48 h at 20 °C   

 Four replicates of each strain 

VOCs by SPME1,  
CO2 content (in vials), real-
time PCR of fungal DNA  

3 

4 
VOCs were emitted 
from inoculated 
onions 

Summit 
F. oxysporum 
Fox006/Fox260 

 Onions inoculated with water (healthy control) 
and two strains of F. oxysporum 1 to 7 weeks 
before VOC sampling 

 Sample size: 1 onion incubated in a 1 L glass jar  

 Incubation for 24 h at 20 °C  1-7 weeks after 
inoculation 

 Nine replicates of each strain at each week 

VOCs by SPME1,  real-time 
PCR of onion/fungal DNA,  
image analysis,  respiration rate,  
dry matter content, weight loss  

4 

5 

VOCs were emitted 
from onions during 
6 month bulk 
storage 

Barito 
Hylander 
Hypark 
Summit 

Various disease 
including Botrytis 
cinerea; B. aclada/allii; 
B. cepacia; Burkholderia 
gladioli pv. Alliicola;  F. 
oxysporum & F. 
profileratum; 
Pectobacterium 
carotovora, subsp. 
Carotovora; Penicillium 
spp.;  

 Six batches of onions stored at commercial 
storage conditions 

 Sampling of 0.58 L gas at 0.5 °C from the inside of 
2 tons boxes (unconfined space)  

 Sampling of 0.58 L gas at 18 °C from 150 L 
chambers incubated with 15 kg onions for 20 h 
(confined space). 

 Three technical replicates of each biological 
replicates 

VOCs by SPME1,  
respiration rate, 
disease ratio 
 

5 
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1.2 Outline of thesis 

The thesis is divided into 7 chapters, which provides a literature overview and some 

selected results from the Ph.D. study, an introduction, and conclusions and perspectives. 

Chapter 1 gives a short introduction and describes the overall aim and hypotheses, design 

of the experiments in the study, and the outline of the thesis.  

Chapter 2 provides information about onions and changes in onion quality during storage.  

Chapter 3 gives an overall description of techniques to detect diseases in onions. 

Chapter 4 provides general knowledge about possible formation pathways of VOCs emitted 

from onions and pathogens and factors affecting VOC emission. 

Chapter 5 provides general information on VOC sampling and analyses. 

Chapter 6 provides an overview of the VOCs detected from healthy, natural and artificially 

infected onions, and pathogens growing on liquid onion media. The chapter also gives 

results on total VOCs and respiration rate, and relations to fungal biomass and levels of 

infection.  

Chapter 7 summaries the outcomes of this Ph.D. study and discusses the perspectives of 

the volatile biomarker method for detection of diseases in commercial storage. 
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2 Onions and onion quality 

I am referring only to Allium cepa L. in this study, not to other closely related species such 

as scallions. As onions are grown globally and have a long prehistory, they are adapted to 

different local environments and many cultivars and landraces have been developed. The 

structure and composition of onions vary with the genetic background and the maturity and 

time of use in storage. Onion is a biennial crop and bulbs stored during winter to spring. 

Quality may decrease due to weight loss, sprouting, rooting and development of diseases. 

 

2.1 Structure of onions 

Onion cultivars vary in shape and sizes (Figure 2.1). 

 

 

Figure 2.1 Onion shapes: (1) flat; (2) thick flat; (3) flattened globe; (4) globe; (5) high globe; (6) 

spindle; (7) cylinder; (8) flat top; (9) high top (adapted from Opara and Geyer (1999)). 

 

The basic structure of an onion bulb is presented in Figure 2.2. As shown in the figure, an 

onion bulb is basically composed of storage leaves or scales, a stem plate, and sprouting 

leaves. The life of onion bulbs after maturation is divided into three periods: rest, dormancy, 

and regrowth (Opara and Geyer 1999; Petropoulos et al. 2016). The bulb goes into a rest 
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period after harvest (Sharma et al. 2015). There is no response to a rapid environmental 

change or visible cellular activity for ~4–6 weeks (Petropoulos et al. 2016; Sharma et al. 

2015). Bulb dormancy starts after completion of the rest period. During this period, onions 

respond to environmental changes and are resistant to growth processes such as sprouting 

or rooting (Petropoulos et al. 2016; Sharma et al. 2015). Onion bulb dormancy is assumed 

to have evolved for surviving through a dry summer and cold winter in the very native 

habitat of wild onion ancestors (Brewster 2008). Winter dormancy is also found in many 

leafy crops, such as chives and Chinese chives, which have adapted to a local climate to 

survive winter (Brewster 2008). Nonetheless, with the die-back of leafy shoots, these crops 

are not harvested, while onion leaves remain underground as modified scales (Brewster 

2008; Petropoulos et al. 2016). Therefore, bulbs are natural storage organs, well adapted for 

long-term crop storage. Curing is a key factor for onion storage capability because the dry 

outer skins constitute a barrier and prevent the loss of water and quality. Nevertheless, 

under proper conditions such as a specific temperature and humidity, cell division starts, 

the inner roots of onions grow, sprouts elongate, and the bulb shape changes (Brewster 2008; 

Petropoulos et al. 2016).  

 

 

Figure 2.2 Onion bulb structure: (a) skin; (b) storage scale from a bladed leaf; (c) bladeless storage 

bulb scale; (d) sprout leaf with blade; (e) sprouting leaves; (f) old stem plate; (g) new stem plate; (h) 

outer rooting; (i) inner rooting; (j) spathe; (k) developing inflorescence (adapted from Tanaka et al. 

(1985)). 



 

9 
 

2.2 Composition of onions 

Onions are used for different gastronomic purposes based on their color and flavor. The flesh 

may be white, yellow or red and the pungency decreases from red to yellow to white onions 

(Slimestad et al. 2007). They can all be eaten raw or prepared, and white and yellow onions 

are more often used in salads. The onion physicochemical composition varies according to 

cultivars, growth seasons and conditions, and postharvest storage conditions (Liguori et al. 

2017). Freshly harvested onion is basically composed of approximately 87–91% water, 9–11% 

carbohydrates, 1.1–1.5% protein, and less than 1% of fat, minerals, and vitamins (Bartz and 

Brecht 2002). Nonstructural carbohydrates account for ~4.3 g per 100 g of fresh weight (FW) 

and are mainly glucose (1.97 g), fructose (1.29 g), and sucrose (0.99 g), and dietary fiber (1.7 

g per 100 g FW) is mainly cellulose and pectic polysaccharides (Jaime et al. 2002; USDA-

ARS 2015). Eighteen types of amino acids are found, with glutamic acid, arginine, and 

aspartic acid as the most abundant. Total fatty acids account for ~0.07 g per 100 g of onion 

FW, including saturated fatty acids (42 mg), monounsaturated fatty acids (13 mg), and 

polyunsaturated fatty acids (17 mg). More than 40 fatty acids have been identified among 

onion lipids, and four main fatty acids, i.e., linoleic, palmitic, oleic, and α-linolenic acid, 

account for 80% of total lipids (Tsiaganis et al. 2006). Potassium, phosphorus, calcium, and 

vitamin C are present at 155, 29, 25, and 8.4 mg per 100 g of onion FW, respectively (Bartz 

and Brecht 2002; USDA-ARS 2015). 

Onion possesses health benefits due to the bioactive compounds such as flavonoids and 

organosulfur compounds (Boots et al. 2008; Griffiths et al. 2002; Liguori et al. 2017; 

Slimestad et al. 2007). Flavonols, an important group of flavonoids in onions, are mainly 

quercetin and quercetin derivatives and are more abundant in onion than in other vegetables 

(De Ancos et al. 2015; Slimestad et al. 2007). Flavonoid content differs among onions of 

different color and cultivars (Lachman et al. 2003). The red onion contains the highest 

concentration of flavonoids, and the white onion contains the lowest (Lachman et al. 2003; 

Slimestad et al. 2007). For example, the concentration of flavonols is 2549 mg kg1 FW in 

red onion and 1831 mg kg1 FW in yellow onion (Slimestad et al. 2007). Quercetins have 

shown potential health benefits such as antiaging effects and protection against diseases 

such as osteoporosis, certain forms of cancer, and pulmonary and cardiovascular diseases 

(Boots et al. 2008; Slimestad et al. 2007). Organosulfur compounds in onions are mainly S-

alk(en)yl-L-cysteine sulfoxides (ACSOs), including (+)-S-methyl-L-cysteine sulfoxides 

(methiin), (+)-S-propyl-L-cysteine sulfoxides (propiin), and trans-(+)-S-(1-propenyl)-L-

cysteine sulfoxide (isoalliin) (Freeman and Whenham 1975; Fritsch and Keusgen 2006; 
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Kopsell et al. 1999). ACSOs are the nonvolatile precursors of the onion odor and flavor 

compounds such as 1-propanethiol and methyl propyl sulfide (Kopsell and Randle 1997). 

Organosulfides are possibly effective against cardiovascular disease because of the 

antioxidant and anti-inflammatory properties (Vazquez-Prieto and Miatello 2010). Yellow 

onions are the most common type of onions sold in Danish supermarkets. In the present 

dissertation, the focus is on yellow onions of different cultivars.  

 

2.3 Quality changes during storage  

Quality of onions changes during storage due to changes observed in tissue constituents, 

respiration, sprouting, rooting, and diseases. Accordingly, storage conditions are optimized 

to improve the postharvest storability and to prolong the dormancy period. Quality change 

in onions is strongly related to the transition period from dormancy to regrowth (Brewster 

2008; Petropoulos et al. 2016). Different factors such as the cultivar, curing, RH, storage 

temperature, and wounding may have a cross-effect on quality characteristics, e.g., 

temperature on respiration and sprouting (Brewster 2008; Opara and Geyer 1999; 

Petropoulos et al. 2016).  

 

2.3.1 Fresh weight and dry matter content 

Maintenance of FW of onions is important for economic purposes. Water loss is one of the 

major contributors to weight loss during storage. Water loss is caused by water vapor 

transmission from the bulb to the surrounding atmosphere through the skin, neck, and base 

plate (Thamizharasi and Narasimham 1991). The driving force is the water vapor pressure 

difference between bulb tissues and the surrounding air in the storage space, and the loss is 

largely affected by RH (Petropoulos et al. 2016). Thus, high RH helps to maintain FW. On 

the other hand, high RH also increases the risks of rooting and development of diseases 

(discussed in subsections 2.3.4 and 2.3.5). Therefore, storage RH should be balanced to 

maintain an overall quality of onions. RH between 65% and 75% is considered optimal for 

long-term storage of onions (Opara and Geyer 1999).  

The dry matter (DM) content of storage onions decrease with time, mainly due to respiration 

and utilization of carbohydrates (Kays and Paull 2004; Petropoulos et al. 2016). However, 
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DM increases in the base plate at the break of dormancy by relocating carbohydrates 

(fructans, sucrose, etc.) to support the growth of secondary roots (Yasin and Bufler 2007).  

 

2.3.2 Respiration 

Respiration in an onion is an incessant process as long as the bulb is alive. The respiration 

rate is affected by factors such as the cultivar, storage temperature, storage atmosphere, 

wounding, and diseases (Benkeblia and Shiomi 2004). The respiration rate of onion is 

calculated as the production of CO2 (RRCO2) or consumption of O2 (RRO2) by a kilogram of 

onions per unit time. Common respiration can be described as follows (Kays and Paull 2004):  

𝐶6𝐻12𝑂6 + 6𝑂2   →  6𝐶𝑂2 + 6𝐻2𝑂 + 𝐴𝑇𝑃                                              (1) 

The substrates for respiration can be carbohydrates, proteins, acids, and lipids (Kays and 

Paull 2004). From the equation, it is apparent that the weight loss increases along with 

respiration and consumption of substrates. The respiration rate is related to metabolic 

activity and, hence, the storability of onions. A high respiration rate is undesirable during 

long-term storage. The respiration rate of onions increases with temperature (Table 2.1) 

(Opara and Geyer 1999). Removal of top foliage and dry skin, wounding, and diseases 

increase the respiration rate and therefore accelerate the loss of onions in storage (Opara 

and Geyer 1999). Sprouted onions have a higher respiration rate than unsprouted ones 

(Benkeblia and Shiomi 2004). 

 

Table 2.1  

Respiration rate of onions (mg CO2 kg-1 h-1) at different temperatures 

 Temperature (°C) 0 4–5 10 15–16 20–21 

Respiration rate 3 3–45 7–87 10–117 14–198 

From Opara and Geyer (1999) 

 

2.3.3 Sprouting 

Sprouting is the physiological phenomenon initiated when dormancy breaks, and regrowth 

starts. It is general practice that when the first leave appears at the neck, the marketability 

of onions terminates. A common practice to stop sprouting is to apply growth inhibitors, 

such as maleic hydrazide, and many studies have been performed to understand the 
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mechanisms behind dormancy and sprouting (Benkeblia et al. 2002; Petropoulos et al. 

2016). Sprouting is strongly related to temperature (Figure 2.3). When the temperature is 

between 10 and 20 °C, onion sprouting is favored (Benkeblia et al. 2002; Ward 1976). Other 

changes such as rooting, an increase in respiration, water loss, and reducing sugar often 

appear together with sprouting in onions (Petropoulos et al. 2016). 

Sprouting
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Figure 2.3 The sprouting index of onions during 12 weeks of storage at 4 °C (T4), 15 °C (T15), and 

25 °C (T25). Sprouting index: 0, no green leaves; 1, leaf <2 cm; 2, leaf 2–5 cm; and 3, leaf >5 cm. 

Data are presented as mean values of two cultivars and triplicate samples ± standard error (N = 6). 

Means followed by different letters after week 12 for sprouting are significantly different according 

to Tukey’s honest significant difference (HSD) test at P = 0.05 (unpublished data). 

 

2.3.4 Rooting  

Rooting of onions, as when new roots emerge from the basal plate, is another factor that 

affects storability of onions and usually initiates before sprouting (Miedema 1994). Growth 

promoters (such as cytokinins) are produced in the roots and transported to sprouts to 

promote their growth (Sharma et al. 2015). Root growth during storage is affected by bulb 

handling, field curing, and the size of the onion bulb (Jalal-ud-Din Baloch et al. 2012). 

Nonetheless, the major determinant of rooting in storage is RH (Petropoulos et al. 2016). 

Average RH of 90–100% promotes root growth at 4 and 15 °C, whereas root growth is much 

less pronounced at RH  80% and 25 °C (Figure 2.4). Islam et al. (2015) observed higher 

incidence of rooting at RH >90% than at 75% RH. 
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Figure 2.4 The rooting index of onions during 12 weeks of storage at 4 °C (T4), 15 °C (T15), or 25 °C 

(T25). The rooting index: 0, no basal roots; 1, basal roots <1 cm; 2, basal roots 1–2 cm; and 3, basal 

roots >2 cm. Data are presented as mean values of two cultivars and triplicate samples ± standard 

error (N = 6). Means followed by different letters after week 12 for rooting are significantly different 

according to Tukey’s HSD test at P = 0.05 (unpublished data). 

 

2.3.5 Development of diseases 

Microbial infection of onions can be external and/or internal. Onions may contain 

propagules of pathogenic microbes, which may come from the field, air, and during 

transportation, and diseases may develop during storage (Snowdon 1990). An overview of 

the most common diseases of onions and symptoms during storage is presented in Table 2.2. 

Brown stain, purple blotch, and smudge usually cause spoilage starting from outer scales of 

onions (Snowdon 1990). Frequent internal diseases occurring in storage are Fusarium basal 

rot, Fusarium bulb rot, neck rot, Enterobacter bulb decay, slippery skin, Pectobacterium 

soft rot (previously known as Erwinia soft rot), sour skin, and yeast soft rot (Schwartz and 

Mohan 2007; Snowdon 1990). Black mold rot and blue mold rot can be found on or between 

outer scales and/or inside bulbs (Schwartz and Mohan 2007; Snowdon 1990). The type of 

diseases may vary due to many factors including cultivation, the growth region, climate, 

harvesting, curing, and storage conditions (Nega et al. 2015; Petropoulos et al. 2016; Rattin 

et al. 2011). Proper curing may reduce losses due to disease as well as water loss and 

sprouting or rooting (Nabi et al. 2013; Schroeder et al. 2012). Temperature and RH have a 

major influence on the disease development during postharvest storage (Paull 1999; 

Petropoulos et al. 2016; Van Den Berg and Lentz 1973). A storage temperature close to or 
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even slightly lower than the freezing point is recommended to reduce the onion and 

pathogen metabolic activities (Opara and Geyer 1999; Snowdon 1990). High RH is favorable 

for fungal and bacterial growth and spore germination. More than 70% of organic onions 

was lost to disease when RH was greater than 95% compared with a 10% loss at RH 

approximately 75% (Islam et al. 2015). Therefore, RH below 75% is recommended to ensure 

a lower incidence of rot (Opara and Geyer 1999).  
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Table 2.2 

Common diseases and symptoms of bulb onions during postharvest storage1 (Schwartz and Mohan 2007; Snowdon 1990). 

Disease 
location 

Common 
name 

Latin name 
Pathogen 

group 
Symptoms  

External Brown stain 
Botrytis 
cinerea 

Fungus Tan to brown stain on the outer bulb. Discolored scales slough off during storage. 

External Purple blotch 
Alternaria 
porri 

Fungus 
Semi-watery scales that are first yellowish, then may turn reddish-purple and eventually 
become nearly black.  

External Smudge  
Colletotrichu
m circinans  

Fungus 
The first symptom is minute stromata just beneath the cuticle; the stromata are dark 
green at first but turn dotted (black dots) with age; stromata may form in circular, 
concentric rings approximately 1 cm in diameter. 

External 
/internal 

Black mold 
rot  

Aspergillus 
niger 

Fungus 
Clusters of black spores form on and between the outer papery scales, generally lined 
along the veins. Black discoloration in bruised areas. 

External 
/internal 

Blue mold rot  
Penicillium 
spp. 

Fungus 

The first symptoms are pale yellowish blemishes, watery soft spots, or occasionally a 
purplish red stain on the scales. Characteristic blue mycelia and spores on the bulb and 
a musty odor. When bulbs are cut longitudinally, one or more fleshy scales may appear 
water-soaked and show a light tan or gray color. 

Internal 
Fusarium 
basal rot 

Fusarium 
oxysporum f. 
sp. cepae 

Fungus 
Brown and watery inside the bulb, rot progresses from the stem plate up, sometimes 
pinkish tinge at the base of bulb. Roots eventually rot. A white mycelium may appear on 
the base plate. 

Internal 
Fusarium 
bulb rot 

Fusarium 
proliferatum 

Fungus 
Faint yellow, water-soaked translucent areas between veins of the scale, progressing to 
necrotic, tan-brown, slightly shrunken lesions. White mold may form between scales.  

Internal Neck rot 
Botrytis allii, 
B. aclada, B. 
byssoidea 

Fungi 

The fungus may appear in any part of the bulb. Usually, characteristic semi-watery 
decay begins inside the neck. Infected tissue is soft and discolored, with a clearly defined 
margin. No external symptoms are visible. Infection may spread through the entire 
bulb. White to gray mycelium might develop, and dark brown to black flattened sclerotia 
may form between the scales. 
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Table 2.2 continued 

Disease 
position 

Diseases 
Name 

Latin names of 
Pathogen 

Pathogen 
group 

Symptoms  

Internal 
Enterobacter 
bulb decay 

Enterobacter 
cloacae 

Bacterium 

Affected bulbs are often firm and appear healthy, but when cut, the interior scales are 
brown, soft, and rotten. Rot begins near the neck and progresses downward. Diseased 
scales are distinct from healthy scales. Has no foul odor. 
 

Internal Slippery skin 
Burkholderia 
gladioli pv. 
Alliicola 

Bacterium 

At the early stage, the symptoms are as follows: softening of the neck tissue, cooked or 
water-soaked appearance, and a creamy yellow or yellow brown discoloration. Rot 
progresses from the top of the infected scales downward, usually without spreading 
across to the adjacent scales. Infection may spread from the basal plate to other scales. 
Eventually the whole internal bulb may rot. 

Internal Soft rot 

Pectobacterium 
carotovora 
subsp. 
carotovora 

Bacterium 
Has an unpleasant odor. A foul-smelling juice from the neck may be squeezed out by 
pressing. Diseased tissue is soft and slimy and pale yellow to light brown. Rot usually 
initiates from the neck tissue or from wounds and spreads to the internal bulb scales. 

Internal Sour skin  
Burkholderia 
cepacia 

Bacterium 
A slimy but initially firm, pale yellow to light brown decay is seen. Breakdown of one or 
a few inner bulb scales, while the other scales may remain firm. 

Internal Yeast soft rot 
Kluyveromyces 
marxianus var. 
marxianus 

Yeast 
Soft watery rot of the outer scales, inner scales, or both. Fluid frequently exudes from 
the neck when bulbs are pressed. 
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3 Detection of diseases in onions 

Various methods have been applied to detect diseases of onions (Konduru et al. 2015; Li et 

al. 2011; Prithiviraj et al. 2004). The traditional method is based on visual inspection of 

symptoms on the onion bulb externally and internally and on microbiological detection of 

pathogens (Snowdon 1990). As the demand for fast and automated methods is growing, 

several indirect detection methods have been developed (Konduru et al. 2015; Li et al. 2011; 

Nezhad 2014; Wang et al. 2012; Williams and Norris 2001). These methods are mainly based 

on physical properties, e.g., imaging techniques (Wang et al. 2012), and a biochemical 

response (volatile emission) of onions; e.g., VOCs detected and quantified by GC-MS 

(Prithiviraj et al. 2004; Vikram et al. 2005) or by electronic gas sensors (electronic nose) 

(Konduru et al. 2015; Li et al. 2011).  

 

3.1 The microbiological detection 

Onions are visually inspected to check the external and internal quality. To identify the 

species of pathogens, onion tissues are cut, incubated, and further isolated on species-

selective media, e.g., Luria-Bertani (LB) for bacteria or potato dextrose agar (PDA) for fungi 

(Chilvers and Toit 2006; Li et al. 2011). Pure cultured pathogens are identified by their 

morphology, e.g., the shape and color of the colonies or cells and spores of fungi (Snowdon 

1990) and further identified by gene-sequencing techniques, e.g., sequencing of 16S 

ribosomal RNA (rRNA) for prokaryotic cells and 18S rRNA for eukaryotic cells (Jacobs et al. 

2008; Narayanasamy 2008). Nevertheless, the plating and sequencing procedures are time 

consuming (Chilvers and Toit 2006). Molecular identification methods such as PCR, real-

time PCR, and loop-mediated isothermal amplification (LAMP) are useful tools for quick 

identification of pathogens in infected plant tissue, and the latter two are also capable of 

quantification of such pathogens (Duan et al. 2014; Niessen 2015; Sasaki et al. 2015; Xu et 

al. 2017). Closely related fungal species such as B. allii, B. aclada, B. byssoidea, B. cinerea, 

and B. squamosa, causing neck rot of onions, were identified by PCR and subsequence 

differentiation from onion plants and seeds (Nielsen et al. 2002). F. oxysporum, F. 

proliferatum, and F. redolens have been identified by PCR in samples from onions grown in 

Finland (Haapalainen et al. 2016). B. cepacia complex was identified in an onion 

rhizosphere by PCR (Jacobs et al. 2008). A LAMP method to identify B. cinerea was 

developed and evaluated (Duan et al. 2014). B. allii, B. aclada, B. byssoidea, and F. 

oxysporum f. sp. cepa, in onion seeds or plants have been quantified using specific primers 
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(Chilvers et al. 2007; Taylor et al. 2016). Different strains of F. oxysporum and F. 

proliferatum pathogens were grown in an onion extract medium and were quantified by 

real-time PCR (Paper 3). New primers were designed for F. proliferatum on the basis of 

earlier primers designed by Amatulli et al. (2012). The method was sensitive, and the 

detection limits for F. oxysporum and F. proliferatum were 7.8 and 18 fg µL1, respectively. 

In Paper 4, onions were inoculated with different F. oxysporum strains, and the DNA of 

both onions and F. oxysporum were quantified by real-time PCR. The DNA ratio of fungi to 

onion reflects the infection status of different Fusarium strains in onion. 

 

3.2 Image analysis 

The near-infrared imaging technique has been widely applied for quality evaluation and 

sorting of agricultural products (Williams and Norris 2001). Wang et al. (2012) stated that 

shortwave infrared hyperspectral imaging is able to differentiate the spectra of healthy and 

sour-skin-infected onions, and two wavelengths were identified as suitable for detecting 

sour-skin–infected onions. In their study, classification models were also built using 

imaging thresholds and image features. The method can be applied to online testing in a 

production line when it is simplified. On the other hand, the researchers also noted that the 

detection method should be further improved to be specifically effective for sour-skin–

infected onions in comparison with other pathogen-infected onions. Wang and Li (2015) 

developed a multimodal machine vision system, which combines hyperspectral, 3D, and X-

ray imaging sensors. It correctly classified 89% of healthy and defective onions. The work 

also showed a promising approach to evaluation of both external and internal quality 

parameters of onions. In Paper 4, a multispectral image analysis with light wavelength 

ranging from 405 to 970 nm was implemented. The relative area with disease was calculated 

by comparison with the total area of the cut surface of infected onions, and by setting up a 

simple threshold morphology method. The image analysis yielded results consistent with 

visual inspection and especially indicated that onion tissue responds quickly to infection 

before a large amount of DNA from the microorganism could be detected. 

 

3.3 VOC profiling 

Apart from the physical changes in tissue such as a color change and texture alteration, 

infected plant tissues and infecting pathogens emit VOCs during their interaction 
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(Kushalappa et al. 2008). Therefore, besides detecting the differences between wounded 

tissue and healthy tissue by imaging (Wang et al. 2014), a new approach to indirect detection 

of a disease is to detect the emitted VOCs (Morath et al. 2012; Nezhad 2014; Sankaran et al. 

2010). Electronic gas sensors and mass-spectrometry–based volatile profiling, e.g., GC-MS, 

are the most popular methods for monitoring VOCs (Li et al. 2011; Vikram et al. 2005). 

Electronic gas sensors react with VOCs based on the response to specific compounds and the 

concentration, and then output a voltage signal accordingly, which could be further 

processed and analyzed to generate information (Sankaran et al. 2010). A gas sensor array 

containing 32 conducting polymer sensors can discriminate the profile of Botrytis-infected 

onions and sour skin onions and healthy onions after inoculation for 8 and 9 days (Li et al. 

2011). Another gas sensor array consisting of seven metal oxide semiconductor gas sensors 

was able to differentiate healthy onions from sour skin onions with 85% accuracy in a 

support vector by means of a machine model (Konduru et al. 2015).  

Applying mass-spectrometry-based volatile profiling to study the VOCs released from 

samples, i.e., VOCs produced by plant tissue and pathogens, involves techniques for 

sampling, separation, and detection of VOCs (discussed in Chapter 5). By using a mass 

spectrum detector, each compound can be identified. Semiquantitative or quantitative study 

of the VOC profiles enables statistical analysis of volatiles. Prithiviraj et al. (2004), Vikram 

et al. (2005), and Li et al. (2011) studied the VOCs from specifically inoculated onions by 

GC-MS and found that VOCs from the infected onions, e.g., by B. allii, were different from 

those of uninoculated control onions. VOCs induced by infection with Erwinia amylovora 

and physiological disorder of apples, potato brown rot and ring rot, and infestation of 

Brassica nigra plants by fly larvae was detected by proton transfer reaction – mass 

spectrometry (PTR-MS) (Blasioli et al. 2014; Crespo et al. 2012; Farneti et al. 2015; Rondelli 

et al. 2010). Studies by GC-MS on the relation between VOCs and onion pathogens, and 

onion quality during storage are discussed in Papers 1–5. By means of VOCs as a 

noninvasive method for detection of Fusarium species/strains in a pure culture, it was 

feasible to study the taxonomic relations among Fusarium species and strains (Paper 3). 

VOCs of onions with different infectious pathogens were distinguishable (Paper 1). Fungal 

infection levels in onions (Paper 4) and quality changes of onions during storage (Paper 

2, 5) can be detected via the VOC profile; however, the detection of onion disease in situ 

under real-storage conditions by VOCs still needs to be developed (Paper 5).  
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4 Volatile organic compounds  

Generally, organic compounds are compounds containing carbon and one or more of the 

following elements: hydrogen, oxygen, nitrogen, sulfur, phosphorus, silicon, or halogens, 

excluding carbon oxides, inorganic carbonates, and bicarbonates (U.S. EPA, 2009) . A sub-

group of organic compounds are the VOCs, showing high vapor pressure under ambient 

conditions (EUR-Lex, 2007; U.S. EPA, 2009). Although VOCs can be produced synthetically 

or found in nature, this study focuses only on VOCs emitted naturally by onions and 

pathogen-infected onions.  

VOCs are synthesized through anabolic and catabolic chemical pathways from primary or 

secondary metabolites, e.g., in plants and microorganisms, which include fatty acid 

derivatives and amino acid derivatives such as aldehydes, alkanes, alkenes, ketones, and 

alcohols (Christensen et al. 2007; Schnürer et al. 1999). VOCs are produced and released 

from plants during the enzymatic and nonenzymatic activities after ripening, wounding of 

plant tissue, anaerobic respiration, or microbial infection (Christensen et al. 2007). 

Synthesis of volatile compounds increases with maturation and ripening in many fruits, e.g., 

esters and ethylene (Kader 2008). Wounding of plants by worms, herbivores, birds, and 

humans all cause increased VOC emission (Vuorinen et al. 2007). For example, 

lachrymatory factor (LF) is a compound produced upon cutting of onions (Løkke et al. 2012). 

Different VOCs, e.g., ethanol, may be produced when plants or microorganisms are under 

anaerobic conditions (Insam and Seewald 2010; Luca et al. 2016). Infection by 

microorganisms increases the emission of VOCs through wounding of plant tissue and via 

microbial metabolic activities (Vikram et al. 2005). 

This section describes the possible formation pathways of some known compounds in 

onions and microorganisms and the effects of different factors such as temperature and 

mechanical damage on VOC emission from plants.  

 

4.1 VOC formation pathways and precursors 

VOCs can be produced from fatty acids, amino acids, and carbohydrates (Nozzi et al. 2014) 

and many secondary metabolites, e.g., glucosinolates. Plants and microorganisms have 

various metabolic pathways in common, e.g., the tricarboxylic acid cycle (TCA cycle) for 

aerobic respiration. Therefore, similar VOCs may be produced by plants and 

microorganisms (Díaz-Pérez et al. 2016; Kesselmeier and Staudt 1999; Schnürer et al. 1999). 
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For example, acetone is detected in many plants and microorganisms (Effmert et al. 2012; 

Kesselmeier and Staudt 1999). 1-Propanol is a typical alcohol volatile emitted from onion 

(Kallio and Salorinne 1990; Mazza 1980), but it is also synthesized by some microorganisms 

(Nozzi et al. 2014). Therefore, it is reasonable that when Fusarium cells were grown on onion 

extract media, even though the enzymes from onion were already deactivated, many VOCs 

previously detected in onions also were produced; this finding is likely due to the microbial 

activities (Paper 3).  

In situations where plants and microorganisms have different precursors or substrate 

materials for metabolism, different VOCs are detected (Block 1992; Schnürer et al. 1999). As 

stated in Chapter 2, ACSOs, which denote methiin, propiin, and isoalliin in onion, are the 

main flavor compound precursors (Kallio and Salorinne 1990). For example, VOCs of typical 

onion odor released after enzymatic degradation of ACSO precursors are sulfuric 

compounds, including 1-propanethiol, thiosulfinates, thiosulfonates, mono-, di-, tri-, and 

tetrasulfides; and the well-known LF, thiopropanal S-oxide (Block 1992; Block et al. 1992). 

Most of these compounds are unique to onions when compared with pathogens, whereas 

some volatile sulfur compounds (VSC), e.g., dimethyl disulfide are also released from 

microorganisms during metabolism of sulfur-containing amino acids (Block et al. 1992; 

Kallio and Salorinne 1990; Luca et al. 2017). The production of alcohols such as 2-methyl-1-

propanol and 3-methyl-1-butanol is unique to microorganisms, and these alcohols are 

formed by the degradation of carbohydrates or amino acids (Nozzi et al. 2014). Aldehydes 

from onions such as hexanal are produced via degradation of fatty acid α-linolenic acid, 

which is probably released from the membrane lipids of the onion cells (Dudareva et al. 2013; 

Kebede et al. 2014). VOCs from onions and microorganisms are grouped into acids, alcohols, 

alkanes, alkenes, aldehydes, esters, ketones, terpenes, and sulfuric compounds (Kesselmeier 

and Staudt 1999; Nozzi et al. 2014; Schnürer et al. 1999). The possible formation pathways 

of some of these compounds are described in Figure 4.1. 
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Figure 4.1 Formation pathways of some volatile compounds from onions and microorganisms. Red 

line, pathways with metabolite precursors from onions; green line, pathogens with microbial activity 

only; black line, pathways in both onion and microorganisms; solid line, compounds are formed in 

one step; dashed line, formation of compounds takes more than one step. LF, lachrymatory factor; 

TCA cycle, tricarboxylic acid cycle, VSC, volatile sulfur compounds (Atsumi et al. 2008; Block 

et al. 1992; Díaz-Pérez et al. 2016; Kesselmeier and Staudt 1999; Løkke et al. 2012; Nozzi et al. 2014; 

Schnürer et al. 1999). 

 

4.2 Factors affecting volatile emission 

Plants have developed several defense methods to cope with stressful situations (Vuorinen 

et al. 2007). VOCs emitted by plants play important roles in mediating interactions between 

plants and the attacking organisms (Dong et al. 2016; Vuorinen et al. 2007) and by activating 

the defense in the neighboring plants (Kost and Heil 2006). Apart from the preharvest 

factors such as fertilization and growth conditions (Kegge et al. 2015; Veromann et al. 2013), 

different postharvest factors such as temperature, storage time, wounding, and pathogen 

infection also affect VOC emission from plants (composition, emission rate) during 

postharvest storage (Eberl et al. 2017; Luca et al. 2015b; Vuorinen et al. 2007). This section 

describes the effects of these different factors on VOC emission by plants. 
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4.2.1 Temperature 

Production and release of VOCs from plant tissue are influenced by the temperature 

(Sharkey and Yeh 2001). The rate of formation of VOCs is related to the reaction rate and/or 

enzymatic activity, which are dependent on temperature. Enzymes usually have a proper 

temperature range where the enzymatic activity increases until the optimal temperature and 

then drops. The VOC emission from corn at temperatures between 22 and 27 °C is higher 

than at lower or higher temperature (Gouinguené and Turlings 2002). The activity of 

alliinase increases with temperature before the optimal temperature at 40 °C is reached and 

then drops (Hanum et al. 1995). The total VOC emission rates of healthy noninfected onions 

stored at 4, 15, or 25 °C were 6.9, 16.7, or 90 nmol kg-1 FW d-1, respectively, and show that 

production and release of VOCs by onions is temperature dependent (Paper 2). Part of the 

increase could be explained by the elevated gas vapor pressure at higher temperature 

(Holopainen and Gershenzon 2010).  

 

4.2.2 Storage time 

During storage, the organic constituents of plant tissue are being consumed continuously 

through respiration, resulting in lesser amounts of available substrates for VOC emission. 

Emission of acetone by healthy onions decreases during storage (Paper 2). Ester 

production by apples stored at 1 °C decreases throughout the storage period (Mattheis et al. 

2005). On the other hand, enzymatic activities also vary according to the biological status of 

the plant tissue (Miar Uddin and MacTavish 2003; Sharma and Lee 2015). The total VOC 

emission of healthy onions stored at 4 °C decreased drastically in the first 10 weeks during 

storage and at the time point near the break of dormancy, total VOCs arose again (Paper 

2). Different trends in the VOC emission pattern from pear were also reported during 

storage showing that many metabolic processes take place in plant tissue during storage 

(Chen et al. 2006).  

 

4.2.3 Wounding 

Mechanical damage of plant tissue results in a release of VOCs that change over time due to 

mixing of substrates and enzymes (Christensen et al. 2007; Løkke et al. 2012). A PTR-MS 

study of cut onions revealed that there were rapid changes in the VOC emission by onions, 
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which were related to time after cutting (Løkke et al. 2012). Artificial wounding of healthy 

onions or plant tissue does not induce a higher VOC release when tested after a few days 

(Holopainen and Gershenzon 2010; Prithiviraj et al. 2004). Therefore, the VOC release due 

to mechanical wounding does not last long unless the damage is continued by other factors 

such as pathogen invasion (Paper 4). 

 

4.2.4 Pathogenic infections 

The VOC emission induced by a pathogenic infection is partly similar to the effects of 

mechanical damage on VOC release because the cells collapse, and enzymes are exposed to 

precursors responsible for VOC emission. For this reason, similar VOCs are observed 

between infected onions and wounded onions (Järvenpää et al. 1998; Løkke et al. 2012) 

(Paper 4). On the other hand, biological metabolic activities and growth of microorganisms 

may yield a different VOC profile and a different amount of VOC emission (Weikl et al. 2016) 

(Paper 3). Many volatiles have been detected in microbially infected plant tissues and some 

of these VOCs are specific to certain microorganisms. For example, total VOCs and most of 

the individual VOCs from Aspergillus-, Botrytis-, Erwinia-, Fusarium-, and Penicillium-

infected onions were higher than from noninfected onions. Ethyl cyclobutane was specially 

detected in F. oxysporum-infected onions and styrene in A. niger-, E. carotovora subsp. 

Carotovora-, or F. oxysporum-infected onions (Vikram et al. 2005). In Paper 4, the VOC 

emission varied with virulence of the pathogen and with time (weeks) after inoculation from 

onions infected by F. oxysporum. 3-Methyl-1-butanol and styrene were detected only in 

Fusarium-inoculated onions compared with noninfected onions. The VOC emission is a 

continuous phenomenon unless the plant tissue is exhausted, and the activities of the 

microorganisms decline (Paper 4). VOC emission from onions with severe Fusarium 

infection was more abundant than emission from less infected onions (Paper 1 and 4). 
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5 Sampling and analysis of VOCs 

Analysis of VOCs from fresh produce by GC-MS involves several steps: incubation, sampling, 

separation, detection, and data analysis (Luca 2015; Qian et al. 2010). Vials, glass jars, and 

storage chambers are often used for incubation of the fresh produce to ensure that the 

emitted VOCs are captured. Direct gas injection (Luca et al. 2015b), dynamic headspace 

sampling, and solid-phase extraction (SPE) (Vikram et al. 2005), SPME (Li et al. 2011) are 

usually employed for sampling of VOCs. Chromatographic columns should be selected so 

that they are suitable for separation of the compounds of interest (Qian et al. 2010). 

Qualitative or quantitative data can be acquired based on the acquisition method of the mass 

spectrometer. 

 

5.1 Incubation of onions and microorganisms  

Based on the sample size and the research interest, different devices and sampling methods 

can be combined. It is a general practice to place a single or several onions in a wide-mouth 

glass jar and allow VOCs to develop inside (Figure 5.1A) for a defined period (Li et al. 2011; 

Prithiviraj et al. 2004; Vikram et al. 2005) (Papers 1, 2, and 4). VOCs have been collected 

from microorganisms growing on plates (Weikl et al. 2016) or in vials (Figure 5.1B) (Zhao et 

al. 2017) (Paper 3). Big batches of onions can be placed in incubation chambers for VOC 

sampling. Gas samples from chambers are not usually analyzed immediately but first 

sampled into vials, Tedlar bags, glass jars (Paper 5), or traps for SPE for later analysis. 

Attention should be paid to the materials in contact with the VOCs during incubation not to 

introduce artifacts; therefore, glasses and Teflon material or other inert coatings are 

preferred. 

 

Figure 5.1 (A) Onion samples in jars and (B) fungi samples in vials. 

A B 
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5.2 Sampling and separation techniques  

The incubated VOCs afterwards can be either directly injected into the inlet of a GC-MS 

system (Luca et al. 2015b), or extracted by SPME or SPE (Li et al. 2011; Luca et al. 2017; 

Prithiviraj et al. 2004; Vikram et al. 2005) and then desorbed in the inlet of the GC-MS 

system (Papers 1–5). The sampling and separation methods have a large influence on the 

VOC profile obtained (Luca et al. 2015b). In different studies, VOCs from onions (crushed, 

sliced, heat- or high-pressure–treated onions) were applied to GC analysis by different 

sampling methods including: solvent extraction (Arnault et al. 2000; Mondy et al. 2002), 

direct gas injection (Kallio and Salorinne 1990), direct gas sampling and SPE (Prithiviraj et 

al. 2004; Vikram et al. 2005), dynamic headspace sampling and SPE (Mazza et al. 1980), 

and SPME (Järvenpää et al. 1998; Kebede et al. 2014; Li et al. 2011; Mondy et al. 2002). 

VOCs from Fusarium samples have been obtained and introduced into the GC system by stir 

bar sorption extraction (Weikl et al. 2016), SuperQ trap (Bitas et al. 2015), and most often 

by SPME (Becker et al. 2014; Freire et al. 2012; Savelieva et al. 2014; Zhao et al. 2017). SPME 

fibers used in various studies were different including polydimethylsiloxane (PDMS) (Freire 

et al. 2012; Mazza et al. 1980), carboxen/PDMS (CAR/PDMS) (Li et al. 2011; Zhao et al. 

2017), divinylbenze/PDMS (DVB/PDMS) (Becker et al. 2014), DVB/CAR/PDMS (Kebede et 

al. 2014), and polyacrylate (Mondy et al. 2002) fibers. Various columns for separation of 

VOCs were used including: DB-1 (Zhao et al. 2017), DB-1701 (Kallio and Salorinne 1990), 

DB-5 (Savelieva et al. 2014), DB-5MS (Freire et al. 2012; Järvenpää et al. 1998; Weikl et al. 

2016), HP-1 (Block et al. 1992), HP-5 (Block et al. 1992), HP-5MS (Becker et al. 2014; Bitas 

et al. 2015; Colina-Coca et al. 2013; Kebede et al. 2014; Savelieva et al. 2016), HP-PLOT/Q 

(Papers 1–5), SPB-5 (Prithiviraj et al. 2004; Vikram et al. 2005), and XTI-5 (Li et al. 2011).  

In case of SPME, the coatings of fibers differ in thickness, porosity, polarity, extraction 

mechanism, and other parameters; therefore, the extraction efficiencies vary (Lestremau et 

al. 2003; Tuduri et al. 2001). CAR/PDMS fibers are suitable for extracting both polar and 

nonpolar low-molecular-mass compounds (including sulfuric compounds) (Luca et al. 

2015b; Mochalski et al. 2009; Qian et al. 2010). PDMS fibers are capable of extracting low-

molecular-weight compounds, and the equilibrium time is shorter as compared to other 

fibers (Tuduri et al. 2001). DVB fibers are capable of extracting compounds of larger 

molecular weight (Lestremau et al. 2003). Therefore, the choice of a fiber depends on the 

research interest.  

GC is a type of automated chromatography in which the mobile phase is an inert 

gas. Chromatographic separation depends on several principles such as size exclusion 
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chromatography, adsorption chromatography, partition chromatography, etc. (Qian et al. 

2010). For VOC analysis, adsorption chromatography often is chosen for separation (Qian 

et al. 2010). Different columns differ in length, diameter, film thickness, stationary phase 

polarity, and other properties, which lead to different separation efficiency, capacity, and 

separation speed (Qian et al. 2010). Selection of a GC column should be based on the 

compounds of interest. When the same CAR/PDMS fiber is used, the BP of VOCs from 

noninfected onions, when separated on a HP-PLOT/Q column ranged from 50 to 154 °C 

(Paper 2), while BP of VOCs ranged from 56 to 195 °C when the column was DB-1 

(unpublished data). BP of VOCs detected in infected onions ranged from -50 to 164 °C when 

separated by HP-PLOT/Q column (Paper 4) and was in a range of 56–300 °C when 

separated by XTI-5 column (Li et al. 2011). BP of VOCs detected in F. oxysporum ranged 

from 50 to 164 °C when separated on the HP-PLOT/Q column, and was in a range of 63–

213 °C for separation by DB-1 (Zhao et al. 2017).  

 

5.3 Detection and data analysis 

A mass spectrum of a compound can be analyzed on a range of different mass spectrometers 

such as quadrupole (Q), triple quadrupole (QqQ), ion trap, time of flight (ToF), Q-ToF, 

Orbitrap, and Fourier-transform ion cyclotron resonance (FT-ICR) (Hoffmann and 

Stroobant 2008). Nevertheless, often the MS of GC-MS equipment is a quadrupole. When a 

quadrupole is employed, data can be recorded in full scan mode (over a selected mass-to 

charge ratio [m/z] range) allowing for acquisition of a total ion current (TIC) chromatogram 

(Papers 1-5) or in selected ion monitoring (SIM) mode (only selected m/z). The SIM mode 

allows the mass spectrometer to record specific ions of the target compounds with higher 

sensitivity than in full-scan mode because the scan time for each ion is extended 

considerably (Luca 2015). This extension results in reduced baseline noise and improved 

sensitivity (Luca, 2015). Both SIM and TIC chromatograms can perform VOC quantification 

(e.g., obtain peak area or height). For these purposes, different default GC-MS software 

packages such as Xcalibur or MSD ChemStation (Agilent Technologies, city, country) can be 

used. The manufacturers of GC-MS systems often provide these software packages. The peak 

area of a VOC is obtained by integration of the peak consisting of the sum of all ions or of 

the peak of a selected ion. The integrative procedure is automated but requires a setup of the 

quantification method (including a VOC list with retention times, and ions for quantification 

and qualification) and manual validation. One of the challenges in the data analysis is 
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coelution of peaks (Figure 5.2A). In some cases, this issue can be resolved by integrating a 

peak of a selected ion present in the mass spectrum of one compound and absent in the 

coeluted compound. Nevertheless, finding such a unique ion is not always possible. New 

methods have been developed to integrate the coeluted compounds by multiway mathematic 

modeling such as PARAllel FACtor analysis 2 (PARAFAC 2) (Amigo et al. 2010; Amigo et al. 

2008; Bro et al. 1999).  

PARAFAC2 can not only handle coelution of compounds in the majority of cases but also 

can solve problems associated with the retention time shift and baseline drift (Figure 5.2A–

C) (Amigo et al. 2008; Bro et al. 1999). One of the drawbacks of PARAFAC2 is observed 

when the peak of a compound is too low compared with the peak of a closely eluted 

compound (Figure 5.3A) or the peak exists only in a few samples (Figure 5.3B). Then, the 

peak can hardly be integrated. In addition, PARAFAC2 cannot integrate coeluted isomers; 

this procedure can be done in other ways such as PARALAND (Bordagaray and Amigo 2015). 
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Figure 5.2 (A) Coeluted compounds that share the same top abundant ion (m/z 43); (B) a 

compound with a retention time shift at different time points (weeks) during the study; (C) 

baseline drift of a compound at different time points (weeks) during a study on onion 

VOCs. 
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Figure 5.3 (A) A compound of low abundance eluting next to a compound with much 

higher abundance; (B) a compound occurring only in a few samples.
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6. Emitted VOCs from onions and onion pathogens 

As discussed in Chapter 4, many factors influence the VOC emission from plant tissue and 

microorganisms. In Paper 2 it was shown that non-diseased onions emit VOCs during 

storage that can be measured. When onions are infected, the emitted VOCs are a blend of 

VOCs produced by the onion (the host) and by the pathogen proliferating in the onion. In 

Paper 1 and 4, the total VOC emission and RRCO2 increased with infection.  Chapter 6 

provides an overview over VOCs collected during the study from healthy and/or diseased 

onions and from pathogens growing in LOM and the relations between infection levels, and 

VOC emission and respiration rates. 

 

6.1 Total VOC emission and respiration rate 

A brief overview over the main results are shown in Table 6.1. The total VOC emission from 

healthy onions were 635 (amu), 3 nmol kg-1, and 145 nmol kg-1 and from diseased onions 

92530 (amu), 198 nmol kg-1 and 13979 nmol kg-1, respectively (Papers 1, 2, and 4). Hence, 

the total VOC emission increased 34 to 96 times with infection of onions. The emission also 

increased with Fusarium-infection of LOM; the increase was 5.5 times higher with infection 

than that without (Paper 3). In bulk storage (Paper 5), the total VOC emission was 2.1 

times higher from onions with a disease ratio of 14.1% as compared to a ratio of 2.8%. The 

highest increase in total VOC emission due to fungal infection was reported in Paper 4, 

where the onions were inoculated for six weeks and were heavily infected by the pathogen. 

In contrast, the lowest increase in VOC emission due to fungal infection was reported in 

Paper 5, where two batches of onions of approximately 15 kg each were sampled at 18 °C. 
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Table 6.1 Overview of total volatile emission and respiration rate in the different experiments (data are from Papers 1-5). 

Parameter 

 Exp. 3 
Fusarium inoculuma 

 Exp. 4 
F. inoculated onionb  

 Exp. 1 
Natural infection 

 Exp. 2 
Natural infection 

 Exp. 5 
Natural infectionc 

 LOM 
control 

LOM +  F. 
inoculum 

 Healthy 
control 

Infected 
onions 

 Healthy 
control 

Infected 
onions 

 Healthy 
control 

Infected 
onions  

 2.8%  
disease ratio  

14.1% 
disease ratio  

Temperature  20 °C  20 °C  22 °C  15 °C  18 °C 

  nmol L-1  nmol kg-1  amu  nmol kg-1  nmol kg-1 

Total volatile 
emissiond 

 
22 121 

 
145 13979 

 
635 21962 

 
3 198 

 
160 341 

Relative to control 
 

5.5 times 
 

96 times 
 

34 times 
 

66 times 
 

2.1 times 

RRCO2  
(ml CO2 kg-1 h-1) 

 
- - 

 
4.9 28.5 

 
17.7 62.3 

 
6.2 12.5 

 
9.4 12.9 

Relative to control 
 

- 
 

5.8 times 
 

3.5 times 
 

2.0 times 
 

1.4 times 

a Average data of six Fusarium strains. 
b Data at 6 weeks post inoculation for healthy control (water) and Fox260-infected onions. 
c Samples of approximately 15 kg onions with a mixture of healthy and diseased onions.  
d Rates were calculated based on a 24 h incubation time. 
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Somewhat similar results were observed for RRCO2. The highest RRCO2 was observed in 

onions infected by a mixture of Penicillium and F. oxysporum (Paper 1). It was 62.3 ml 

CO2 kg-1 h-1, followed by 28.5 ml CO2 kg-1 h-1 for onions inoculated by F. oxysporum at 6 

weeks post inoculation (wpi) (Paper 4). The increase in RRCO2 due to infection varied 

between 2.0 to 5.8 times higher (Papers 1, 2, 4) while it was only slightly higher (1.4 times) 

in bulk infected onions with a high than a low disease ratio (Papers 5). This result is in 

agreement with Walters (2015) who described that infection in plant leaves by both 

biotrophic and necrotrophic pathogens lead to increased respiration. As onions responded 

to infection by both increased volatile emission and increased respiration rates, monitoring 

diseased by volatile biomarkers is a possible path for future determination of diseases in 

storage. 

 

6.2 VOCs emitted from onions and onion pathogens 

More than 60 different VOCs were emitted from onions and onion pathogens. The fully 

identified and representative compounds, e.g. compounds being measured in several studies, 

are shown in Table 6.2 according to chemical group. The compounds include acids, alcohols, 

aldehydes, alkanes, alkenes, arenes, esters, furans, ketones, and sulfur-containing 

compounds having boiling points in the low- to medium-boiling range between -48 and 

154 °C.  

 

6.2.1 VOCs from onion pathogens 

Onions may be infected by various pathogens during storage, including A. niger, B. cinerea, 

B. allii, B. aclada, B. cepacia, B. gladioli pv. alliicola, F. oxysporum, F. proliferatum, P. 

carotovora subsp. Carotovora, and Penicillium spp. (Schwartz and Mohan 2007; Snowdon 

1990). A more detailed list of the onion pathogens is available in Chapter 2. The VOC 

emission of two Fusarium species (F. oxysporum, F. proliferatum) was investigated in 

details in this Ph.D. study. The VOCs produced by these two species differed from those 

previously reported in the literature (Beck et al. 2008; Becker et al. 2014; Fiers et al. 2013; 

Freire et al. 2012; Weikl et al. 2016; Zhang et al. 2015; Zhao et al. 2017). The reason for this 

could be attributed to growth media and the use of different VOC analyses techniques.  
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Table 6.2 Overview of representative VOCs detected from healthy and infected samples, LOM, and Fusarium grown in LOM.  

Compound Group 
BPa 

 
°C 

Exp. 3 
Fusarium 
inoculumb  

Exp. 4 
F. inoculated onionc  

Exp. 1 
Natural infection  

Exp. 2 
Natural infection   

Exp. 5 
Natural infectiond 

LOM 
control 

LOM + F. 
inoculum 

Healthy 
control 

Infected 
onions  

Healthy 
control 

Infected 
onions  

Healthy 
control 

Infected 
onions  

2.8% 
disease 

ratio 

14.1% 
disease  

ratio 

Ethanol alcohol 78  ++ + ++ + ++     
2-Methyl-1-propanol alcohol 108  ++         

3-Methyl-1-butanol alcohol 131  ++  ++  ++     

             

Acetaldehyde aldehyde 21 + ++ + ++   + ++ + + 

Pentanal aldehyde 103     (+)       ++ + ++ + 

Hexanal aldehyde 131 +   ++ +     ++ + ++ + 

             

Pentane alkane 36   + ++   + ++ + ++ 

Heptane alkane 98   + ++   + ++ + + 

             

Propene alkene -48 + ++  ++   + ++ + ++ 

Isoprene alkene 34   + ++   + ++ + ++ 

             

Acetic acid acid 118   + ++ + +  ++ + ++ 
             

Styrene arene 145    ++  ++     

             

Methyl acetate ester 57 +  + ++   +  + ++ 

Methyl thioacetate 
ester/ 
sulfuric 

95-96  ++         

n-Propyl acetate ester 102  ++          

             

2-Methylfuran furan 63-66   + ++   + ++ + + 

3-Methylfuran furan 67   + ++   + ++ + ++ 
             

Acetone ketone 56 + ++ + ++   + ++ + ++ 

2-Butanone ketone 80 + ++ + ++   + ++ + ++ 
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Compound Group 
BPa 

 
°C 

Exp. 3 
Fusarium 
inoculumb  

Exp. 4 
F. inoculated onionc  

Exp. 1 
Natural infection  

Exp. 2 
Natural infection   

Exp. 5 
Natural infectiond 

LOM 
control 

LOM + F. 
inoculum 

Healthy 
control 

Infected 
onions  

Healthy 
control 

Infected 
onions  

Healthy 
control 

Infected 
onions  

2.8% 
disease 

ratio 

14.1% 
disease  

ratio 

             

Methanthiol sulfuric 6 + ++  ++   + ++ ++ + 

1-Propanethiol sulfuric 68 + ++ + ++ + ++ + ++   

3,4-Dimethylthiophene sulfuric 144-146 +  + ++   + ++   

             

Carbon disulfide sulfuric 46 +  + ++   + ++ + ++ 

Dimethyl sulfide sulfuric 37 + ++ + ++   (+) (+) + ++ 

Dimethyl disulfide sulfuric 110  ++ + ++ + ++ + ++ + + 

Methyl propyl sulfide sulfuric 96  ++ + ++ + ++  + ++ + ++ 

Methyl propyl disulfide sulfuric 154 + ++ + ++ + ++ + ++ + ++ 
a BP: Boiling point. 
b Average data of six Fusarium strains. 
c Data for healthy control (water) and Fox260-infected onions at 6 weeks post inoculation. 
d Samples of approximately 15 kg onions with a mixture of healthy and diseased onions.  
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A few compounds were specially produced from Fusarium grown on LOM: 2-methyl-1-

propanol, methyl thioacetate and n-propyl acetate (Table 6.2). This was concluded due to 

the fact, that these VOCs were only detected from Fusarium grown in LOM and not in LOM 

control or healthy onions. 3-Methyl-1-butanol was produced by Fusarium grown in LOM 

and Fusarium-inoculated onions, and naturally infected onions with a mixture of F. 

oxysporum and B. cepacia pathogens (Papers 1, 3, 4). 2-Methyl-1-propanol and 3-methyl-

1-butanol were earlier reported from various microorganisms such as Streptomyces 

antibioticus and A. niger (Nieminen et al. 2008; Schöller et al. 2002), and 2-methyl-1-

propanol from F. proliferatum grown on PDA medium (Zhao et al. 2017) and F. oxysporum 

f. aechmeae grown on agar or malt extract (Weikl et al. 2016). Although 2-methyl-1-

propanol is produced by the same 2-ketoacid pathway as 3-methyl-1-butanol (Nozzi et al. 

2014), absence of 2-methyl-1-propanol in the infected onions points to the fact that the 

precursing substrate for 2-methyl-1-propanol was sufficient in LOM inoculated with 

Fusarium and insufficient in the healthy onions. The same may apply for n-propyl acetate 

and methyl thioacetate. 

 

Figure 6.1 Concentration of 2-butanone and methyl propyl sulfide emitted from LOM (Control) and 

LOM inoculated with Fox006 (Fox006). Data are mean values ± SE (N = 4) (Redrawn from data in 

Paper 3). 

 

More 2-butanone and methyl propyl sulfide were emitted from Fusarium-inoculated LOM 

than from LOM control (Figure 6.1). As the onion enzymes were deactivated in the LOM, 

these compounds seem to be produced by the Fusarium strains. Many of the emitted VOCs 

in Table 6.2 were sulfur-containing compounds produced by F. oxysporum and F. 

proliferatum including methyl thioacetate, methanethiol, 1-propanethiol, dimethyl sulfide, 
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dimethyl disulfide, methyl propyl sulfide, and methyl propyl disulfide. In contrast, no sulfur-

containing compounds were reported in studies of F. oxysporum and F. proliferatum grown 

on PDA (Bitas et al. 2015; Zhao et al. 2017). This clearly indicates that the growth medium 

influences the VOC profile from fungi, and that sulfur-containing VOCs are produced by 

Fusarium growing on a sulfur-containing substrate such as the LOM. Therefore, it is 

important to grow pure cultivated pathogens on relevant enzyme-inactivated medium such 

as homogenized plant tissue or juice to identify specific markers. 

 

6.2.2 VOCs from healthy onions 

Similar VOCs were detected in healthy and diseased onions but the concentrations were 

different. The emission of hexanal was in general higher from healthy than from diseased 

onions (Papers 2, 4, and 5). The same applied to pentanal. Both compounds are enzymatic 

degradation products of unsaturated fatty acids (Dudareva et al. 2013). The emission of 

hexanal decreased at a higher rate in diseased than in healthy onions (Figure 6.2). A 

reduction in the emission of hexanal and pentanal is probably related with diminishing 

levels of free fatty acids during storage or lower enzyme activity in older or infected tissue 

(Lim 2015).  

 

 

Figure 6.2 Emission of hexanal from healthy control and Fox260-infected onions at different weeks 

post inoculation. The control onions were inoculated with water. Data are mean values (N = 4 for 

control and N = 9 for Fox260). (Redrawn from data in Paper 4). 
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6.2.3 VOCs from Fusarium-inoculated LOM and onions 

Compounds including ethanol, acetaldehyde, propene, acetone, 2-butanone, methanethiol, 

1-propanethiol, dimethyl sulfide, dimethyl disulfide, methyl propyl sulfide, and methyl 

propyl disulfide, were detected from healthy onions, Fusarium-inoculated LOM, and 

Fusarium-infected onions but rates were higher with fungal infection. Compounds 

including pentane, heptane, isoprene, acetic acid, methyl acetate, 2-methylfuran, 3-

methylfuran, 3,4-dimethylthiophene, and carbon disulfide were detected from healthy 

onions and Fusarium-infected onions but not from Fusarium-inoculated LOM (Table 6.2). 

These compounds, i.e., pentane etc., were probably produced by wounding of cells caused 

by infection and or by increased senescence due to infection. Luca et al. (2016) showed that 

carbon disulfide was produced in wild rocket in response to increased respiration. From 

Table 6.1 it is clear that the respiration rate increased with infection, thus higher respiration 

with infection would stimulate the emission of e.g. carbon disulfide. 

The emission rates of selected compounds from Fox260-infected onions are shown in Figure 

6.3. There was a steady increase in the emission of pentane, 1-propanethiol, carbon disulfide, 

and dimethyl disulfide until week 6 and then the rates decreased or leveled off. In contrast, 

3-methylfuran continued to increase from week 1 to 7 while isoprene increased until week 3 

and then decreased. The concentration of 2-butanone remained low until week 5 and then 

it increased between week 5 and 6, and then decreased again between week 6 and 7. 
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Figure 6.3 Emission of (A) pentane, (B) isoprene, (C) 3-methylfuran, (D) 2-butanone, (E) 1-

propanethiol, (F) carbon disulfide, and (G) dimethyl disulfide from healthy control and Fox260-

infected onions at different weeks post inoculation. The control onions were inoculated with water. 

Data are mean values (N = 4 for control and N = 9 for Fox260). (Redrawn from data in Paper 4). 
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The emission of 3-methyl-1-butanol and styrene is shown in Figure 6.4. The concentration 

of these compounds was low until week 4, then it increased between weeks 4 and 6, and then 

decreased again. 3-Methyl-1-butanol has been reported from many microorganism 

including bacteria such as Streptomyces antibioticus and fungus such as A. niger (Nieminen 

et al. 2008; Schöller et al. 2002), and styrene from fungi such as Penicillium spp and A. 

niger (Nieminen et al. 2008). 3-Methyl-1-butanol was produced from naturally infected 

onions having a mixture of B. cepacia- and Fusarium-infection (Paper 1). Styrene has been 

reported from onions infected by several pathogens, Aspergillus-, Pectobacterium-, 

Fusarium-, and Penicillium-infected onions (Vikram et al. 2005). Therefore, these two 

compounds may be promising biomarkers for infected onions.  

   

 

Figure 6.4 Emission of (A) 3-methyl-1-butanol and (B) styrene from healthy control and Fox260-

infected onions at different weeks post inoculation. The control onions were inoculated with water. 

Data are mean values (N = 4 for control and N = 9 for Fox260-infected onions). (Redrawn from data 

in Paper 4).
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6.3 Correlation between infection levels and volatile biomarkers 

It has been shown that infected onions can be categorized into mild, medium and severe 

infection stages by use of VOC profiling according to the levels of infection at different weeks 

post inoculation (Paper 4). The results showed that infection levels and total (Figure 6.5) 

and  individual VOCs were highly correlated (Paper 4). This clearly indicates that VOCs can 

be used as biomarkers for detection of onion diseases. 

 

Figure 6.5 Correlation between total VOCs and the infection level (Fox/onion DNA ratio, ng mg-1) 

in onions (unpublished data from Exp.4). 

 

6.3.1 Individual volatiles 

As stated earlier, a mixture of volatiles was produced by both pathogens and the infected 

onions. The correlations between infection levels and individual volatiles were reported in 

Paper 4. Although 3-methyl-1-butanol (Figure 6.6A) was produced by Fusarium, the 

correlation to infection was much lower (r = 0.48) than for e.g. styrene, which had a 

correlation coefficient of r = 0.84. From Figure 6.6A it is clear that 3-methyl-1-butanol is 

produced late after initial infection. Statistical significant correlations (P < 0.05) were 

obtained between infection levels and ethanol (r = 0.67), propene (r = 0.83), styrene (r = 

0.84) (Figure 6.6B), 2-methylfuran (r = 0.66), 3-methylfuran (r = 0.81), methanethiol (r = 

0.73), 1-propanethiol (r = 0.82), 3,4-dimethylthiophene (r = 0.68), carbon disulfide (r = 

0.63), dimethyl sulfide (r = 0.85), dimethyl disulfide (r = 0.68),  methyl propyl sulfide (r = 

0.89), and methyl propyl disulfide (r = 0.68). As these compounds were highly correlated 

with the levels of infection with Fusarium, the compounds had a potential of being used as 
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biomarkers of diseases in onions. In theory, it is attempting to use a compound like styrene, 

which was emitted at high infection levels, but it may then be too late to remove onions from 

storage and minimize food losses.  

 

  

Figure 6.6 Linear correlation between emission rate of (A) 3-methyl-1-butanol and (B) styrene and 

the infection level (Fox/onion DNA ratio, ng mg-1) in onions (unpublished data from Exp.4). 
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Figure 6.7 Linear correlation between respiration rate and the infection level (Fox/onion DNA 

ratio, ng mg-1) in onions (unpublished data from Exp.4). 

 

6.4 Application of the biomarker method in onion storage 

A sampling and monitoring system has to be developed to enable detection of onion diseases 

in bulk storage by the volatile biomarker method. A method was tested for sampling of VOCs 

from onions at confined and unconfined space taking into consideration that biological 

samples should be treated individually as such. In theory, 3-methyl-1-butanol and styrene 

could be potential biomarkers for infected onions in storage. However, none of these 

compounds was measured in commercial storage (Paper 5) and it could indicate that they 

were not produced or were emitted at levels below the detection limits of the method. A total 

of 33 VOCs were emitted from onions in a confined and unconfined space (Paper 5). The 

results from confined space showed that total VOCs and respiration rate seemed to be 

positively related with disease ratio (Paper 5).  A similar trend was observed for total VOCs 

at unconfined space (Paper 5). The VOCs that earlier showed high correlations with 

infection (Paper 4), propene, 2-methylfuran, 3-methylfuran, methanethiol, carbon 

disulfide, dimethyl sulfide, dimethyl disulfide, methyl propyl sulfide, and methyl propyl 

disulfide, were also observed from confined and unconfined space (Paper 5). These 

compounds could thus be possible biomarker compounds for onion diseases in storage.  

Overall, it is not feasible to apply the SPME method for detection of VOCs in cold storage 

due to the workload, the lag-time between sampling and VOC analysis, and data 

interpretation. Recently, Shinha et al. (2018) introduced field asymmetric ion mobility 

spectrometry as a rapid, non-destructive fingerprinting method for detection of real-time 

postharvest storage infections in onions. This method could be a feasible alternative to 

SPME to identify batches with high incidence of diseases in commercial bulk storage. 
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7 Conclusions and perspectives 

During storage, non-diseased onions naturally emit VOCs that can be sampled by SPME and 

analyzed by GC-MS. The present Ph.D. study is the first to present the low- to medium-

boiling VOC profiles from non-disease onions of different cultivars and different storage 

ages and from diseased onions at different infection levels verified by real-time PCR.  

The VOC profiles of non-diseased onions consist mainly of low- to medium-boiling 

compounds (BP<150 °C), including acids, alcohols, aldehydes, alkanes, alkenes, arenes, 

esters, furans, ketones, and sulfuric compounds. In the present study, the repeatedly verified 

VOCs provided sound basic information on VOCs emitted from non-disease onions. 

Individual VOCs and total VOC emission from onions were affected by temperature, storage 

time, levels of diseases and less by type of cultivars. This should lead to focus on factors such 

as storage time, levels of infection, and pathogens on the VOC emission.  

VOC profiles from three F. oxysporum and three F. proliferatum strains pure cultures in 

liquid onion medium showed both similarities and differences between strains of the same 

and different species. Differences were apparent from the quantity of VOCs from the 

different Fusarium strains - discrimination of the strains by PCA of their VOC profiles was 

in accordance with their taxonomic relatedness. Therefore, VOC analysis has a great 

potential for taxonomic identification of Fusarium strains or as a supplement to DNA 

analysis. More importantly, the different Fusarium strains and species had most VOCs in 

common when growing on the same substrate. If common VOCs are detected from all 

pathogens growing in onions, it opens up the possibility to detect several diseases, when 

onions are infected with more than one pathogen species. It also means that it may be 

possible to detect Fusarium-derived diseased onions on a bigger geographical scale, 

although this has to be verified by further studies of more Fusarium species/strains. Sulfuric 

compounds, such as methyl propyl sufide, were produced from Fusarium growing in LOM, 

which are same VOCs emitted from onions. This indicates that the emission of sulfuric 

compounds from Fusarium is probably substrate dependent. Therefore, to study the VOC 

emission from specific pathogens that grows on fresh produce in storage, a study of the 

microorganisms on enzyme-inactivated medium can provide essential information on 

potential VOCs from the pathogen-produce interaction. 

The emission of VOCs from onions is a dynamic process. Hexanal and pentanal were emitted 

from non-diseased onions and with decreasing rates of hexanal emission in infected onions. 

These two compounds are most likely derived from degradation of lipids; a phenomenon 
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which can reflect the changes in metabolism of fatty acids in onions upon infection. Total 

VOC emission, mainly represented by acetone, dimethyl disulfide, and hexanal dropped 

during storage regardless of storage temperature. VOCs emitted from healthy onions were, 

generally, also detected from diseased onions but the VOCs were present in much higher 

concentrations from diseased onions. Diseased onions had much higher total VOC emission 

and respiration rates than healthy onions, already in the early infection stage, i.e., after one 

week of infection. Along the growth progression of diseases, larger proportions of the onion 

tissue was damaged by the fungal infection, and the VOC emission and respiration rate 

increased in accordance with the infection. When the infection reached a certain level, the 

total VOC emission rate and respiration rate dropped. 

The emission of VOCs from the infected tissue and the biomass of Fusarium grown in LOM 

as well as in the infected onions were quantitatively related. Hence, VOC emission could be 

developed into a new non-destructive tool for quantification of fungal biomass instead 

quantification by DNA analysis. Especially in infected onions, emission of VOCs, including: 

propene, styrene, 2-methylfuran, 3-methylfuran, methanethiol, 1-propanethiol, 3,4-

dimethylthiophene, carbon disulfide, dimethyl sulfide, dimethyl disulfide,  methyl propyl 

sulfide, and methyl propyl disulfide, were positively related with fungal biomass of Fox260-

inoculated onions. A high linear correlation was found between total and individual VOC 

emission and infection levels. This shows that VOC emission is a promising indicator of 

microbial growth – both when growing in pure culture and in onion bulb.  

VOCs from onions varied at the different conditions. VOCs that were frequently detected 

and associated with diseases in jar experiments were also detected in commercial storage, 

except for a few of them such as 1-propanthiol and 3,4-dimethylthiophene. More 

unexpectedly, 3-methyl-1-butanol and styrene, which were related with microbial infection 

in a controlled experiment, were not detected in onions in bulk storage. Therefore, it is less 

likely to detect these compounds from diseased onions when applying the VOC method in 

commercial storage rooms. However, with the VOCs detected from onions in bulk storage, 

the concentration of total VOCs were higher from onions having a higher than a lower 

disease ratio, both at laboratory conditions and at commercial storage conditions. This 

finding indicates that disease detection by use of VOC measurement is a promising tool at 

real storage conditions.  

Future detection systems should be developed based on the VOCs frequently detected from 

infected onions, i.e., propene, 2-methylfuran, 3-methylfuran, methanethiol, carbon 

disulfide, dimethyl sulfide, dimethyl disulfide, methyl propyl sulfide, and methyl propyl 
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disulfide, which had high correlations with Fusarium infection levels. As storage boxes filled 

with onions at commercial storage are open and allow a free exchange of air, sampling gases 

of a larger volume will result in redistribution of VOCs near the onions or introduced VOCs 

from adjacent places. Therefore, new sampling methods, which can sample gases of less 

volume should be developed. Accordingly, there will be a need to develop rapid methods of 

high sensitivity. VOC emission is dynamic, thus an on-line dynamic system to monitor the 

changes in VOCs would be practicable. VOC emission from onions is affected by many 

factors, such as temperature, storage time and diseases. It requires detailed single-factor 

studies on onions and associated pathogens, at different conditions to design a 

comprehensive approach to develop the VOC method as an early-warning tool. For example, 

more single or mixtures of pathogens from other species should be studied in culture media 

vs. inoculated in onions to confirm the general validity of the VOCs data presented in this 

Ph.D. study. In vitro studies should be performed with focus on the performance of VOCs 

from onions at temperatures that resembles commercial storage conditions. The outcome of 

this Ph.D. study also gives guidance on how to perform studies on disease detection in other 

types of fresh produce during storage and handling in the supply chain. 

All in all, the results in this Ph.D. thesis prove that the volatile biomarker method can be 

used to detect diminishing quality of onions caused by microbial diseases in a controlled 

environment. The application of the VOC biomarker method for detecting diseases in 

commercial storage room with onions is promising, in the light of the better understanding 

of VOC emission from onions and pathogens acquired in the present thesis. 
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Emission of volatile organic compounds from healthy 
and diseased onions A.	Wang1,a,	F.	Casadei2,3,	A.	Johansen3,	H.	Bukman4	and	M.	Edelenbos1	1Dep.	Food	Science,	Aarhus	University,	Kirstinebjergvej	10,	DK-5792	Aarslev,	Denmark;	2Dep.	Territorial	Ecology	and	Environment,	Pavia	University,	via	S.	Epifanio	14,	27100,	Pavia,	 Italy;	3Dep.	Environmental	Science,	Aarhus	University,	 Frederiksborgvej	 399,	 DK-4000	 Roskilde,	 Denmark;	 4Bejo	 Zaden	 B.V.,	 Trambaan	 2a,	 NL-1749	 CZ	Warmenhuizen,	The	Netherlands.	
Abstract 

In	 this	 study,	 onions	were	 selected	 from	 a	 sorting	machine	 and	 divided	 into	
three	groups,	 i.e.,	heathy	onions,	soft-rot	onions,	and	Penicillium-infected	onions,	by	
visual	and	tactical	judgement.	For	each	of	the	groups,	consumption	of	O2	and	emission	
of	CO2	were	 tested	 in	 closed	 jars.	Besides,	volatile	organic	 compounds	 (VOCs)	 from	
healthy	 and	 diseased	 onions	were	 sampled	 by	 solid-phase	microextraction	 (SPME)	
and	analyzed	on	GC-MS.	The	results	showed	that	healthy	and	soft-rot	onions	had	lower	
respiration	rate	than	Penicillium-infected	onions.	Also	the	concentration	of	total	VOCs	
was	 higher	 from	 soft-rot	 onions	 than	 from	 healthy	 onions	 and	 Penicillium-infected	
onions.	 Ten	 compounds	 were	 selected	 to	 describe	 differences	 in	 the	 VOC	 profiles	
between	samples.	These	were	ethanol,	1-propanol,	1-propanethiol,	acetic	acid,	(E)-1-
(methylthio)-1-propene,	 1-(methylthio)-propane,	 dimethyl	 disulphide,	 3-methyl-1-
butanol,	styrene,	and	methyl	propyl	disulphide.	The	levels	of	all	ten	compounds	from	
the	 soft-rot	 onions	 and	 six	 from	 the	 Penicillium-infected	 onions	were	 significantly	
different	(P≤0.05)	from	the	levels	of	the	healthy	onions.	The	soft-rot	onions	had	high	
levels	 of	 ethanol,	 1-propanol,	 1-propanethiol,	 acetic	 acid	 and	 methyl	 propyl	
disulphide	 as	 compared	 to	 the	healthy	 and	Penicillium-infected	onions.	3-methyl-1-
butanol	was	specific	to	the	soft-rot	sample,	while	styrene	was	specific	to	soft-rot	and	
Penicillium-infected	onions.	

Keywords:	VOCs,	Allium	cepa,	storage	disease,	fungi,	GCMS,	SPME	
INTRODUCTION	Onion	is	a	very	popular	vegetable	worldwide,	ranked	fourth	in	terms	of	area	and	bulk	production	among	nine	major	vegetables	(Holmer	et	al.,	2013).	Several	steps	are	involved	in	postharvest	 handling	 and	 storage	 leading	 to	 consumption,	 i.e.,	 harvesting,	 coarse	 sorting,	curing,	 long-term	 storage	 at	 low	 temperatures,	 quality	 sorting,	 packaging,	 and	 retail	distribution	(Watkins	and	Nock,	2012).	However,	 it	has	been	reported	that	around	20%	of	fresh	fruit	and	vegetables	produced	worldwide	are	lost	due	to	spoilage	in	the	supply	chain	(Barth	et	al.,	2010).	Postharvest	 losses	of	onions	are	mainly	caused	by	spoilage	 from	microbial	 infection,	sprouting	 and	 mass	 loss	 (Walcott	 et	 al.,	 2002).	 During	 storage,	 onions	 spoil	 when	microorganisms	 grow	 and	 spread	 from	 already	 infested	 but	 often	healthy-looking	 tissues.	According	 to	Roopa	 et	 al.	 (2014),	 fungal	 infections	 and	bacterial	 rots	 are	major	 threats	 to	onions	 during	 long-term	 storage.	 Botrytis	 neck	 rot,	 Fusarium	 basal	 rot,	 blue	 mold	 rot,	Erwinia	 soft	 rot,	 sour	 skin	 and	 slippery	 skin	 may	 develop	 and	 spread	 during	 storage	(Snowdon,	2010)	under	temperate	growing	conditions.	Bacteria	and	fungi	generally	produce	volatile	compounds.	Different	bacterial	and	fungal	species	emit	specific	volatile	compounds	while	 some	 of	 them	 may	 also	 produce	 the	 same	 volatiles	 (Effmert	 et	 al.,	 2012).	 Volatile	organic	 compounds	 (VOCs)	 from	 diseased	 tissues	 of	 tomato,	 sweet	 pepper,	 potato	 tuber,	onion,	mango,	and	apple	have	been	collected	by	direct	headspace	sampling	or	by	solid-phase	microextraction	and	analysed	by	LC/MS	or	GC/MS	(Costello	et	al.,	2000;	Vikram	et	al.,	2004;	
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Moalemiyan	et	al.,	2006;	Ibrahim	et	al.,	2011a,	b;	O’Sullivan	et	al.,	2011).	It	is	also	known	that	plant	 tissues	 emit	 VOCs	 in	 response	 to	 stress	 (Holopainen	 and	 Gershenzon,	 2010).	 VOCs	analysis	 could	 thus	be	a	possible	method	 for	early	detection	of	diseases	 and	physiological	changes	 in	 stored	 produce	 and	 used	 to	 minimise	 the	 economic	 losses	 during	 storage	 if	methods	allow	 for	 remedial	action.	The	objective	of	 this	work	was	 to	determine	 if	healthy	and	diseased	onions	emit	different	types	and	levels	of	VOCs	during	storage.	
MATERIALS	AND	METHODS	Onions	were	sampled	from	a	sorting	machine	at	a	commercial	onion	production	farm	during	 sorting	 of	 one	 batch	 of	 yellow	onions	 (Allium	 cepa	 L.).	 The	 batch	was	 harvested	 5	months	earlier	on	the	farm,	coarsely	sorted	to	remove	small	onions	(<40	mm)	and	stones,	then	cured,	and	stored	at	 temperatures	below	1°C.	The	healthy-looking	onions	were	taken	directly	 from	 the	 sorting	 machine.	 The	 diseased	 onions	 were	 taken	 from	 the	 discarded	portion	 on	 the	 machine	 and	 grouped	 two	 soft-rot	 onions	 (with	 exudate	 from	 bulbs)	 and	
Penicillium-infected	onions	(with	green	fungal	mycelium/spores	on	the	bulb	surface).	
Determination	of	respiration	rate	Three	 1-L	 air-tight	 glass	 jars,	 containing	 healthy,	 soft-rot	 and	 Penicillium-infected	onions	(3-4	onions	in	each	jar)	were	kept	at	room	temperature.	At	each	sampling	event,	they	were	 flushed	with	 a	 10-fold	 volume	 of	 purified	 air	 to	 remove	 background	 volatiles	 inside	jars.	After	260	min	of	incubation,	the	O2	and	CO2	concentrations	were	determined	by	a	gas	analyser	equipped	with	a	zirconia	and	a	dual	beam	infrared	sensor	(CheckMate	II	Headspace	Gas	 Analyzer,	 Dansensor	 A/S,	 Ringsted,	 DK).	 A	 syringe	 needle	 was	 inserted	 through	 the	septum	of	the	jar	and	gas	sampled	automatically.	The	O2	and	CO2	respiration	rates	(mL	kg-1		h-1)	were	determined	as	differences	between	two	consecutive	measurements	(Seefeldt	et	al.,	2012).	After	sampling,	 the	 jars	were	opened	and	air	was	allowed	to	enter	 inside	the	 jar	to	create	 atmospheric	 air	 conditions	 until	 next	 sampling	 the	 following	 day.	 Three	 replicate	measurements	on	jars	were	made	on	three	consecutive	days.	
Extraction	of	volatiles	For	 VOC	 sampling	 the	 jars	 above	 were	 used.	 An	 85	 μm	 CAR/PDMS	 solid-phase	microextraction	 (SPME)	 fibre	 (Bellefonte,	 PA,	 USA)	was	 used	 for	 extraction	 after	 250	min	incubation	of	the	onions.	The	fibre	was	inserted	5	min	into	the	jar	with	onions	through	an	air-tight	 septum,	 then	 it	was	moved	 to	 a	 jar	 containing	 an	external	 standard	of	 10	ppb	3-methyl-2-pentanone	in	nitrogen	(v/v)	and	then	finally	thermally	desorbed	of	volatiles	in	the	inlet	 of	 an	 Agilent	 5975C	 Gas	 Chromatograph	 equipped	 with	 a	 Mass	 Selective	 Detector	(Agilent	Technologies,	Palo	Alto,	CA,	USA).	
GC-MS	analysis,	identification,	and	quantification	The	 GC-MS	 operated	 according	 to	 the	method	 described	 by	 Luca	 et	 al.	 (2015)	with	slight	 modification.	 The	 temperature	 of	 the	 oven	 was	 initially	 30°C,	 held	 for	 1	 min,	 then	increased	to	250°C	at	20°C	min-1	and	then	held	at	this	temperature	for	18	min.	The	total	ion	chromatogram	(TIC)	and	selected	ion	monitoring	(SIM)	mode	was	used	to	get	information	about	the	identity	and	the	quantity	of	the	extracted	compounds.	The	SIM	mode	 was	 developed	 based	 on	 several	 pre-test	 extractions	 and	 analyses	 of	 VOCs	 from	healthy	and	diseased	onions	using	TIC	mode.	From	this	work,	a	SIM	method	was	developed	which	 included	 the	 most	 abundant	 VOCs	 in	 the	 TIC-chromatograms	 from	 healthy	 and	diseased	onions.	Quantification	of	specific	VOCs	was	based	on	use	of	the	target	ions	which	were	having	relatively	 higher	 intensity	 and	 also	 did	 not	 interfere	 with	 an	 earlier	 or	 later	 eluting	compound.	 For	 each	 compound,	 the	 abundance	 of	 the	 compound	 was	 divided	 by	 the	abundance	of	the	external	standard	compound	and	multiplied	by	100	to	derive	normalized	abundance.	
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Identification	of	the	pathogens	After	 termination	of	 the	experiment,	onions	were	sent	 for	pathogen	 identification	 to	Bejo	Zaden	BV,	Warmenhuizen,	The	Netherlands.	Onions	were	cut	and	incubated	in	darkness	in	boxes	which	allowed	 the	 relative	humidity	 to	 reach	>85%	at	 room	 temperature	 (20°C).	After	2-4	days	of	incubation,	the	presence	of	pathogen	was	detected.	The	infection	was	first	diagnosed	based	on	the	typical	symptoms	of	the	infected	onions.	Then	the	pathogens	were	isolated	 on	 PDA	 plate	 and	 observation	 based	 on	 the	 growth	 of	 pathogens	 was	 done	 by	matching	with	description	in	literature	(Schwartz	and	Mohan,	2007).	
Data	analysis	The	 respiration	 and	 VOC	 data	 were	 submitted	 to	 one-way	 analysis	 of	 variance	(ANOVA)	and	the	mean	values	were	compared	by	Tukey’s	multiple	range	test	in	SPSS	V21.0	(SPSS	Inc.,	Chicago,	USA).	
RESULTS	AND	DISCUSSION	Although	 the	 replicate	 onions	 inside	 the	 jars	were	 selected	 to	 be	 similar	 in	 disease	symptoms,	this	was	only	the	case	for	the	healthy	and	Penicillium-infected	onions	(Figure	1).	The	 three	 onions	 in	 the	 healthy	 jar	 had	 no	 visible	 symptoms	 of	 pathogens	 in	 the	 disease	diagnosis	tests.	The	four	Penicillium-infected	onions	contained	Fusarium	basal	rot	(Fusarium	
oxysporum	 f.	 sp.	 cepae)	 infection	 and	 a	 secondary	 infection	 with	 blue	 mold	 caused	 by	
Penicillium	spp.	As	the	bulbs	in	this	jar	were	too	heavily	infected	with	secondary	Penicillium,	it	was	not	possible	 to	clearly	see	 the	visible	symptoms	of	Fusarium	basal	 rot	and	obtain	a	pure	culture	of	this	fungus.	However,	a	tape	slide	showed	banana-shaped	spores	of	Fusarium	between	 the	 Penicillium	 brushes.	 The	 soft-rot	 infected	 onions	 contained	 a	 mixture	 of	diseases;	one	onion	had	sour	skin	 infection	with	Burkholderia	cepacia	 (upper	onion	 in	 the	middle),	 one	with	Fusarium	basal	 rot	 infection	 (the	middle	onion	 in	 the	middle),	 and	one	with	leathery	skin	(lower	onion	in	the	middle)	(Figure	1B).	The	soft-rot	infected	onion	had	typical	 symptoms	 of	 brown	 and	 water-soaked	 scales	 (Konduru	 et	 al.,	 2015)	 while	 the	
Fusarium-infected	 onion	 had	 a	 pinkish-grey	 discoloration	 of	 scales	 which	 were	 thinner	towards	the	basal	plate	(Conn	et	al.,	2012).	The	onion	with	leathery	skin	was	healthy	but	had	thick	leathery	scales	due	to	lack	of	oxygen	during	curing	at	the	outside	of	the	bulb	(Solberg,	2015).	

	Figure	1.	Onions	in	jars	(A).	Onions	cut	for	diseases	diagnosis	(B).	
Respiration	rate	The	respiration	rates	of	healthy	and	diseased	onions	are	shown	in	Figure	2.	There	was	no	significant	difference	(P>0.05)	in	respiration	rates	between	healthy	and	soft-rot	onions,	showing	a	consumption	rate	of	17.7	and	14.6	mL	O2	kg-1	h-1,	 respectively.	Surprisingly,	 the	
Penicillium-infected	onions	had	a	4-fold	higher	respiration	rate	than	the	healthy	and	soft-rot	onions	 (Figure	2).	Symposium	et	al.	 (1987)	reported	 that	 fungal	growth	 is	 responsible	 for	increased	respiration	of	fungal	infected	tissues;	possibly	explaining	the	increased	respiration	of	 the	Penicillium-infected	onions.	Apparently,	 the	 infection	with	Fusarium	basal	rot	and	B.	
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cepacia	 in	the	soft-rot	onions	did	not	increase	the	respiration	as	in	the	Penicillium-infected	jar.	 More	 experiments	 are	 needed	 to	 investigate	 the	 impact	 of	 disease	 infection	 on	 onion	respiration	 rate	 to	 find	 out	 whether	 respiration	 can	 be	 used	 as	 a	 control	 tool	 in	 quality	assurance	during	onion	storage.	

	Figure	2.	 Respiration	 rate	 of	 healthy	 and	 diseased	 onions.	 Values	 are	 mean	 ±	 standard	deviation	from	sampling	on	three	consecutive	days.	Means	followed	by	different	letters	are	significantly	different	at	P=0.05	within	O2	and	CO2.	
Volatile	organic	compounds	A	 chromatogram	of	 healthy	 onions	 (solid	 line),	 soft-rot	 onions	 (light	dash	 line),	 and	
Penicillium-infected	onions	(heavy	dash	line)	is	presented	in	Figure	3.	In	this	chromatogram,	the	 10	major	 peaks	 are	 numbered	 and	 data	 on	 these	 peaks	 are	 presented	 in	 Table	 1.	 As	shown	 here,	 the	 level	 of	 emitted	 volatiles	 varied	 among	 onions	 in	 the	 jars.	 The	 jar	 with	healthy	onions	contained	much	less	VOCs	than	the	jar	with	soft-rot	and	Penicillium-infected	onions.	This	was	expected,	as	intact	healthy	onions	produce	less	VOCs	than	wounded	onions	(Løkke	et	al.,	2012).	Soft-rot	onions	had	high	values	for	ethanol,	1-propanol,	1-propanethiol,	acetic	acid,	and	3-methyl-1-butanol.	It	has	been	reported	that	ethanol	was	formed	in	onions	infected	 by	 Botrytis	 allii,	 Erwinia	 carotovora	 subsp.	 carotovora,	 Fusarium	 oxysporum	 and	
Aspergillus	 niger	 (Prithiviraj	 et	 al.,	 2004;	 Vikram	 et	 al.,	 2005).	 As	 seen	 in	 Figure	 1B,	 the	disease	 development	 in	 the	 two	 infected	 onions	 from	 the	 soft-rot	 onion	 jar	 was	 less	advanced	 as	 compared	 to	 that	 of	 the	 Penicillium-infected	 onions.	 Tissues	 were	 still	 fairly	white	and	intact.	These	differences	in	levels	of	rot	could	be	the	reason	for	the	differences	in	the	 amount	 of	 emitted	 1-propanol	 and	 1-propanethiol	 between	 samples	 (Table	 1).	 The	content	of	acetic	acid	was	100-fold	higher	in	the	soft-rot	sample	as	compared	to	the	healthy	and	 the	 Penicillium-infected	 onions.	 It	 could	 be	 the	 presence	 of	B.	 cepacia	 in	 the	 soft-rot	onions,	which	tricked	production	of	acetic	acid	and	gave	a	sour	impression	(Lee	et	al.,	2005).	It	 is	well-know	 that	 rotten	 onions	produce	 an	 acetic	 acid	 odour	 (Wright	 and	Hale,	 1992).	Interestingly,	 3-methyl-1-butanol	was	only	 found	 in	 the	 soft-rot	 treatment.	Kaminski	 et	 al.	(1974)	 also	 reported	 that	 3-methyl-1-butanol	 was	 emitted	 from	 Fusarium	 sp.	 grown	 on	sterile	coarse	wheat	meal.	Styrene	was	produced	in	high	concentrations	from	the	diseased	onions	while	it	was	not	produced	from	healthy	onions.	This	result	indicated	that	styrene	was	synthesized	 by	 microorganisms.	 High	 styrene	 production	 was	 also	 reported	 from	 F.	
oxysporum-infected	onions	while	low	emission	was	seen	from	onions	infected	with	A.	niger	and	E.	carotovora	subsp.	carotovora	(Vikram	et	al.,	2005).	Fischer	et	al.	(1999)	also	reported	that	various	species	of	Penicillium	were	able	to	produce	styrene.	Among	all	ten	compounds,	only	 (E)-1-methylthio-1-propene	was	higher	 in	 the	Penicillium-infected	onions	 than	 in	 the	soft-rot	onions.	This	compound	was	produced	from	onions	infected	with	B.	allii,	but	was	not	emitted	from	E.	carotovora	subsp.	carotovora,	or	F.	oxysporum-infected	onions	(Prithiviraj	et	
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al.,	 2004).	 Dimethyl	 disulphide	 can	 be	 produced	 by	 both	 onions	 and	 microorganisms	 as	many	kinds	of	bacteria	and	fungi	are	able	to	produce	this	compound	(Effmert	et	al.,	2012;	Løkke	 et	 al.,	 2012).	 According	 to	 Løkke	 et	 al.	 (2012)	 1-methylthio-propane	 and	 methyl	propyl	 disulphide	 are	 background	 compounds	 from	 onions	 and,	 thus	 not	 specific	 to	microorganisms.	The	relation	between	VOCs	production	 from	healthy	onions	and	diseased	onions	needs	clarification.	Table	1.	 The	abundance	of	volatile	organic	compounds	emitted	 from	healthy	and	diseased	(soft	rot	and	Penicillium)	onions.	
Peak 
no. 

RT 
min Compound name1 

Abundance2 
Healthy Soft rot Penicillium 

1 8.65 Ethanol 397 b3 40725 a 482 b 
2 10.44 1-Propanol4 2 b 5246 a 9 b 
3 11.20 1-Propanethiol 13 c 6739 a 146 b 
4 11.67 Acetic acid 91 b 9464 a 74 b 
5 12.48 (E)-1-Methylthio-1-propene4 1 c 111 b 1095 a 
6 12.60 1-Methylthio-propane4 6 b 7381 a 6488 a 
7 12.78 Dimethyl disulfide 65 b 6342 a 7291 a 
8 13.20 3-Methyl-1-butanol4 nd b 3470 a nd b 
9 15.95 Styrene4 nd c 2144 a 1684 b 
10 17.30 Methyl propyl disulfide4 60 c 10908 a 4693 b 
    Total volatiles 635 c 92530 a 21962 b 
1 All compounds were identified by library search and verified by the use of authentic standards unless noted. 
2 The abundance of the peak was divided by the abundance of an external standard (3-methyl-pentanone) multiplied by 100. 
3 Means followed by different letters in the same row are significantly different according to Tukey’s honest significance test at 

P=0.05. 
4 Tentitative identified by library search only. 
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	Figure	3.	 A	 GC/MS	 chromatogram	 in	 SIM-mode	 of	 volatiles	 sampled	 from	 healthy	 and	diseased	onions.	
CONCLUSIONS	The	 use	 of	 SPME	 for	 the	 analysis	 of	 VOCs	 was	 suitable	 and	 useful	 to	 highlight	 the	differences	 in	 volatile	 profiles	 between	 healthy	 and	 diseased	 onions.	 The	 results	 showed	significant	differences	among	the	diseased	and	healthy	onions,	i.e.,	styrene	and	3-methyl-1-
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butanol	were	specific	for	diseased	onions.	However,	further	work	such	as	relations	between	fungal	growth	on	onions	and	VOC	production	needs	to	be	tested	before	a	volatile	biomarker	method	can	be	adapted.	
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RESEARCH HIGHLIGHTS 1 

Fresh onions emit low-boiling volatile organic compounds (VOCs) naturally during storage 2 

Twenty-nine VOCs were extracted by SPME from healthy and naturally diseased onions  3 

The emission of acetone, dimethyl disulfide, and hexanal decrease with storage of healthy 4 

onions. 5 

Onions may have higher emission of propene, 3-methylfuran and sulfurous compounds with 6 

infection  7 



2 
 

ABSTRACT  8 

Fresh onions (Allium cepa L.) emit volatile organic compounds (VOCs) naturally in very low 9 

concentrations. The aim of the present study was to determine the emission of low-boiling 10 

VOCs from healthy and naturally infected fresh onions at 4 , 15 , and 25  and to evaluate 11 

the applicability of the VOC method to monitor quality changes during 12 weeks storage of two 12 

cultivars (‘Hystand’ and ‘Hoza’) of yellow onions. VOCs were extracted from the headspace 13 

by solid phase micro-extraction (SPME) several times during storage of the onion bulbs. 14 

Twenty-nine VOCs were analyzed by gas chromatography-mass spectrometry (GC-MS) of 15 

which twenty-six were identified and thirteen were reported for the first time. Acetone, 16 

dimethyl disulfide and hexanal were among the most abundant volatiles emitted from healthy 17 

onions regardless of cultivar and storage temperature. The concentration of these compounds 18 

as well as the total volatiles decreased with time in storage. In the contrary, microbial infection 19 

resulted in higher propene, carbon disulfide, isoprene, pentane, 2-methylfuran, 3-methylfuran, 20 

1-propenethiol, hexane, and methyl propyl sulfide emission. This indicates that VOC emission 21 

may be used as an indicator to monitor quality changes in fresh onions during storage.   22 

 23 

KEYWORDS: Solid phase micro-extraction, gas chromatography-mass spectrometry, 24 

headspace analysis, senescence, microbial infections 25 
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Introduction 26 

Onion (Allium cepa L.) is one of the most important vegetable cultivated around the world 27 

and it is stored between seasons to supply consumers with fresh products year-round (Opara 28 

and Geyer 1999). Onions change quality due to natural senescence and decay. The 29 

characteristic pungent aroma and flavor decrease due to enzymatic degradation of S-alk(en)yl 30 

cysteine sulfoxides and formation of sulfurous compounds such as sulfenic acids, monosulfides, 31 

disulfides, trisulfides, and tetrasulfides (Block et al. 1992). Other quality changes are loss of 32 

firmness, top and root sprouting, and development of storage rots caused by Botrytis allii and 33 

Botrytis aclada (neck rot), Burkholderia cepacia, formerly Pseudomonas cepacia (sour skin), 34 

and Fusarium oxysporum (basal rot) (Opara and Geyer 1999; Ramin 1999; Snowdon 1990). 35 

Recently, attempts have been made to monitor the early quality changes in fresh produce by 36 

use of volatile analysis (Luca et al. 2017). Many factors influence the volatile organic 37 

compound (VOC) profile extracted from fresh produce: the raw material, the extraction method, 38 

and the method of detection (Li et al. 2011; Løkke et al. 2012; Prithiviraj et al. 2004; Sinha et 39 

al. 2018; Vikram et al. 2005). Usually, fresh produce is macerated to increase the volatile 40 

release but it introduces wounding and mixing of enzymes and substrates (Christensen et al. 41 

2007) and it changes the VOC profile (Løkke et al. 2012). Therefore, VOCs must be sampled 42 

from fresh onions without maceration to give information on natural senescence and decay. 43 

Fresh vegetables emit a wealth of VOCs but the release is low, usually in the ppt range (Luca 44 

et al. 2017), and that makes it challenging to apply the VOC method as a non-destructive 45 

technique for quality monitoring of fresh produce. Several attempts to detect microbial 46 

infections in fresh onions have been made with variable results (Li et al. 2011; Prithiviraj et al. 47 

2004; Sinha et al. 2018; Vikram et al. 2005). Sinha et al. (2018), for example, found higher 48 

peaks of dimethyl disulfide, dipropyl disulfide, methyl propyl disulfide, undecane, and 2-49 
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undecane in sour skin (Burkholderia cepacia) infected onions by use of field asymmetric ion 50 

mobility spectrometry analysis 16 and 3 days after inoculation at 4 °C and 25 °C. Li et al. (2011) 51 

also found higher levels of dimethyl disulfide, dipropyl disulfide, and undecane in B. cepacia 52 

infected onions. Li et al. (2011) concluded that 16 compounds were unique to sour skin 53 

infection as these compounds were not detected in healthy controls. We have previously shown 54 

that solid phase micro-extraction (SPME) on a CAR/PDMS fiber and separation on a HP-55 

PLOT/Q column is suitable for giving detailed information on senescence and microbial attack 56 

of packaged wild rocket (Luca et al. 2017) and diseased onions (Wang et al. 2016).  57 

The aim of the present study was to determine the emission of low-boiling VOCs from 58 

healthy and naturally infected fresh onions at 4 , 15 , and 25  and to evaluate the 59 

applicability of the VOC method to monitor quality changes during storage. Two cultivars 60 

(‘Hystand’ and ‘Hystand’) were stored for 12 weeks and the bulb quality (weight loss, 61 

sprouting, rooting, decay) was evaluated at the end of storage.   62 

 63 

Materials and methods 64 

Reagents and chemicals 65 

Authentic reference compounds of acetaldehyde, acetic acid, acetone, 2-butanone, carbon 66 

disulfide, dimethyl disulfide, 2,5-dimethylfuran, 3,4-dimethylthiophene, heptane, hexanal, 67 

hexane, isoprene, methanethiol, methyl acetate, methyl formate, 2-methylfuran, 3-methyl-2-68 

pentanone, 2-methyl-2-propanol, methyl propyl disulfide, pentanal, pentane, 2-pentanone, , 69 

isopropyl alcohol, propanal, 1-propanethiol, 1-propanol, and propene were obtained from 70 

Sigma-Aldrich Chemie GmbH (Stenheim, Germany), methyl propyl sulfide from Alfa Aesar 71 

(Haverhill, USA), and 3-methylfuran from Acros Organics (Geel, Belgium). Ultra-pure water 72 
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(resistivity 18.2 MΩ cm) was produced by an SG Ultra Clear UV Water Purification System 73 

(SG Wasseraufbereitung und Regenerierstation GmbH, Barsbüttel, Germany). 74 

Plant material and storage conditions 75 

Bulbs of two cultivars (‘Hystand’ and ‘Hoza’) of yellow onions (Allium cepa L.) were taken  76 

from commercial storage house facilities in spring 2015 after approximately 6 months in 77 

storage. The bulbs were cured to dry the outer scales at harvest, and then stored at 0.5  and 78 

around 85% RH. None of the cultivars were treated with sprout inhibitors in the field or in 79 

storage (Benkeblia et al. 2002). A batch of 20 kg of each cultivar was taken and transported to 80 

Aarhus University and manually sorted for storage experiments. Only first class, firm bulbs, 81 

similar in size, and free of skin cracks, top sprouts, secondary roots, and external diseases were 82 

selected. The weight of three onions was combined into one sample to give a total of 320 ± 10 83 

g and stored in triplicate in 1-L glass jars inside climate chambers (400 L, -9 to 99 ˚C, Binder 84 

KB400, Binder, Tuttlingen, Germany) for 12 weeks at 4 , 15 , and 25 .  85 

Sampling of VOCs 86 

Every two to three weeks, jars were made airtight with lids having inlet and outlet fittings for 87 

gas purging, and a septum for O2 and CO2 measurements and VOC sampling. Jars were flushed 88 

with clean, compressed, dry air (AGA Gas AB, Sundbyberg, Sweden) for 10 min at 800 mL 89 

min-1 to have the same background level of volatiles at beginning, and then kept airtight for 24 90 

h to allow VOCs to build up. VOCs were sampled for 5 min with a 85 μm CAR/PDMS SPME 91 

fiber (Bellefonte, PA). The fiber was then transferred to another jar for 5 min at 18  for 92 

external standard addition (0.447 nmol L-1 3-methyl-2-pentanone in N2). This method enabled 93 

extraction of VOCs emitted naturally from fresh onions during storage (Wang et al. 2016). 94 

Following sampling, the gas composition inside jars was monitored by use of a CheckMate 95 
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9900 Headspace Gas Analyzer (PBI Dansensor, Ringsted, Denmark) and from these values the 96 

respiration rate was determined (Seefeldt et al. 2012).  97 

Analysis and quantification of VOCs 98 

The VOCs on the SPME fiber were thermally desorbed at 200  in splitless mode in the 99 

inlet of an Agilent 5975C GC (Agilent Technologies, Palo Alto, CA) equipped with a SPME 100 

liner (0.75 mm i.d., Supelco, Bellefonte, PA, USA). Compounds were separated on an HP-101 

PLOT/Q (Agilent Technologies, Palo Alto, CA) column (30 m × 0.32 mm, film thickness 20 102 

μm) (Luca et al. 2015b), and detected on an Agilent 5975C inertXL MS detector (Agilent 103 

Technologies, Palo Alto, CA). The GC oven temperature program was the following: 30  (1 104 

min hold time), a temperature ramp of 20  min-1 to 250  and 18 min hold time at 250 . 105 

The carrier gas was helium with a constant flow rate of 1 mL min-1. The MS operated in positive 106 

ion mode with an electron ionization energy of 70 eV. The instrument acquired mass spectra 107 

in total ion count mode over a mass-to-charge ratio (m/z) of 20 - 200 amu. Identified 108 

compounds were verified by comparing the retention times and mass spectral data of the NIST 109 

database (ver. 2.1.2, NIST, Gaithersburg, MD) with those of authentic reference compounds. 110 

Compounds were quantified as shown in Eq. 1 relative to the external standard (ES) 3-methyl-111 

2-pentanone and by use of a correction factor (F): 112 

 113 

VOC
∗ ∗ ∗

∗
																																								 1  114 

 115 

where [VOC] is the VOC emission rate in nmol kg-1 d-1, AVOC is the peak area of a VOC in 116 

a sample and AES is the peak area of the external standard in the same sample, ES is the 117 

concentration of the external standard (3-methyl-2-pentanone) in nmol L-1, Vf  is the free 118 
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volume of a jar with onions in L, W is the fresh weight of onions in kg, and t is the total emission 119 

time in days. Isoprene was selected as the compound for determination of the correction factor 120 

(F) as it eluted in the middle of the chromatogram. F was determined as the ratio between the 121 

peak area of isoprene extracted from air at 4 , 15 , and 25  using the same procedure as 122 

with the onions. It should be emphasized, that even after using the F factor, the results at the 123 

different temperatures were carefully inspected before data analysis to avoid misinterpretations.  124 

Quality assessment of onions 125 

The weight loss, sprouting, rooting, and the levels of decay were assessed at the end of 126 

storage. The weight loss was determined as the difference between the initial and final weight 127 

of onions in percentage of the initial weight. Sprouting and rooting were determined on each 128 

bulb on a 4-point scale from 0 to 3 as the length of the longest leaf emerging from the neck 129 

(Pak et al. 1995);  0 = no green leaf; 1 = leaf <2 cm; 2 = leaf 2-5 cm; and 3 = leaf >5 cm. 130 

Rooting was monitored similarly, as the length of the white secondary roots emerging from the 131 

base plate (Miedema 1994); 0 = no roots; 1 = roots <1 cm; 2 = roots 1-2 cm; and 3 = roots >2 132 

cm. The amount of decayed tissue was evaluated on a 4-point scale from 0 to 3 after the onions 133 

were cut longitudinally with a sterilized knife, and the base plate, bulb neck and internal and 134 

external scales were inspected; 0 = no visual decay; 1 = <10% decay; 2 = 10-20% decay; and 135 

3 = > 20% decay. From these data, a mean sprouting, rooting and decay index for each jar was 136 

calculated. To identify the specific diseases, bulbs were incubated separately in darkness at 20  137 

at >85% RH. Tissue from infected bulbs was cut and spread on PDA and LB agar plates 138 

(Sigma-Aldrich Chemie GmbH, Stenheim, Germany), and incubated at 25  and 30 , 139 

respectively, for 2 – 4 d to identify the morphological characteristics of the fungi or bacteria 140 

(Cranshaw et al. 2007). Diseases were identified by the visual symptoms on the onions and 141 

phenotypic identification of microorganisms (Cranshaw et al. 2007). 142 
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Data analysis 143 

Parallel Factor Analysis 2 (PARAFAC2) (Amigo et al. 2010) was applied to overcome baseline 144 

drifts, peak shifts, low signal-to-noise ratios, and co-elution in the chromatograms. The 145 

chromatograms were divided into 21 local intervals in MATLAB® (The Mathworks Inc., 146 

Natick, MA) and PARAFAC2 models were developed for each interval using the PLS-Toolbox 147 

(PLS-Toolbox v. 8.0.2, Eigenvector Research Inc., Wenatchee, WA). From this analysis, peak 148 

areas were calculated. Two-way analysis of variance (ANOVA) was applied on the VOC data 149 

at beginning to identify if there were significant differences between cultivar, temperature, and 150 

cultivar*temperature and to the quality data at the end of storage. If one factor was non-151 

significant, the statistical model was reduced to a two-way model without interaction or a one-152 

way ANOVA. For multiple comparisons, Tukey’s honest significance difference (HSD) test at 153 

P = 0.05 was applied. Statistical analysis was performed in R (v. 3.2.3, R Development Core 154 

Team, 2015).  155 

 156 

Results and discussions 157 

The weight loss ranged between 2 – 6% after 12 weeks of storage (Table 1) and it was thus 158 

below 10%, which is the limit for marketability of onions (Robinson et al. 1975). The highest 159 

weigh loss was observed at 25  and the lowest at 4  and 15 . These differences most 160 

likely were attributed to the observed higher respiration rate at 25  than at 4  (data not 161 

shown) and lower RH at 25  than at 4  which influences the water vapor pressure deficit 162 

and the loss of water during storage from fresh produce (Paull 1999). No top sprouting was 163 

observed during the first 4 weeks of storage but after 12 weeks, the sprouting index was higher 164 

at 15  than at 4  and 25  (Table 1). This is in agreement with Benkeblia et al. (2002) who 165 

reported more top sprouting in onions stored at 7.5 - 15  than at 2 - 4  and 20 - 25 . 166 
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Secondary roots emerged slightly earlier than top sprouts from the base plates of the onions. 167 

After 12 weeks, onions stored at 4  and 15  had higher rooting index than those stored at 168 

25  (Table 1). It is known that high humidity may stimulate rooting of onions in storage if 169 

bulbs are prone to secondary root growth (Islam et al. 2017). Overall, the decay index was low 170 

(Table 1) and there was no significant difference between treatments after 12 weeks storage. 171 

However, it was possible to acquire important information about VOC emission from diseased 172 

and healthy onions during storage, as five jars had one diseased onion in each jar (Table 1), 173 

and 13 jars had no diseased onions. Three onions had sour skin (B. cepacia); it was ‘Hystand’ 174 

stored at 15 , ‘Hoza’ stored at 15 , and ‘Hoza’ stored at 25 	 Table	1 . One ‘Hystand’ 175 

onion stored at 15 	had basal rot (F. oxysporum) and one ‘Hoza’ onion stored at 4 	had 176 

neck rot (Botrytis spp.). Overall, onions stored at 15  had more top sprouting and more 177 

infected bulbs than those stored at 4 	and	25 .   178 

Volatile organic compounds emitted from fresh onions during storage 179 

Twenty-nine VOCs were naturally emitted from fresh onions during storage (Table 2). These 180 

compounds included 1 acid, 3 alkanes, 3 alkenes, 2 alcohols, 4 aldehydes, 1 ester, 3 furans, 3 181 

ketones, 7 sulfides, and 2 thiols. A majority of the compounds (23 out of 29) were VOCs with 182 

boiling points below 110 .	This	is	in	agreement	with	the	method	we	used	as	it	selective 183 

and sensitive to extraction and separation of low-boiling compounds (Luca et al. 2015b). 184 

Thirteen compounds were reported for the first time. It was methyl formate, isopropyl alcohol, 185 

isoprene, pentane, 2-methyl-2-propanol, 2-methylfuran, 3-methylfuran, 2-butanone, acetic acid, 186 

hexane, 2,5-dimethylfuran, pentanal, heptane, and 2-pentanone while the remaining 187 

compounds were reported earlier in onions or in other vegetables from the Allium genus. Those 188 

compounds were acetaldehyde (Kim and Kim 2014); propene and (Z)-methyl 1-propenyl 189 

sulfide from steam-distilled onion oil (Boelens et al. 1971); acetone from fresh-cut (Løkke et 190 
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al. 2012) or diseased onions (Li et al. 2011); methanethiol and propanal from fresh-cut onions 191 

(Løkke et al. 2012) or distilled onion oil (Boelens et al. 1971); carbon disulfide, methyl propyl 192 

sulfide and 1-propanol from crushed onions (Kallio and Salorinne 1990); and 1-propanol from 193 

blanched (Kebede et al. 2014) or diseased onions (Vikram et al. 2005); 1-propanethiol from 194 

crushed (Kallio and Salorinne 1990), cut and high pressure processed or freeze dried (Colina-195 

Coca et al. 2013), or blanched onions (Kebede et al. 2014); dimethyl disulfide, 3,4-196 

dimethylthiophene, methyl 1-propenyl disulfide, and methyl propyl disulfide from onion oil, 197 

fresh-cut or diseased onions (Boelens et al. 1971; Løkke et al. 2012; Vikram et al. 2005), and 198 

hexanal from onion oil (Kuo and Ho 1992) or cut and high pressure processed or freeze dried 199 

onions (Colina-Coca et al. 2013; Kebede et al. 2014). Our data showed that fresh onions emit 200 

a many different low-boiling VOCs naturally that can be sampled by SPME, separated on an 201 

HP-PLOT/Q column, and analyzed by MS.  202 

Effect of cultivar and storage temperature on volatile emission 203 

The VOC emission rates from two onion cultivars stored at three temperatures are shown in 204 

Table 3 at the first week of storage. At this time, onions had no top sprouts or secondary roots 205 

(data not shown). The VOC emission rates were quantified by use of external standard and by 206 

use of a correction factor to compensate for differences in the extraction efficiency at the 207 

different temperatures. Many factors influence the extraction efficiency; temperature, relative 208 

humidity, and the gas matrix effects (Luca et al. 2015a; Nielsen and Jonsson 2002). In the 209 

present study, the O2 concentration ranged between 8 - 19 % and that of CO2 between 2 - 12%, 210 

and the gas composition was thus within the ranges having a minor effect on the VOC 211 

extraction efficiency (Luca et al. 2015a).  212 

Overall, there were significant differences between cultivars for 2-methylfuran and heptane 213 

and significant differences between temperatures for most of the compounds. A significant 214 
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interaction was observed for propene, isopropyl alcohol, pentane, and 2-methylfuran showing 215 

that the VOC emission rates differed between cultivars and temperatures for these four 216 

compounds (Table 3). The total VOC emission was 4.54, 8.57, and 47.0 nmol kg-1 fresh weight 217 

per d at 4 , 15 , and 25 , respectively. Overall, more VOCs were emitted at 25  than at 218 

4 . This may be explained by a higher activity of alliinase at high than at low temperature 219 

(Hanum et al. 1995). This enzyme degrades S-alk(en)yl cysteine sulfoxides into acetone, acetic 220 

acid, dimethyl disulfide, and other sulfurous compounds such as sulfenic acids, monosulfides, 221 

disulfides, trisulfides, and tetrasulfides in onions and other vegetables of the Allium genus 222 

(Block et al. 1992). In the present study, more acetone and acetic acid were extracted at 25  223 

than at 4  (Table 3) which corresponds with a higher enzyme activity at higher than at lower 224 

temperature.   225 

Changes in volatile emission during storage of healthy onions 226 

The volatile emission from jars with healthy onions is shown in Fig. 1 at 4  and 25 . The 227 

data showed that the emission rates decreased with time regardless of storage temperature for 228 

total volatiles, acetone, dimethyl disulfide, and hexanal (Fig. 1). The total emission rate 229 

dropped 40% from 6.86 nmol kg-1 d-1 to 4.13 nmol kg-1 d-1 at 4  and 79% from 90.00 nmol 230 

kg-1 d-1 to 18.76 nmol kg-1 d-1 at 25  (Fig. 1a). For acetone, the drop was 94 % from 2.04 nmol 231 

kg-1 d-1 to 0.12 nmol kg-1 d-1 at 4  and 85 % from 18.01 nmol kg-1 d-1 to 2.65 nmol kg-1 d-1 at 232 

25  (Fig. 1b), and for dimethyl disulphide it was 17 % from 1.31 nmol kg-1 d-1 to 1.09 nmol 233 

kg-1 d-1 at 4  and 99 % from 18.89 nmol kg-1 d-1 to 0.12 nmol kg-1 d-1 at 25  (Fig. 1c). The 234 

observed decrease in acetone and dimethyl disulfide could be attributed to a drop in the methyl 235 

cysteine sulfoxide content of onions during storage (Kopsell et al. 1999). Hexanal also dropped 236 

during storage (Fig. 1d) from 0.46 nmol kg-1 d-1 to 0.24 nmol kg-1 d-1 at 4  (a 48% decrease) 237 

and from 4.40 nmol kg-1 d-1 to 1.06 nmol kg-1 d-1 at 25  (a 76% decrease). Hexanal is formed 238 
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by oxidation of linoleic acid, which is one of the major fatty acid in onions (Tsiaganis et al. 239 

2006). Overall, the emission rate of more than half of the VOCs decreased with time in storage 240 

(data not shown). Lower VOC emission at a given temperature may thus be an indicator for 241 

advanced senescence and reduced quality of fresh onions in storage.   242 

Increased volatile emission with diseased onions 243 

Diseased onions had higher total VOC emission rates than healthy onions at all temperatures 244 

except for ‘Hoza’ infected with B. cepacia at 15  (data now shown). Vikram et al. (2005) and 245 

Sinha et al. (2018) also reported that diseased onions had higher VOC emission rates than 246 

healthy onions. Overall, the VOC emission rate of propene, carbon disulfide, isoprene, pentane, 247 

2-methylfuran, 3-methylfuran, 1-propanethiol, hexane, and methyl propyl disulfide increased 248 

during storage of ‘Hystand’ infected with B. cepacia (Fig. 2). Of these compounds, carbon 249 

disulfide, pentane, 2-methylfuran, 3-methylfuran, and methyl propyl disulfide have previously 250 

been related with senescence and microbial growth on wild rocket or fresh onions (Banwart 251 

and Bremner 1975; Luca et al. 2017; Nielsen and Jonsson 2002; Sinha et al. 2018). Additionally, 252 

the total VOC emission increased during storage of ‘Hystand’ infected with F. oxysporum (data 253 

not shown) and it was especially due to an increase is isoprene (Fig. 2c). Isoprene is an 254 

important antioxidant protecting membranes against oxidation (Loreto and Velikova 2001) but 255 

it has also been related with growth of Erwinia herbicola and species of Bacillus and 256 

Pseudomonas (Effmert et al. 2012). Overall, microbial infections resulted in higher VOC 257 

emission rates in all samples except for ‘Hoza’ infected with B. cepacia at 15 , which had a 258 

VOC profile that was similar to the profile of healthy onions (Fig. 2). The reason for this result 259 

cannot be explained.  260 

 261 
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Conclusions 262 

Fresh onions emit many different low-boiling volatile organic compounds (VOCs) into the 263 

headspace during storage that can be sampled by SPME and separated on a HP-PLOT/Q 264 

column. Twenty-nine VOCs were extracted during storage of fresh onions by SPME of which 265 

thirteen were reported for the first time. Temperature had an effect on the VOC emission rate 266 

as more VOCs were emitted at 25 	than at 4 	and 15 .		In contrast, cultivar had a minor 267 

effect. The emission of total volatiles, acetone, dimethyl disulfide, and hexanal decreased 268 

during storage of healthy onions. In the contrary, microbial infection resulted in higher propene, 269 

carbon disulfide, isoprene, pentane, 2-methylfuran, 3-methylfuran, 1-propenethiol, hexane, and 270 

methyl propyl sulfide emission rates except for ‘Hoza’ infected with B. cepacia at 15 ,	which 271 

had a similar VOC profile as the healthy onions. The results indicate that VOCs emission may be 272 

used to monitor quality changes of fresh onions during storage if it is possible to establish relations 273 

between total and specific VOC emission and senescence and diseases of fresh onions.   274 

 275 

Abbreviations  276 
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Figure captions 388 

Fig. 1 Emission rates of total volatiles (a), acetone (b), dimethyl disulfide (c) and hexanal (d) 389 

during storage of healthy onions at 4  and 25 . Data are presented as mean values ± standard 390 

error (N = 5).  391 

 392 

Fig. 2 Emission rates of propene (a), carbon disulfide (b), isoprene (c), pentane (d), 2-393 

methylfuran (e), 3-methylfuran (f), 1-propanethiol (g), hexane (h), and methyl propyl sulfide 394 

(i) during storage of onions at 15 . Data are presented as mean values ± standard error (N = 395 

3) for healthy onions, and as individual values for diseased onions. 396 
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Table 1 397 

Quality of onions after 12 weeks of storage at 4 , 15  and 25 . Data are means over 398 

cultivars (N = 6) 399 

Temperature  
 

Weight 
loss  
% 

Sprouting 
index 

Rooting 
index 

Decay 
index 

Diseasesa 

4 2.3 ab 0.06 b 1.95 a 0.17 a Botrytis spp. (1) 

15 2.5 a 2.33 a 2.53 a 0.33 a B.cepacia (2) and F. oxysporum (1) 

25 6.0 b 0.72 b 0.55 b 0.11 a B. cepacia (1) 

a The number of jars with a diseased bulb is given in parenthesis. Only one bulb was diseased in each jar.   400 
b  Means with different letters within columns indicate significant differences at P = 0.05. 401 
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Table 2 402 

Volatile organic compounds emitted from yellow onions during storage. 403 

 

Volatile compounda 

Retention 
time 

Chemical 
group 

Boiling 
pointb 

Top abundant ionsc 
No. 

 min   

1 Propene 5.89 alkene -48 41 (100), 39 (72), 42 (69) 

2 Acetaldehyde 7.29 aldehyde 21 44 (100), 29 (99), 43 (54) 

3 Methanethiol 7.59 thiol 6 47 (100), 48 (82), 45 (62) 

4 Methyl formate 7.95 ester 32 31 (100), 60 (89), 29 (62) 

5 Propanal 9.31 aldehyde 48 58(100), 29 (91), 28 (64) 

6 Acetone 9.42 ketone 56 43 (100), 58 (37), 42 (7) 

7 Carbon disulfide 9.45 sulfide 46 76 (100), 78 (9), 49 (7) 

8 Isopropyl alcohold 9.87 alkene 36 - 37 55 (100), 70 (52), 42 (51) 

9 Isoprene 9.98 alkene 34 67 (100), 68 (68), 53 (57) 

10 Pentane 10.04 alkane 36 43 (100), 42 (60), 41 (53) 

11 1-Propanol 10.40 alcohol 97 31 (100), 59 (22), 42 (17) 

12 2-Methyl-2-propanol 10.70 alcohol 82 59 (100), 31 (23), 41 (18) 

13 2-Methylfuran 10.83 furan 63 - 66 82 (100), 81 (61), 53 (55) 

14 3-Methylfuran 10.96 fruan 67 82(100), 53 (59), 81 (54) 

15 2-Butanone 11.02 ketone 80 43 (100), 72 (20), 29 (10) 

16 1-Propanethiol 11.15 thiol 68 76 (100), 47 (62), 41 (47) 

17 Hexane 11.53 alkane 69 57 (100), 41 (65), 43 (57) 

18 Acetic acid 11.63 acid 118 43 (100), 45 (96), 60 (77) 

19 2,5-Dimethylfuran 12.20 furan 92 - 94 96 (100), 95 (86), 43 (72) 

20 Pentanal 12.46 aldehyde 103 44 (100), 58 (44), 29 (43) 

21 2-Pentanone 12.35 ketone 102 43(100), 57 (74), 86 (41) 

22 Methyl propyl sulfide 12.56 sulfide 96 61 (100), 90 (75), 48 (27) 

23 (Z)-methyl 1-propenyl sulfided 12.60 sulfide 102 88 (100), 73 (97), 45 (69) 

24 Dimethyl disulfide 12.73 sulfide 110 94 (100), 79 (49), 45 (34) 

25 Heptane 12.91 alkane 98 43 (100), 71 (80), 57 (61) 

26 Hexanal 14.17 aldehyde 131 44 (100), 43 (96), 41 (81) 

27 3,4-Dimethylthiophene 15.77 sulfide 144 -146 111 (100), 112 (69), 97 (44) 

28 Methyl 1-propenyl disulfided 17.04 sulfide 140 120 (100), 45 (49), 72 (35) 

29 Methyl propyl disulfide 17.20 sulfide 154 122 (100), 80 (98), 41 (36) 
a Compounds suggested by the NIST database (version 2.1.2, NIST, Gaithersburg, MD) were verified by 404 
comparing the retention times and mass spectral data with those of authentic reference compounds unless noted.  405 
b Boiling points are given at 760 mmHg and data are from https://pubchem.ncbi.nlm.nih.gov/compound. 406 
c The values in parentheses are the percentage relative to the most abundant ion. 407 
d Tentatively identified as no reference compounds were available.    408 
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Table 3 The emission rate (nmol kg-1 d-1) of volatile organic compounds from two onion 409 

cultivars stored at 4 , 15 , and 25 a.  410 

Compound 
Cultivar Storage temperature Significance levelb 

Hystand Hoza 4 ˚C 15 ˚C 25 ˚C Cultivar Temperature Interaction

Propene 0.06 ac 0.07 a 0.06 a 0.09 a 0.05 a nsd ns * 

Acetaldehyde 0.65 a 0.95 a 0.20 b 0.27 b 1.84 a ns ** ns 

Methanethiol 0.88 a 0.02 a 0.01 a 1.4 a 0.07 a ns ns ns 

Methyl formate 0.65 a 0.54 a 0.20 b 0.35 b 1.22 a ns *** ns 

Propanal 0.18 a 0.51 a 0.06 b 0.06 b 0.84 a ns ** ns 

Acetone 3.25 a 5.35 a 0.61 b 0.58 b 11.0 a ns *** ns 

Carbon disulfide 0.61 a 0.74 a 0.33 b 0.70 a 0.95 a ns *** ns 

Isopropyl alcohol 0.05 a 0.06 a 0.04 a 0.06 a 0.07 a ns ns * 

Isoprene 0.66 a 0.30 a 0.03 b 1.10 a 0.36 ab ns * ns 

Pentane 0.63 a 0.68 a 0.57 a 0.80 a 0.59 a ns ns * 

1-Propanol 0.19 a 0.33 a 0.01 b 0.03 b 0.70 a ns ** ns 

2-Methyl-2-propanol 0.25 a 0.20 a 0.04 b 0.14 b 0.49 a ns *** ns 

2-Methylfuran 0.44 a 0.23 b 0.04 c 0.26 b 0.72 a *** *** ** 

3-Methylfuran 0.45 a 0.52 a 0.16 c 0.40 b 0.86 a ns *** ns 

2-Butanone 0.44 a 0.42 a 0.04 b 0.17 b 1.04 a ns *** ns 

1-Propanethiol 2.06 a 0.34 a 0.12 a 3.16 a 0.57 a ns ns ns 

Hexane 0.11 a 0.13 a 0.02 c 0.10 b 0.24 a ns *** ns 

Acetic acid 4.91 a 4.88 a 0.12 b 0.14 b 13.9 a ns *** ns 

2,5-Dimethylfuran 0.24 a 0.17 a 0.03 b 0.10 b 0.48 a ns *** ns 

Pentanal 0.13 a 0.21 a 0.02 b 0.03 b 0.43 a ns *** ns 

2-Pentanone 0.13 a 0.13 a 0.02 b 0.02 b 0.34 a ns *** ns 

Methyl propyl sulfide 1.55 a 0.43 a 0.16 a 2.61 a 0.37 a ns ns ns 

(Z)-methyl 1-propenyl sulfide 0.19 a 0.12 a 0.02 a 0.24 a 0.21 a ns ns ns 

Dimethyl disulfide 5.06 a 2.19 a 1.05 a 5.09 a 5.03 a ns ns ns 

Heptane 0.13 b 0.47 a 0.05 a 0.34 a 0.44 a * ns ns 

Hexanal 0.70 a 1.10 a 0.21 b 0.17 b 2.18 a ns *** ns 

3,4-Dimethylthiophene 0.07 a 0.05 a 0.01 b 0.03 b 0.13 a ns *** ns 

Methyl 1-propenyl disulfide 0.40 a 0.20 a 0.03 b 0.17 ab 0.72 a ns * ns 

Methyl propyl disulfide 3.17 a 0.72 a 0.30 a 4.69 a 1.20 a ns ns ns 

Total volatiles 19.6 a 22.1 a 4.54 b 8.57 b 47.0 a ns *** ns 
a The volatiles were collected during the first week of storage at a time when all onions were free of top sprouts 411 
and secondary roots. 412 
b The results are from two-way ANOVA with interaction. 413 
c  Means with different letters within row indicate significant differences between cultivar or temperature.  414 
d * significant at P ≤0.05, ** significant at P ≤0.01, *** significant at P ≤0.001, and ns not significant (P >0.05). 415 
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Fig.2 418 
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Abstract 23 

 24 

Basal rot of onions is a common onion disease, mainly caused by Fusarium oxysporum f. sp. 25 

cepae and Fusarium proliferatum. To study the possibility of using volatile organic 26 

compounds (VOCs) as biomarkers for these fungi, strains of F. oxysporum and F. 27 

proliferatum from onions were cultivated in onion medium at the same mycelial densities and 28 

VOCs were measured by solid phase microextraction (SPME). Additionally, one strain of 29 

each Fusarium species was inoculated at different mycelial densities to study the relation 30 

between VOC emission and fungal biomass. The proportion of DNA was quantified by 31 

fluorometric method and real-time PCR by using species-specific primers. Forty two 32 

compounds were quantified and thirty one of them were released due to fungal metabolic 33 

activities. The number of VOCs detected from the different strains was the same except that 34 

allyl mercaptan was specific to F. oxysporum strain Fox006. Analysis of VOCs showed 35 

significant differences between the two species and among the different strains within the 36 

same species. Principal component analysis (PCA) of all the strains was well in accordance 37 

with the phylogenetic relatedness of the Fusarium strains. Sixteen of the VOCs as well as the 38 

CO2 in vials showed highly positive relation and six VOCs showed negative relation with the 39 

fungal biomass estimated by the real-time PCR method. Ethanol, ethyl formate, ethyl acetate, 40 

2-methyl-1-propanol, methyl thioacetate, n-propyl acetate and 3-methyl-1-butanol are volatile 41 

metabolites that have potential as indicators of Fusarium growth on onion. 42 

 43 

Keywords: biomarker, disease, pathogen, gas chromatography-mass spectrometry (GC-44 

MS), solid phase microextraction (SPME), biomass quantification 45 
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Introduction 46 

 47 

Microbial volatile organic compounds (VOCs) are low-molecular-weight metabolites 48 

originating from the primary or secondary metabolism of bacteria and fungi. VOCs are not 49 

just metabolic by-products escaping from the microorganisms; some of them also serve 50 

important signalling functions, both within the soil microbial communities and between the 51 

microbes and plants or invertebrates (Werner et al. 2016). They may also serve as strong 52 

repellent agents between microorganisms e.g. by inhibiting spore germination (Braun et al. 53 

2012). More than 300 different fungal VOCs have been reported in the literature (Effmert et 54 

al. 2012; Korpi et al. 2009; Lemfack et al. 2014) and since the 1970s there has been great 55 

interest in the detection of specific volatile markers from spoilage microorganisms in food-56 

quality control (Korpi et al. 2009).  57 

Onions constitute a major vegetable crop produced worldwide, and loss due to spoilage 58 

microorganisms is a serious problem in food storage (Haapalainen et al. 2016; Rasiukeviciute 59 

et al. 2016). Hence, improved strategies for managing spoilage microorganisms are urgently 60 

needed and the use of VOCs to detect and predict spoilage at storage conditions could be a 61 

promising tool (Luca et al. 2016; Wang et al. 2016); e.g. with Fusarium species which are 62 

becoming an increasing problem in stored onions. However, in the case of Fusarium 63 

oxysporum f. sp. cepae and Fusarium proliferatum, VOC emission has not been studied in 64 

detail.  65 

It is well-known that VOC emission from microorganisms is dependent on the species, 66 

growth phase and growth conditions, like nutrient availability, humidity and temperature. A 67 

study on isolates representing three different chemotypes of F. graminearum showed that 68 

they had different VOC profiles (Buśko et al. 2014). Bitas et al. (2015) showed that the VOC 69 

profiles of F. oxysporum strains representing different subspecies were different, as several of 70 

the compounds were not produced by all subspecies. In another study, F. oxysporum isolated 71 

from sweet almond produced styrene and 7-methyl-1,3,5-cyclooctatriene. When grown on 72 

PDA, styrene reached a peak production at day 5 while it took 24 days on PDB (Beck et al. 73 

2008). However, the VOC patterns were roughly similar on both media. In contrast, Weikl et 74 

al. (2016) found that the VOC profiles of F. oxysporum f. sp. aechmeae changed during 21 75 

days of growth as the number and amount of VOCs changed over time. The total emission 76 

was highest at day seven and then gradually decreased. Also, nutrients affect the VOC 77 

emission, and the total emission was ten times higher on a nutrient-rich (malt extract agar) 78 

than on a nutrient-poor medium (Weikl et al. 2016). 79 
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It has been shown that the VOC profiles differ not only between the different species, but 80 

also between different isolates of the same species (Bitas et al. 2015; Buśko et al. 2014). This 81 

may enable biochemical taxonomic characterization of fungi on the basis of their VOC 82 

profiles. Fungal biomass and growth stage may also be related to VOCs emission in terms of 83 

total amount of VOCs produced and the VOC profile. However, until now the possibility to 84 

relate VOC emission to fungal biomass has largely been neglected. Weikl et al. (2016) 85 

showed that the relative amount of emitted VOC (per unit fungal mycelium area) by F. 86 

oxysporum was highest at early growth stages, while the total amount of emitted VOCs was 87 

highest at later growth stages. Obviously, this is a very complicated situation as mature 88 

fungal colonies consist of a mix of old and new hyphae, which experience different nutrient 89 

conditions. Hence, there is a need for background knowledge on the relation between fungal 90 

VOC emission and their biomass and growth stage.  91 

Fungal VOCs from cultures in closed growth systems may be measured by GC-MS 92 

analysis of samples taken from the headspace, e.g. by solid phase microextraction (SPME) or 93 

by dynamic headspace sampling of the VOCs on Tenax/SuperQ traps (Bitas et al. 2015; Luca 94 

et al. 2015; Zhao et al. 2017). The resulting VOCs strongly depend on the sampling method 95 

and chromatographic separation technique (Luca et al. 2015). It is mainly the low- to 96 

medium-boiling compounds that are sampled by direct gas injection or by SPME, while 97 

dynamic headspace sampling is more effective at detecting higher-boiling compounds 98 

(Becker et al. 2014; Bitas et al. 2015; Luca et al. 2015; Luca et al. 2017). Moreover, the 99 

technical details of the analytical procedure, such as the type of the GC column and the GC 100 

temperature program, also affect the outcome of the VOC analysis (Freire et al., 2012). 101 

Together, the differences in the analytical procedures between different studies make it 102 

challenging to compare the VOC profiles obtained. For example, using the same dynamic 103 

headspace sampling method but different temperature programs, Prithiviraj et al. (2004) 104 

found that 1-oxa-4,6-diazacyclooctane-5-thione and 4-mercapto-3-(methylthio)-ς-(thio-105 

lactone)-crotonic acid were specific to onions infected with F. oxysporum, while Vikram et al. 106 

(2005) reported that ethyl cyclobutane was specific to F. oxysporum infected onions.  107 

The objectives of the present study were i) to screen a range of F. oxysporum and F. 108 

proliferatum strains (isolated from onions) for their production of VOCs at in vitro conditions 109 

and ii) to relate their VOC emission to fungal biomass production in liquid onion media. To 110 

quantitate the biomass of living fungal mycelia, the DNA content of the fungal cultures was 111 

measured and estimated by fluorometry and real-time PCR methods.  The hypothesis was that 112 

members of the two fungal species would have different VOC profiles and that the strain-113 
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specific profiles would be less discernible. Moreover, we hypothesized that the VOCs 114 

emission would correlate positively with the fungal biomass.  115 

 116 

Material and Methods 117 

 118 

Chemical reagents 119 

 120 

Authentic reference compounds of 1-propanethiol, 1-propanol, 2,3-butanedione, 2,5-121 

dimethylthiophene, 2-butanone, 2-methyl-1-propanol, 2-methylpentane, 2-methylpropanal, 122 

3,4-dimethylthiophene, 3-methyl-1-butanol, 3-methylbutanal, 3-methylpentane, 3-methyl-2-123 

pentanone, acetaldehyde, acetone, carbon disulphide, carbonyl sulfide, dimethyl disulfide, 124 

dimethyl sulfide, ethanol, ethyl acetate, ethyl formate, ethyl propanoate, hexanal, hexane, 125 

methanethiol, methanol, methyl acetate, methyl propyl disulfide, methyl propyl sulfide, 126 

methyl thioacetate, n-propyl acetate, propanal, and propene were obtained from Sigma-127 

Aldrich Chemie GmbH (Stenheim, Germany); methyl propyl sulfide from Alfa Aesar 128 

(Haverhill, USA). 129 

 130 

Fungal strains 131 

 132 

Three strains of F. oxysporum (Fox006, Fox260 (DSM106346), Fox244) and three strains of 133 

F. proliferatum (Fpr047, Fpr057 (DSM106345), Fpr060), isolated from onions grown in 134 

Finland (Haapalainen et al. 2016) and stored at -150 °C at Natural Resources Institute Finland 135 

(Luke), were used in the study.  136 

 137 

Preparation of inoculum suspension  138 

 139 

Liquid onion-extract media (LOM) was prepared by the following procedure: 15 g freeze 140 

dried and milled powder of yellow onions ‘Summit’ was added to 1 L sterile Milli-Q water 141 

and mixed with a magnetic stirrer, heated up and boiled for 30 min. The liquid fraction was 142 

collected after vacuum filtering (diam. 110 mm, Whatman, Sigma-Aldrich, Stenheim, 143 

Germany) and diluted to 1 L with sterile Milli-Q water and sterile-filtered (0.2 µm, cat no. 144 

97066-214, WVR, Radnor, PA, USA). Two-mL or 1.9 mL of sterile LOM was transferred to 145 

20-mL vials, and then heated at 50 ℃ for 1 h and cooled down to room temperature before 146 

use. 147 
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The fungal strains were maintained on potato dextrose agar (PDA) (Sigma-Aldrich). One-148 

week old fungal mycelium from ~2 cm2 agar was scraped off and transferred into 50 mL 149 

LOM and incubated for two days at room temperature. Fungal mycelia were collected and 150 

drained, whereafter 0.62 g of moist mycelium was added to 20 mL LOM and homogenized 151 

with a tissue macerator (Ultra Turrax, Wilmington, NC, USA) to obtain a homogeneous 152 

initial inoculum suspension of 0.03 g moist mycelium mL-1. 153 

 154 

Growing of the fungal strains 155 

 156 

Liquid cultures of the six Fusarium strains (Fox006, Fox260, Fox244, Fpr047, Fpr057, 157 

Fpr060) were prepared in four replicate vials from 1.9 mL LOM and 100 µL of initial 158 

inoculum suspensions. Control samples consisted of 2.0 mL LOM without inoculum 159 

suspension. The VOCs of two of the strains (Fox260 and Fpr057) were studied separately at 160 

different mycelial densities achieved by 1, 2, 5 and 10 times dilutions of the initial inoculum 161 

suspension. The liquid cultures were grown at 20 ℃ for 48 h prior to VOC and gas analyses.  162 

 163 

VOC sampling and analysis  164 

 165 

All VOCs from the vial headspace were extracted by a 85 μm CAR/PDMS SPME fibre 166 

(Supelco, Bellefonte, PA, USA) at 20 ℃ for 5 min, except for ethanol. Then the VOCs were 167 

thermally desorbed at 200 ℃ in splitless mode in the inlet of an Agilent 7890B GC System 168 

(Agilent Technologies, Palo Alto, CA, USA) equipped with an SPME liner (0.75 mm i.d., 169 

Supelco, Bellefonte, PA, USA). Compounds were separated on an HP-PLOT/Q (Agilent 170 

Technologies) column (30 m × 0.32 mm, film thickness 20 μm) (Luca et al. 2016) and 171 

identified and quantified on an Agilent 5977A MS detector (Agilent Technologies). The GC 172 

temperature program was 30 ℃ for 1 min, increasing to 250 ℃ at 20 ℃ min-1 and held at this 173 

temperature for 13 min (Luca et al. 2015). The mass spectrometer operated in positive ion 174 

mode with an ionization energy of 70 eV. Mass spectra were acquired in total ion 175 

chromatogram (TIC) mode over the mass-to-charge ratio (m/z) 30 - 100 atomic mass units 176 

(amu) from 4 to 13 min and 30 - 150 amu from 13 to 25 min. A standard compound (STD), 177 

3-methyl-2-pentanone (4.48 nmol L-1) was run in between samples for external calibration, 178 

using the method described below.  179 
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VOCs suggested by the NIST mass spectral database (version 2.1.2, NIST, USA) were 180 

verified by comparing the retention times and mass spectra of authentic reference compounds. 181 

For determination of the VOC concentration, a mixture of authentic standards (propanal, 182 

0.42-16.74 nmol L-1; dimethyl sulphide, 0.28-11.25 nmol L-1; methyl acetate, 0.13-5.03 nmol 183 

L-1; and 1-propanol, 6.68-267.22 nmol L-1) was run by the method described above and 184 

calibration curves were obtained based on the concentration and the peak area. Aldehydes, 185 

ketones, and furans were determined from the standard curve of propanal, sulfides from 186 

dimethyl sulfide, esters, alkanes and alkenes from methyl acetate, and alcohols and thiols 187 

from 1-propanol. The calculation of concentration is as in Eq.1. 188 

𝐿𝑂𝐺10 (
𝐴𝑣𝑜𝑐

𝐴𝑆𝑇𝐷
) =  𝑎[𝐿𝑂𝐺10(

𝐶𝑣𝑜𝑐

𝐶𝑆𝑇𝐷
)] + 𝑏                 (1) 189 

where Avoc is the peak area of the VOC compound, ASTD is the peak area of the standard 190 

compound 3-methyl-2-pentanone, Cvoc is the concentration of the VOC compound in nmol L-1, 191 

CSTD is the concentration of the standard compound in nmol L-1, and a is the slope and b is the 192 

intercept of the calibration curves.  193 

 194 

Ethanol and gas analyses 195 

Ethanol and gas composition (O2 and CO2) were analysed by direct gas injection after the 196 

SPME extraction. Ethanol was analysed on a GC equipped with a flame ionization detector 197 

(GC-FID). Samples of 0.5 mL of the headspace was withdrawn from the 20-mL vials by a 198 

Combi Pal auto sampler (CTC Analytics AG, Zwingen, Switzerland) pre-heated to 60 °C and 199 

injected into a 7890A GC (Agilent Technologies) (Luca et al. 2015). The GC was assembled 200 

with an ultra-inert, single-taper liner (Agilent Technologies) held at 200 °C, and equipped 201 

with a HP-PLOT/Q (Agilent Technologies) column (30 m × 0.32 mm, film thickness 20 μm). 202 

The injection speed was 100 µL s-1 with a split ratio of 1:1. The syringe was flushed with N2 203 

for 180 s after injection, and the temperature program was the same as in the VOCs analysis. 204 

The air flow rate was 400 mL min-1 and the carrier gas (He) flow 30 mL min-1. Ethanol was 205 

quantified from an external calibration curve using the method described above.  206 

 For analysis of the gas composition (O2 and CO2), a 0.5 mL gas sample of the headspace 207 

was injected into the inlet of an 82-22 GC (Mikrolab Aahus A/S, Højbjerg, Denmark) 208 

equipped with a Chromosorb 101 column (0.85 m ×1/4’’, SS). The oven temperature was 50 ℃ 209 

and the carrier gas (He) flow rate 50 mL min-1. The gas peaks were printed on a HITACHI 210 

561 recorder and the gas composition calculated from standard gasses with known 211 

concentrations (1 kPa O2 + 2 kPa CO2, 10 kPa O2 + 10 kPa CO2, 15 kPa O2 + 25 kPa CO2, 212 
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and 20.9 kPa O2 + 0.03 kPa CO2 all balanced to 100 kPa with pure N2; AGA Gas AB, 213 

Sundbyberg, Sweden).  214 

 215 

DNA extraction of fungal strains 216 

The fungal cultures were frozen and stored at -25 ℃ after the VOC and gas analyses. Prior to 217 

DNA extraction, samples were thawed slowly on ice and then transferred to a 2-mL vial and 218 

centrifuged at 15000 g for 3 min. The supernatant was removed, the pellet of mycelia 219 

transferred to a 2-mL Lysing Matrix E tube (MP Biomedicals, Santa Ana, CA, USA), and 220 

400 µL Buffer AP1 added (DNeasy Plant Mini kit, QIAGEN, Hilden, Germany). The 221 

samples were lysed three times on a PowerLyzer Homogenizer (QIAGEN) at 4500 rpm for 222 

45 s with chilling on ice in between each step. The DNA was extracted from the lysate using 223 

the DNeasy Plant Mini kit according to the manufacturer’s instructions. Forty µL of 224 

nuclease-free water were used for elution. DNA samples were kept at -20 ℃ until 225 

quantification.  226 

 227 

Quantification of fungal DNA by fluorometry 228 

 229 

The DNA concentration was measured with a Qubit 3.0 fluorometer (Thermo Fisher 230 

Scientific, Waltham, MA, USA) using an Qubit dsDNA High Sensitivity (0.2 to 100 ng) 231 

Assay Kit (Thermo Fisher Scientific) according to the manufacturer’s protocols. Two μL 232 

sample was added to 198 μL of the Qubit working solution. 233 

 234 

Quantification of fungal DNA by real-time PCR 235 

 236 

For real-time PCR amplification, species-specific primers for F. oxysporum and F. 237 

proliferatum were used. For F. oxysporum, primers OMP1049 (5’- 238 

TGCGATTTGGACGAGATATGTG -3’) and OMP1050 (5’- 239 

ATTTGCCTACCCTGTACCTACC -3’) (Validov et al. 2011) amplifying a 110 bp fragment 240 

of the ribosomal intergenic spacer region were used. The F. proliferatum primer Proli-2F (5’- 241 

ATTGTCACGTGTCAAGCAGCGA -3’) was modified from Proli-1F designed by Amatulli 242 

et al. (2012) to elevate the annealing temperature. The matching reverse primer TEF-2R (5’- 243 

ACGGTGACATAGTAGCGAGGAGT -3’) was chosen with the Primer3 tool (Koressaar 244 

and Remm 2007) to elevate the efficiency of the real-time PCR. These primers amplify a 174 245 

bp fragment of the transcription elongation factor 1α (TEF) gene. Each reaction (20 µL) 246 
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contained 10 µL of 2× SYBR Green I Master Mix (Roche), primers at 300 nM concentration, 247 

and 5 µL (0.001–1.5 ng) diluted template DNA. The concentration of standard DNA (Fox006 248 

and Fpr047) was measured by Qubit (Thermo Fisher Scientific) and the concentration range 249 

for the real-time PCR standard curve ranged from 0.007 to 2 ng µL-1. The PCR temperature 250 

programs for F. oxysporum and F. proliferatum were as follows: an initial denaturation step 251 

at 95 °C for 5 min; 45 cycles of denaturation at 95 °C for 10 s, primer annealing at 63 °C for 252 

F. oxysporum or at 60 °C for F. proliferatum for 10 s, and elongation at 72 °C for 10 s. The 253 

reactions were run on 384-well plates in Lightcycler® 480 II (Roche Diagnostics Corporation, 254 

Indianapolis, IN, USA) and the fluorescence was monitored at the end of the elongation step 255 

of each PCR cycle. For template quantification, the threshold cycle value (Cp) was 256 

automatically determined by the Lightcycler software. Melting curve analysis was performed 257 

after the amplification, by heating to 95 ℃, cooling to 65 ℃, and then heating to 97 ℃ at 258 

ramp rate of 0.11 ℃/s with fluorescence acquisition 5 times per ℃.  259 

 260 

Data analysis  261 

 262 

The VOC chromatograms were divided into 38 local intervals and Parallel Factor Analysis 2 263 

(PARAFAC2) (Amigo et al. 2010) was applied for quantification based on the peak area 264 

using the PLS-Toolbox (PLS-Toolbox v. 8.0.2, Eigenvector Research Inc., Wenatchee, WA, 265 

USA) in MATLAB® (The Mathworks Inc., Natick, MA, USA). One-way analysis of 266 

variance (ANOVA) and Tukey’s Honest Significant Difference test (Tukey’s HSD) was 267 

applied to the VOC data and between strains least significant difference (LSD) at P = 0.05 268 

were used. ANOVA, Tukey’s HSD and LSD were performed using the R software (version 269 

3.4.1, R Development Core Team, 2017). Principal component analysis (PCA) was 270 

performed on relative VOC concentration (molar %) of all the VOCs within each sample. 271 

The data were log transformed and mean centred before analysis. Partial least squares 272 

regression (PLSR) analysis was used to investigate the relation between the total DNA 273 

content estimated by real-time PCR and the concentration of VOCs that were higher in the 274 

Fusarium than in non-inoculated LOM. PCA and PLSR analyses were performed in SIMCA-275 

P+ (version 14, Umetrics, Umeå, Sweden).  276 
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Results 277 

 278 

After two days of growth, the medium in the vials was clear and the mycelia were white, 279 

centrally located but spread from the centre to the edge of the vials. In the experiment with 280 

the different inoculum densities, the mycelia with higher initial fungal density in the vials 281 

looked more condensed compared with the lower initial fungal density. The O2 and CO2 282 

concentrations in the vials at day 2 for the six Fusarium strains are shown in Fig. 1a. At day 2, 283 

the CO2 concentration varied between 4.4 to 6.9 kPa with the highest average concentration 284 

in the Fpr047 vials (Fig. 1a). The CO2 concentration in the Fox260 and Fpr057 vials varied 285 

from 1.6 kPa to 5.6 kPa and from 1.2 kPa to 3.1 kPa, respectively, with the different initial 286 

mycelial densities (Fig. 1b). The O2 and CO2 concentrations in the vial headspace showed a 287 

linear relation with initial mycelial densities. 288 

 289 

DNA Quantification of the Fusarium strains 290 

 291 

Real-time PCR with onion-specific primers showed that the amount of onion DNA in the 292 

growth medium was negligible (data not shown). Accordingly, DNA estimated by the 293 

fluorometric method was considered entirely of Fusarium origin. The real-time PCR standard 294 

curves for Fusarium DNA showed perfect linearity and an estimated sensitivity of 7.8E-06 295 

and 1.8E-05 ng µL-1 for F. oxysporum and F. proliferatum (Fig. S1a and b, respectively). For 296 

the three F. oxysporum strains inoculated at the same mycelial density, the average amounts 297 

of DNA estimated by fluorometry were 455 ng, 949 ng and 298 ng, and  the average amounts 298 

of DNA estimated by real-time PCR were 1043 ng, 975 ng and 434 ng for Fox006, Fox244 299 

and Fox260, respectively (Fig. 2a). For the F. proliferatum strains inoculated at the same 300 

mycelial density, the average amounts of DNA  were 736 ng, 478 ng and 397 ng by 301 

fluorometry, and 323 ng, 196 ng and 174 ng by real-time PCR for Fpr047, Fpr057 and 302 

Fpr060, respectively (Fig. 2a). In comparison, the fluorometric measurement and the real-303 

time PCR result were very close for Fox244, whereas for Fox006 and Fox260 the amount of 304 

DNA measured by real-time PCR was approximately double the amount measured by 305 

fluorometry. However, it was the opposite for the F. proliferatum strains, for which the 306 

amounts of DNA measured by the real-time PCR were lower, approximately 40% of the 307 

fluorometric results.  308 

Similar results were observed for Fox260 and Fpr057 inoculated at different mycelial 309 

densities. For Fox260, the total DNA was higher by real-time PCR measurement than by the 310 
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fluorometric method, while it was the opposite for Fpr057 (Fig. 2b). The estimated total DNA 311 

range for Fox260 was from 0 ng to 1305 ng and for Fpr057 from 0 ng to 161 ng. The total 312 

DNA estimated by both of the methods correlated well with the corresponding mycelial 313 

densities with r values between 0.977 and 0.990 (Fig. 2b). There were also high linear 314 

correlations between fungal DNA measured by fluorometry and real-time PCR for Fox260 315 

and Fpr057 with r value of 0.996 and 1, respectively (Fig. S2). It should be noted that for the 316 

strains Fox260 and Fpr057 the amounts of DNA after two days of growth were not the same 317 

in the experiment with the different strains starting at same initial mycelial density (Fig. 2a) 318 

and at different initial mycelial densities (Fig. 2b), even though the vials were started with the 319 

same mycelial density. For example, the total DNA was 434 ng (Fig. 2a) and 1305 ng (Fig. 320 

2b) by real-time PCR for strain Fox260, respectively, in the two experiments. The data of 321 

DNA quantification (as an indication for biomass) obtained by real-time PCR was used in the 322 

later analysis.  323 

 324 

VOC profiling of Fusarium strains 325 

 326 

By comparing all the VOCs emitted from the three strains of F. oxysporum and the three 327 

strains of F. proliferatum and the control (LOM), 42 compounds were detected (Table 1). 328 

Thirty-three VOCs were identified with authentic reference compounds while the remaining 329 

nine compounds were tentatively identified by comparing the mass spectra with the NIST 330 

library. These 42 VOCs included 5 alcohols, 6 aldehydes, 3 alkanes, 4 alkenes, 6 esters, 1 331 

furan, 3 ketones, 11 sulfides, and 3 thiols. The average headspace concentrations of VOCs 332 

emitted from the six strains are shown in Table 1. One-way ANOVA and Tukey’s test 333 

showed that there were significant differences between the strains for all VOCs except for 334 

propanal (data not shown). LSD values between the strains are given in Table 1. The average 335 

total concentrations of VOCs in the vials were 43.8, 284, 301, 250, 220, 198, and 194 nmol L-336 

1 in control, Fox006, Fox260, Fpr047, Fpr057, and Fpr060 samples, respectively. Among all 337 

the VOCs, 31 compounds were higher in the Fusarium samples than in the control, while the 338 

remaining 11 compounds were higher in the control (carbonyl sulfide, methanol, 2-methyl-1-339 

propene, (Z)-2-butene, (E)-2-butene, propanal, carbon disulfide, methyl acetate, hexanal, 2-340 

methyl-2-pentenal, 3,4-dimethylthiophene). All VOCs were detected in the six Fusarium 341 

strains, except that allyl mercaptan was only detected from Fox006. Eleven compounds were 342 

only detected in the vials with Fusarium growing on LOM:  ethanol, 2,3-butanedione, 2-343 

methyl-1-propanol, methyl thioacetate, allyl methyl sulfide, (E)-methyl 1-propenyl sulfide, n-344 
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propyl acetate, methyl propyl sulfide, (Z)-methyl 1-propenyl sulfide, dimethyl disulfide, and 345 

3-methyl-1-butanol. The quantitatively most abundant compounds emitted from all six strains 346 

were the same: 1-propanol, 2-methyl-1-propanol and ethanol from higher to lower 347 

concentrations (Table 1).  348 

The VOC data were subjected to PCA after determination of the relative concentration 349 

within each sample to reveal the differences and similarities between the six strains. In the 350 

PCA model, 85% of the variation was explained by the first two principal components (Fig. 351 

3a). The strain Fox006 appeared markedly different from the other strains, as it was located 352 

separately on the right side of PC1. Of the other five strains, Fox244 and Fox260 clustered as 353 

one group along the PC2, and Fpr057, Fpr060 and Fpr047 as a second group. Most of the 354 

VOCs were located near the origo in the loading plot (Fig. 3b). Allyl mercaptan (No. 18), 355 

methanethiol (No. 5), and methyl thioacetate (No. 27) were associated with Fox006. Along 356 

PC2, dimethyl disulfide (No. 36) and 3-methylbutanal (No. 28) were associated with Fox244 357 

and Fox260. 358 

 359 

Relation between biomass and VOCs 360 

 361 

R-square and the root mean square error (RMSE) were used to estimate the performance of 362 

the PLSR models. The root mean square error of calibration (RMSEc) indicates the fit of the 363 

observations to the model, and the RMSEcv is an analogous measure using the cross-364 

validation procedure. When the coefficients bar of each of the X-variables gets higher, it 365 

indicates a stronger correlation between the Y- and the X-variable.  366 

The R2, for the PLS models between the total DNA by real-time PCR (Y, ng) and the 367 

VOCs (X, nmol/L), were 0.84 and 0.95 (Table 2) for the species of F. oxysporum and F. 368 

proliferatum (Fig. S3a and S3b, respectively). As seen from the two coefficient plots (Fig. 4a, 369 

4b), the Y-values for more than half of the compounds were positive, which means that when 370 

the mycelial density was higher the concentrations of the VOCs were higher accordingly. By 371 

comparing the VOCs in the plots for both species, 16 of the 31 VOCs were, in parallel, 372 

positively related with the density of the Fusarium mycelia. These 16 compounds included 373 

four alcohols (ethanol, 1-propanol, 2-methyl-1-propanol, 3-methyl-1-butanol), four esters 374 

(ethyl formate, ethyl acetate, ethyl propanoate, n-propyl acetate), six sulfides ((E)-methyl 1-375 

propenyl sulfide, methyl propyl sulfide, (Z)-methyl 1-propenyl sulfide, allyl methyl sulfide, 376 

dimethyl disulfide, and methyl propyl disulfide), one ketone (2,3-butanedione) and one thiol 377 

(1-propanethiol). Acetone, dimethyl sulfide, 2-butanone, 2-methylpentane, 3-methylpentane, 378 

javascript:void(0);
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and hexane had negative coefficients in both plots, which means that the amount of these 379 

compounds were lower with higher mycelial densities (Fig. 4). The remaining VOCs had 380 

either positive or negative relations with the mycelial density in one or both of the models. 381 

The amount of some VOCs increased with an increasing biomass of F. proliferatum, whereas 382 

in F. oxysporum these same VOCs showed an increase first and then a decline. For example, 383 

methanethiol increased from 0.63 nmol L-1 to 3.08 nmol L-1 in F. proliferatum from the 384 

lowest biomass to the highest biomass, whereas in F. oxysporum it first increased from 3.5 385 

nmol L-1 to 5.3 nmol L-1 and then declined to 0.31 nmol L-1 at the highest biomass (Table S1).  386 

 387 

Discussion 388 

 389 

The CO2 concentrations detected in the vials is only an approximate reflection of the amount 390 

of CO2 released by the fungi, as part of it most probably was dissolved in the liquid phase. 391 

However, we supposed that the amount of CO2 produced and released into the headspace air 392 

was proportional to the fungal metabolic activity and proportional to the fungal biomass in all 393 

the samples.  394 

 395 

Comparison between DNA quantification methods 396 

 397 

In our study there were differences between the two DNA-based (fluorometry and real-time 398 

PCR) methods used for Fusarium biomass quantification. The values for F. oxysporum were 399 

higher by real-time PCR than by the fluorometric method, while it was the opposite for F. 400 

proliferatum. The fluorometric method only detects dsDNA, while real-time PCR detects 401 

both dsDNA and ssDNA by amplifying the target gene sequence. Thus, when the amount of 402 

DNA estimated by real-time PCR measurements was higher than the values obtained by the 403 

fluorometric method, it could be explained, partly, by some of the DNA being single-stranded. 404 

In a study by Nakayama et al. (2016), Qubit fluorometric measurements of DNA from frozen 405 

liver tissues were not proportional to the dilution ratio, compared with real-time PCR and 406 

NanoDrop measurements, and to reach linearity it required addition of salt (e.g. >1 mM 407 

NaCl). Similarly in our study, the DNA measurements of the two methods did not show the 408 

same linear relationship (same slope) with the mycelial densities. However, in the present 409 

study, the results from the two DNA detection methods correlated linearly; both with Fox260 410 

and Fpr057 (Fig. S2). This strongly indicates that the difference in the DNA measurements 411 

was systematically and caused by the choice of detection method. Overall, the PCR-based 412 
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method obviously has the benefit of being sensitive and specific, but also laborious to use. 413 

The fluorometric method is easier to use, but it is not specific and it has to be calibrated for 414 

the experiment it is used in, since the readings may not have a linear correlation to the 415 

biomass in all situations. For F. proliferatum, the decreased real-time PCR values, compared 416 

to fluorometry values may be caused by low detection sensitivity of F. proliferatum and a 417 

high dilution of DNA samples in the real-time PCR. Unlike the ribosomal target sequence 418 

used for detecting F. oxysporum, that has multiple copies per genome, the target gene used 419 

for detecting  F. proliferatum, TEF, is a single-copy gene (Amatulli et al. 2012; Validov et al. 420 

2011). It is also apparent from the DNA standard curve. When the DNA concentration was 421 

one ng µL-1, the Cp value for F. proliferatum was 18.945 compared to a Cp value of 17.345 422 

for F. oxysporum (Fig. S1). This means that the real-time PCR sensitivity was about three 423 

times higher for F. oxysporum than for F. proliferatum, with the present primer sets. The F. 424 

oxysporum DNA samples were 20 times diluted, while the F. proliferatum samples were 100 425 

times diluted when running the real-time PCR. Due to the higher dilution ratio and higher 426 

detection limit, there was probably a higher proportion of undetected DNA for F. 427 

proliferatum, which would be amplified when calculating back to DNA concentrations.  428 

 429 

VOC profiling of F. oxysporum and F. proliferatum strains 430 

 431 

The LOM was prepared from fresh onion extract that was heated to inactive enzymes and 432 

sterilized to prevent growth of contaminating microorganisms. Therefore the LOM would 433 

obviously also release volatile compounds. However, the release of VOCs from the growth 434 

medium alone was much less than from the growth medium with Fusarium. The number of 435 

VOCs detected was almost the same for the six strains studied, except that allyl mercaptan 436 

was specific to Fox006. This is probably because the six strains are closely related and all of 437 

them were isolated from onions. The VOCs, such as carbonyl sulfide and methanol, which 438 

were higher in LOM control than in the Fusarium samples were probably produced from 439 

precursors by the heat degradation of compounds in LOM during boiling and sterilization 440 

before inoculation. These degraded compounds were possibly utilized by the fungi in the 441 

Fusarium cultures. The VOCs that were higher in the Fusarium samples than in the control 442 

sample were regarded products of the fungal metabolism. These VOCs were: ethyl formate, 443 

allyl mercaptan, 2,3-butanedione, ethyl acetate, methyl thioacetate, 3-methylbutanal, 2,4-444 

dimethylfuran, ethyl propanoate, n-propyl acetate and dimethyl disulfide, which, to our 445 



 

13 

 

knowledge, are reported for the first time to be produced by F. oxysporum and F. 446 

proliferatum.  447 

In other studies of VOCs from F. oxysporum, different growth media and different 448 

sampling methods were used, and the resulting VOC profiles were somewhat different from 449 

the observations in the present study. The culture media used in the previous studies included 450 

PDA and PDB (Bitas et al. 2015), malt extract medium (Freire et al. 2012; Weikl et al. 2016), 451 

and a wheat grain medium (Zhang et al. 2015) and in those studies, the number of detected 452 

VOCs varied from 5 to 22. It was mostly VOCs with a high boiling point that were detected 453 

by SuperQ trap sampling, stir-bar sorptive extraction, or SPME sampling with separation on a 454 

combined HP-5MS/DB-5MS column (Bitas et al. 2015; Freire et al. 2012; Weikl et al. 2016; 455 

Zhang et al. 2015). Zhao et al. (2017) cultivated F. proliferatum on PDA and detected 11 456 

VOCs by SPME on a CAR/PDMS fibre by injection onto a DB-1 column. Among them, 2-457 

methylfuran, 3-methylfuran, 3-methyl-1-butanol, 2-methyl-1-propanol were also detected in 458 

our study, the two latter compounds being the most abundant. 459 

Among all the VOCs emitted from the LOM, propanal was the most abundant, 460 

constituting 53% (nmol/nmol) of all compounds. Propanal is produced by enzymatic 461 

degradation of S-alk(en)yl cysteine sulfoxide in onion (Løkke et al. 2012). In this experiment 462 

it was probably produced during processing, e.g. cutting of onions and during heating of the 463 

LOM. 2-Methyl-1-propanol, dimethyl disulfide, and 3-methyl-1-butanol were detected only 464 

in the Fusarium samples and they are among the most commonly detected microbial VOCs 465 

(Korpi et al. 2009). 3-Methyl-1-butanol was earlier reported from mix onions with Fusarium 466 

and sour skin infection (Wang et al. 2016). Ethanol is likely to be produced from the sugars 467 

in the plant-derived growth media by an anaerobic glycolysis pathway (Rismani-Yazdi et al. 468 

2011). This is somewhat in contradiction to the fact that O2 was quite abundant in the 469 

headspace of the cultures, which is probably due to dense parts of the mycelium have 470 

experienced anoxic conditions in the liquid culture due to high O2 demand. 1-Propanol, 2-471 

methyl-1-propanol and 3-methyl-1-butanol may have been formed from pyruvate by the 2-472 

ketoacid pathway (Atsumi et al. 2008; Berry 1988; Nozzi et al. 2014). The sulphur-containing 473 

VOCs (allyl mercaptan, methyl propyl sulfide, (Z)-methyl 1-propenyl sulfide, dimethyl 474 

disulfide) may be metabolites derived from sulphur-rich compounds in the onion medium 475 

(Løkke et al. 2012; Wang et al. 2016). Dimethyl disulfide emission has been related to 476 

microbial activity (Luca et al. 2017). The production of dimethyl disulfide in our experiment 477 

mainly came from Fusarium metabolism; most probably from degradation of methionine and 478 

cysteine or from other releases of sulphur-containing compounds such as thiols (Bjurman 479 
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2007; Sunesson 1995). Allyl mercaptan, the sulfuric compound that was only produced by 480 

Fox006, may derive from thermal degradation of deoxyalliin (Yu et al. 1994). Additionally, it 481 

has been reported from exhaled breath after garlic ingestion (Zhou et al. 2017). Apart from 482 

these sulfuric compounds that were only emitted from the Fusarium cultures, methanethiol, 483 

1-propanethiol, dimethyl sulfide, 2,5-dimethylthiophene, 3,4-dimethylthiophene and methyl 484 

propyl disulfide, are sulfur-containing compounds that can also be derived from the S-485 

alk(en)yl cysteine sulfoxide precursors in onions (Løkke et al. 2012). Methyl thioacetate was 486 

produced from various yeast, bacteria and a few fungi (Arfi et al. 2002; Berger et al. 1999; 487 

Sourabie et al. 2012) by degradation of short-chain fatty acids and branched-chain amino 488 

acids, such as L-leucine, and methanethiol (Arfi et al. 2002; Sourabie et al. 2012). Production 489 

of propyl acetate was found in whey fermented with Wickerhamomyces pijperi (Izawa et al. 490 

2015). Production of VOCs by microorganisms may also associate with plant-pathogen 491 

interactions and anti-microbial activities. For example, 3-methyl-1-butanol has been reported 492 

to be phytotoxic to Arabidopsis thaliana at 130 ppm (vol/vol) (Splivallo et al. 2007).VOCs 493 

from F. oxysporum inhibited the root growth of Meloidogyne incognita (Freire et al. 2012). 494 

VOCs produced by Muscodor albus induced bacterial cell death (Alpha et al. 2015). Hence, it 495 

cannot be precluded that VOCs plays a role among the microbial community associated with 496 

onion. 497 

It is interesting that the three most abundant compounds released by all the six Fusarium 498 

strains were all alcohols; 1-propanol, 2-methyl-1-propanol, and ethanol (from higher to lower 499 

amount; Table 1). Especially, the Fpr047 strain released substantial amounts of 1-propanol.  500 

F. langsethiae grown on potato sucrose agar and F. sibiricum grown on autoclaved wheat 501 

kernels have also been reported to produce 1-propanol (Savelieva et al. 2016), suggesting that 502 

the production of 1-propanol is not specific to growth on certain substrates. 2-Methyl-1-503 

propanol was the second most dominant (50%-71%, w/w) compound produced by F. 504 

proliferatum (Zhao et al. 2017). Ethanol is also one of the most frequently detected VOCs 505 

from microbes. Prithiviraj et al. (2004) and Vikram et al. (2005) both reported ethanol release 506 

from onions infected with F. oxysporum. In the light of the new results, the ethanol earlier 507 

detected from the mixed diseased onions was probably produced by the fungi (Wang et al. 508 

2016). Ethanol was also produced by several other Fusarium species grown on potato sucrose 509 

agar or autoclaved wheat kernels (Savelieva et al. 2016). Recently, the potential to utilize the 510 

production of alcohols by Fusarium spp. industrially has received attention (Pessôa et al. 511 

2017). The Fusarium strains in this study are taxonomically closely related and thus probably 512 

have similar metabolic pathways, although there were also differences between the strains in 513 
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the relative amounts of the different VOCs produced. Using VOCs as biomarkers for 514 

taxonomic purposes has a great potential for Fusarium spp. as well as for fungi in general 515 

(Insam and Seewald 2010).  516 

 517 

VOC profiles vs. relatedness between strains 518 

 519 

Performing PCA on the VOC data revealed that 85% of the variation was explained by PC1 520 

and PC2, indicating the validity of the VOC profiles for creating robust PCA models. In the 521 

PCA the six strains were separated into three groups, of which the first consisted of the F. 522 

proliferatum strains, the second group contained the F. oxysporum strains Fox260 and 523 

Fox244, while Fox006 ordinated separately (Fig. 3a). The separation among the F. 524 

oxysporum strains agrees well with the phylogenic relatedness of these strains found in an 525 

earlier study (Haapalainen et al 2016). Fox244 and Fox260 belonged to the same group of 526 

closely related strains, whereas Fox006 was more distantly related. According to the 527 

phylogenetic analysis, F. proliferatum strains Fpr047, Fpr057 and Fpr060 were closely 528 

related, which agrees well with the closer aggregation among F. proliferatum strains in the 529 

score plot. Most of the VOCs were placed near the origo of the plot and thus did not vary 530 

much in relative concentration within strains. The production of dimethyl disulfide was high 531 

in Fox244 and Fox260. The strain Fox006 differed most from the other strains. This was 532 

mainly due to a release of allyl mercaptan, methanethiol and methyl thioacetate (Table 1), 533 

suggesting that these three compounds may be closely related in the formation pathway.  534 

 535 

Relation between VOCs and fungal biomass 536 

 537 

The aim of the PLS models was not to predict the amount of DNA in the samples by 538 

measured VOCs, but to study the relation between the amount of DNA (as an approximation 539 

of the mycelial biomass) and the VOCs. The VOCs that are positively related with the 540 

biomass have the potential to serve as biomarkers, in contrast to those having no clear 541 

relation or having a negative relation with the biomass. After excluding those VOCs that 542 

could be onion-substrate specific, the VOCs showing the best correlation with the biomass 543 

for both of the Fusarium species, and thus having a potential to be applicable as biomarkers, 544 

were 3-methyl-1-butanol, ethyl formate, 2-methyl-1-propanol, n-propyl acetate, ethanol, ethyl 545 

acetate, and methyl thioacetate. For example, ethyl acetate, increased from 0.02 nmol L-1 to 546 
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0.79 nmol L-1 in F. oxysporum when the DNA content increased from 0.09 mg to 1.3 mg, 547 

which was a 34 times increase for the VOCs (Fig. 2b, Table S1). 548 

In this work the VOCs released by the onion-pathogenic Fusarium strains were studied in 549 

order to find biochemical markers for these fungi, when growing on an onion-derived 550 

substrate. Quantitative analysis of the VOCs that are positively related with the fungal DNA 551 

density, could, when calibrated with different amounts of Fusarium biomass, reveal the 552 

amount of the onion-pathogenic Fusarium fungi in post-harvest onion. To develop a more 553 

precise model to establish the amount of fungi and VOCs, methods for the DNA 554 

quantification need to be further developed. Compounds such as ethanol, ethyl formate, ethyl 555 

acetate, 2-methyl-1-propanol, methyl thioacetate, n-propyl acetate and 3-methyl-1-butanol 556 

would be candidates for making more precise models since they originate from the basic 557 

metabolism of the fungi and are probably substrate independent. Allyl mercaptan could be a 558 

specific indicator for onions with Fox006 infection. The finding that the different fungal 559 

strains have different VOC profiles, despite a basic commonness, provides a tool for 560 

taxonomic identification. However, the common VOCs detected from all the F. oxysporum 561 

and F. proliferatum strains also provide opportunity to develop a detection method that is 562 

applicable with various strains. Studies on the relation between the progress of the disease in 563 

onion bulbs and the release of Fusarium-derived VOCs are ongoing.  564 
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Table 1  Mean concentration of VOCs (nmol L-1) released by F. oxysporum and F. proliferatum strains during two days of growth (N=4). The 

relative concentrations of compounds (%, nmol/nmol) within strains are shown in parentheses 

 

No RTa Compoundsb Controlc 
F. oxysporum  F. proliferatum 

LSDd 
Fox006 Fox244 Fox260  Fpr047 Fpr057 Fpr060 

1 5.67 carbonyl sulfide 0.28 (0.6) 0.18 (0.1) 0.12 (<0.1e) 0.19 (0.1)  0.18 (0.1) 0.23 (0.1) 0.23 (0.1) 0.02 
2 6.41 propene 0.03 (0.1) 0.04 (<0.1) 0.06 (<0.1) 0.06 (<0.1)  0.05 (<0.1) 0.05 (<0.1) 0.04 (<0.1) 0.01 
3 7.70 methanol 5.92 (13.5) 4.20 (1.5) 4.19 (1.4) 4.24 (1.7)  4.29 (2) 4.84 (2.4) 4.64 (2.4) 0.16 
4 7.81 acetaldehyde 0.69 (1.6) 11.20 (3.9) 20.30 (6.8) 15.40 (6.1)  11.90 (5.1) 13.60 (6.8) 8.50 (4.4) 6.95 
5 8.14 methanethiol 0.04 (0.1) 31.90 (11.3) 1.39 (0.5) 0.25 (0.1)  0.15 (0.1) 0.17 (0.1) 0.24 (0.1) 7.23 
6 8.58 2-methyl-1-propenef 0.05 (0.1) 0.05 (<0.1) 0.07 (<0.1) 0.05 (<0.1)  0.05 (<0.1) 0.05 (<0.1) 0.04 (<0.1) 0.01 
7 8.81 (Z)-2-butenef 0.10 (0.2) 0.07 (<0.1) 0.08 (<0.1) 0.06 (<0.1)  0.07 (<0.1) 0.07 (<0.1) 0.06 (<0.1) 0.01 
8 8.92 (E)-2-butenef 0.03 (0.1) 0.02 (<0.1) 0.02 (<0.1) 0.02 (<0.1)  0.02 (<0.1) 0.02 (<0.1) 0.02 (<0.1) <0.01 
9 9.19 ethanol ndg (0) 38.90 (13.7) 41.00 (13.6) 38.00 (15.2)  32.10 (14.7) 36.60 (18.5) 31.30 (16.2) 1.41 

10 9.87 propanal 23.2 (53.1) 0.73 (0.3) 1.26 (0.4) 1.03 (0.4)  0.87 (0.4) 0.91 (0.5) 0.51 (0.3) 0.61 
11 9.99 acetone 2.87 (6.6) 1.83 (0.6) 3.07 (1) 2.61 (1)  3.38 (1.6) 3.67 (1.9) 3.33 (1.7) 0.27 
12 10.10 carbon disulfide 3.64 (8.3) 2.58 (0.9) 2.43 (0.8) 2.27 (0.9)  2.21 (1) 2.60 (1.3) 2.57 (1.3) 0.17 
13 10.05 dimethyl sulfide 2.92 (6.7) 4.02 (1.4) 3.04 (1) 2.63 (1.1)  3.55 (1.6) 3.01 (1.5) 2.91 (1.5) 0.18 
14 10.29 ethyl formate 0.01 (<0.1) 0.66 (0.2) 0.51 (0.2) 0.30 (0.1)  0.22 (0.1) 0.28 (0.1) 0.48 (0.2) 0.06 
15 10.31 methyl acetate 0.20 (0.4) 0.22 (0.1) 0.25 (0.1) 0.21 (0.1)  0.23 (0.1) 0.22 (0.1) 0.20 (0.1) -h 
16 10.97 1-propanol 0.20 (0.5) 63.80 (22.5) 78.00 (25.9) 71.80 (28.7)  88.20 (40.3) 58.20 (29.4) 52.20 (26.9) 6.31 
17 11.19 2-methylpropanal 0.04 (0.1) 1.39 (0.5) 2.79 (0.9) 2.07 (0.8)  1.01 (0.4) 2.89 (1.4) 1.52 (0.8) 1.06 
18 11.50 allyl mercaptanf nd (0) 1.27 (0.4) nd (0) nd (0)  nd (0) nd (0) nd (0) - 
19 11.58 2,3-butanedione nd (0) 0.26 (0.1) 0.31 (0.1) 0.22 (0.1)  0.18 (0.1) 0.20 (0.1) 0.16 (0.1) 0.08 
20 11.58 2-butanone 0.29 (0.7) 0.41 (0.1) 0.45 (0.2) 0.35 (0.1)  0.30 (0.1) 0.37 (0.2) 0.33 (0.2) 0.08 
21 11.74 ethyl acetate <0.01 (0) 2.75 (1) 2.54 (0.8) 1.26 (0.5)  1.23 (0.5) 1.03 (0.5) 1.60 (0.8) 0.37 
22 11.70 1-propanethiol 0.16 (0.4) 36.20 (12.7) 31.10 (10.3) 16.10 (6.4)  15.60 (7) 12.80 (6.4) 19.90 (10.3) 4.86 
23 11.83 2-methylpentane <0.01 (<0.1) 0.02 (<0.1) <0.01 (<0.1) <0.01 (<0.1)  <0.01 (<0.1) <0.01 (<0.1) <0.01 (<0.1) <0.01 
24 11.92 3-methylpentane <0.01 (<0.1) 0.02 (<0.1) <0.01 (<0.1) <0.01 (<0.1)  <0.01 (<0.1) <0.01 (<0.1) <0.01 (<0.1) 0.01 
25 12.08 hexane 0.01 (<0.1) 0.02 (<0.1) <0.01 (<0.1) 0.01 (<0.1)  0.01 (<0.1) 0.01 (<0.1) 0.01 (<0.1) <0.01 
26 12.19 2-methyl-1-propanol nd  (0) 48.60 (17.1) 61.10 (20.3) 50.70 (20.3)  44.70 (20.3) 39.90 (20.1) 41.20 (21.2) 4.73 
27 12.68 methyl thioacetate nd  (0) 1.55 (0.5) 0.42 (0.1) 0.30 (0.1)  0.06 (<0.1) 0.04 (<0.1) 0.04 (<0.1) 0.44 
28 12.74 3-methylbutanal 0.11 (0.2) 0.36 (0.1) 0.78 (0.3) 0.61 (0.2)  0.18 (0.1) 0.18 (0.1) 0.14 (0.1) 0.15 
29 13.00 2,4-dimethylfuranf 0.14 (0.3) 0.19 (0.1) 0.29 (0.1) 0.31 (0.1)  0.21 (0.1) 0.23 (0.1) 0.21 (0.1) 0.02 
30 13.01 allyl methyl sulfidef nd (0) 1.91 (0.7) 0.34 (0.1) 0.29 (0.1)  0.38 (0.2) 0.31 (0.2) 0.25 (0.1) 0.06 
31 13.10 ethyl propanoate 0.1 (0.2) 0.24 (0.1) 0.20 (0.1) 0.14 (0.1)  0.06 (<0.1) 0.07 (<0.1) 0.06 (<0.1) 0.03 
32 13.12 (E)-methyl 1-propenyl sulfidef 0.03 (0.1) 2.07 (0.7) 0.50 (0.2) 0.67 (0.3)  0.65 (0.3) 0.76 (0.4) 0.66 (0.3) 0.04 
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33 13.18 n-propyl acetate nd (0) 0.29 (0.1) 0.33 (0.1) 0.25 (0.1)  0.28 (0.1) 0.23 (0.1) 0.23 (0.1) 0.01 
34 13.23 methyl propyl sulfide nd (0) 4.39 (1.5) 0.80 (0.3) 0.63 (0.3)  0.96 (0.4) 0.70 (0.4) 0.50 (0.3) 0.14 
35 13.29 (Z)-methyl 1-propenyl sulfidef nd (0) 1.96 (0.7) 0.51 (0.2) 0.81 (0.3)  0.62 (0.3) 0.73 (0.4) 0.67 (0.3) 0.05 
36 13.47 dimethyl disulfide nd (0) 14.30 (5) 36.40 (12.1) 28.60 (11.5)  1.94 (0.8) 8.95 (4.5) 13.80 (7.2) 4.36 
37 13.92 3-methyl-1-butanol nd (0) 1.89 (0.7) 2.29 (0.8) 3.34 (1.3)  1.88 (0.8) 1.26 (0.6) 1.79 (0.9) 0.40 
38 15.15 hexanal 0.23 (0.5) 0.02 (<0.1) 0.06 (<0.1) 0.02 (<0.1)  0.05 (<0.1) 0.09 (<0.1) 0.04 (<0.1) 0.01 
39 15.51 2-methyl-2-pentenalf 0.15 (0.3) <0.01 (<0.1) <0.01 (<0.1) <0.01 (<0.1)  <0.01 (<0.1) <0.01 (<0.1) <0.01 (<0.1) <0.01 
40 16.44 2,5-dimethylthiophene 0.13 (0.3) 0.21 (0.1) 0.33 (0.1) 0.37 (0.1)  0.28 (0.1) 0.36 (0.2) 0.35 (0.2) 0.03 
41 17.14 3,4-dimethylthiophene 2.06 (4.7) 1.93 (0.7) 2.07 (0.7) 2.23 (0.9)  1.83 (0.8) 2.03 (1) 2.02 (1) 0.10 
42 18.89 methyl propyl disulfide 0.01 (<0.1) 1.43 (0.5) 1.36 (0.5) 1.49 (0.6)  0.40 (0.2) 0.53 (0.3) 0.90 (0.5) 0.30 

  total volatiles 43.8 (100) 284 (100) 301 (100) 250 (100)  220 (100) 198 (100) 194 (100) 20 
 

a RT, retention time. b All compounds were identified, unless noted, by comparing the mass spectra of the compound with those of the NIST v2.1.2.1 database (NIST, 2008), 

and authentic reference compounds. cThe control sample was liquid onion media. d Least significant difference (LSD) values tested among all the Fusarium strains. e data 

were smaller than 0.1. f Tentatively identified by the NIST spectra. g nd, not determined (data are set to 0 in the statistical analysis). h LSD values not available.  
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Table 2  Overview of PLSR models for Fusarium 

Species  DNA range (ng) RMSEc RMSEcv  R2 

F. oxysporum  0-1305 187 191 0.84 

F. proliferatum  0-161 15.8 16.3 0.95 
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Figure captions 

 

Fig. 1  Gas composition (O2 and CO2) after two days of growth of F. oxysporum (Fox006, 

Fox244, Fox260) and F. proliferatum (Fpr047, Fpr057, Fpr060) in liquid onion medium (a) 

and of Fox 260 and Fpr 057 after 2 days of growth at different mycelial densities (b). Data 

are mean ± SE (N = 4) 

 

Fig. 2 Total DNA measured after two days of growth of F. oxysporum (Fox006, Fox244, 

Fox260) and F. proliferatum (Fpr047, Fpr057, Fpr060) strains in liquid onion medium (a) 

and of Fox260 and Fpr057 after two days of growth at different initial mycelial densities (b). 

The correlation coefficients (r) between initial mycelial densities and total DNA determined 

by fluorometry and real-time PCR are shown for Fox260 and Fpr057. Data are mean ± SE (N 

= 4) 

 

Fig. 3 PCA of the VOC profiles of three F. oxysporum strains and three F. proliferatum 

strains inoculated at similar mycelial densities: Score plot (a) and loading plot (b). Each of 

the number in the loading plot represents a corresponding compound in Table 1.  

 

Fig. 4 Coefficient plots of PLSR models of total fungal DNA by real-time PCR (ng) (Y) and 

VOCs (nmol L-1) (X) of F. oxysporum (Fox260) (a) and F. proliferatum (Fpr057) (b) grown 

at different mycelial densities 
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ABSTRACT 12 

Volatile organic compounds (VOCs), respiration rate, weight loss and dry matter content of 13 

water and two Fusarium oxysporum strains (Fox006 and Fox260) inoculated onions were 14 

investigated 1 to 7 weeks post inoculation. The infection level in onions were investigated by 15 

multispectral image analysis and DNA quantification using real-time PCR. No infection was 16 

detected in the control onions, little infection in the Fox006-onions and high infection levels in 17 

the Fox260-onions at 7 weeks post inoculation. Forty-three compounds were detected. Infected 18 

onions were differentiated from healthy onions by 3-methyl-1-butanol and styrene. There were 19 

positive correlations between total VOC emission rates, respiration rate, infection level (both 20 

image analysis and DNA analysis), and weight loss. Fox260 onions were grouped to mild, 21 

medium and sever infection stage by the VOC profile. Linear correlations were obtained 22 

between twenty- nine VOCs, leading by methyl propyl sulfide with highest coefficient, and the 23 

infection levels by DNA analysis. 24 

 25 

KEYWORDS: 26 

Allium cepa L.; storage; food spoilage; SPME; image analysis; DNA quantification; real-27 

time PCR 28 
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INTRODUCTION 29 

Onion is a major vegetable crop with a  global total production of 88.5 million tonnes in 30 

2014, making onions take the 6th place of the most produced vegetables of great economic 31 

importance.1 Although the onion bulbs are suitable for long-term storage, losses due to water 32 

loss, sprouting and especially, spoilage by microorganisms, is a serious problem during 33 

storage.2, 3 It has been estimated that losses by diseases can be as high as 94% and up to 30% 34 

for infection by Fusarium spp., which cause basal rot.2-5 35 

Pathogens causing diseases of onions during storage may derive from soil, air transmission, 36 

and carriers such as flies and herbivores during the growth stage and the transportation, and the 37 

diseases may reach its manifest stage at storage conditions suitable for the growth of the 38 

responsible microorganisms.6 Most diseases, such as neck rot, Pectobacterium (earlier Erwinia) 39 

soft rot, slippery skin, sour skin, yeast soft rot, Enterobacter bulb decay, Fusarium bulb rot and 40 

Fusarium basal rot, initiates development inside the bulb without visible symptoms on the 41 

surface of the onions.6, 7 42 

To reduce the losses due to spoilage, it is important to detect the diseases at an early stage 43 

so that storage managers can take steps to reduce the losses. Traditional methods of detecting 44 

onion diseases include visual inspection of split bulbs, and detection of the spoilage microbes 45 

by e.g. polymerase chain reaction (PCR).3, 6 New methods for non-destructive detection of 46 

diseases in onions are emerging such as volatile organic compound (VOC) profiling methods 47 

by use of gas sensors or GC-MS detection methods.8 Measurement of plant and microbial 48 

VOCs to detect disease status has drawn attention over the past years.9 In this respect, a few 49 

studies have focused on VOC emission from experimentally inoculated onions, as well as from 50 

onion pathogens; including Fusarium oxysporum, Botrytis allii, Pectobacterium carotovora 51 

subsp. carotovora, Aspergillus niger, Penicillium aurantiogriseum, and Burkholderia 52 

cepacia.10-12 Specific volatiles were found in different studies, e.g. ethyl cyclobutane was 53 
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specific to bulbs inoculated with F. oxysporum. However, the results were not comparable 54 

between the studies due to differences in the method for inoculation with pathogens (involving 55 

more or less damage of the onion tissue) and the applied analytical approach for VOC sampling 56 

and detection.13, 14 In the study of Prithiviraj et al. 11, for example, the amount of total VOCs 57 

detected from water-inoculated control onions was higher than from F. oxysporum- and B. allii-58 

inoculated onions, underlining that the inoculation procedure influences the results.  59 

Apart from the different pathogen species, VOC profiles produced by the onion tissues are 60 

affected by storage temperatures and the duration in storage.15, 16 The infection behavior of 61 

onions by different strains of the same species has not been studied. Moreover, it is not known 62 

how the VOC profile of onions develop with time during the infection. In this study, we aimed 63 

at developing a method for measuring VOCs of onions at different stages of infection by two 64 

strains of Fusarium oxysporum. We hypothesized that the VOC profiles of these two strains of 65 

F. oxysporum would be discernable and that the total amount of VOCs produced would be 66 

positively correlated with the level of the progressing fungal infection. Solid phase micro-67 

extraction (SPME) was applied for extraction of VOCs, as this method has been shown to be a 68 

good tool for sampling small amounts of VOCs from the gas headspace.17 To study the 69 

relationship between the VOCs emission and the progress of the infection,  the infection levels 70 

in onions at different time points (weeks) after inoculation were determined by both real-time 71 

PCR and multispectral image analysis.  72 

 73 

MATERIALS AND METHODS 74 

Chemical Reagents. The following authentic reference compounds were used in the 75 

study: carbonyl sulfide, propene, methanol, acetaldehyde, methanethiol, ethanol, propanal, 76 

carbon disulfide, acetone, dimethyl sulfide, ethyl formate, methyl acetate, isoprene, pentane, 77 
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(E)-1,3-pentadiene, 1-propanol, 2-methylfuran, 3-methylfuran, 2,3-butanedione, 2-butanone, 78 

1-propanethiol, acetic acid, 2-ethylfuran, dimethyl disulfide, (E)-2-methyl-2-butenal, heptane, 79 

3-methyl-1-butanol, hexanal, 3,4-dimethylthiophene, styrene, 2-heptanone, and methyl propyl 80 

disulfide obtained from Sigma-Aldrich Chemie GmbH (Stenheim, Germany), and methyl 81 

propyl sulfide obtained from Alfa Aesar (Haverhill, Massachusetts). 82 

Plant Materials. Yellow onion (Allium cepa L.) of the cultivar ‘Summit’ was grown 83 

conventionally in 2016, harvested, cured and stored by a commercial grower (Alex Månsson 84 

A/S, Brande, Denmark) for one month after harvest. A subsample of 100 kg was taken from 85 

this batch, brought to the university, and stored at 0.5 °C and approximately 85% RH. First-86 

class bulbs of 100 - 150 g each, without wounds, skin cracks and external diseases were 87 

prepared for use. 88 

Preparation of Fungal Inoculum. Two F. oxysporum strains, Fox006 and Fox260, used 89 

for experimentation, appeared from the collection at the Natural Resources Institute of Finland, 90 

Jokioinen, Finland, representing two phylogenetically different groups within the F. 91 

oxysporum species3. The strains were isolated from onions and they showed comparable 92 

pathogenic traits when tested on onion seedlings.3 The fungi were grown on PDA plates at 93 

room temperature (22 ) for three weeks before harvesting the spores. The mycelia were 94 

scraped off the plates, suspended in sterile water and filtered through sterile cheesecloth. The 95 

spores in the filtrate were counted using a Fuchs-Rosenthal counting chamber (Struers KEBO 96 

LAB A/S, Herlev, Denmark) and diluted to 106 spores mL-1.  97 

Inoculation. Six times during a period of seven weeks, 22 bulbs were taken from the cold 98 

storage and the weight of each bulb was recorded. Nine of the bulbs were inoculated with a 0.1 99 

mL Fox006 spore suspension, nine with a 0.1 mL Fox260 suspension, and four with 0.1 mL 100 

sterile water (control). The suspension was injected through a sterile needle attached to a 1-mL 101 

syringe (TERUMO, Tokyo, Japan), just above the basal plate of the onion and around 1 cm 102 
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deep into the tissue. The inoculated onions were placed on egg cardboard trays and stored at 103 

22  and RH < 50% in a walk-in storage room for up to 7 weeks post inoculation (wpi) before 104 

taken for VOC analysis.  105 

VOC Analysis. A total of 132 onions (22 onions × 6 weeks) injected with water, Fox006 106 

or Fox260 were analyzed. Each onion was placed in a 1-L glass jar at 20  for one	day. After 107 

recording the weight of each onion, the jar was closed with a lid having a septum for SPME 108 

and gas analysis, and VOCs were allowed to emit into the headspace for 24 h before extraction 109 

on a 85 µm CAR/PDMS fiber (Supelco, Bellefonte, Pennsylvania) for 5 min. The fiber was 110 

transferred to another jar for 5 min at 20  for external standard addition (0.90 nmol L-1 of 3-111 

methyl-2-pentanone). The sampled VOCs were analyzed by GC-MS as described by Luca et 112 

al. 13 with slight modifications. The VOCs on the fiber were thermally desorbed at 200  in 113 

splitless mode in the inlet of the Agilent 7890A GC System (Agilent Technologies, Palo Alto, 114 

California) equipped with a SPME liner (0.75 mm i.d., Supelco, Bellefonte, Pennsylvania). 115 

Compounds were separated on an HP-PLOT/Q (Agilent Technologies) column (30 m × 0.32 116 

mm, film thickness 20 μm) and detected with an Agilent 5975C MS detector (Agilent 117 

Technologies). The GC temperature program was 30  for 1 min, increasing to 250  at 20  118 

min-1 and held at this temperature for 18 min. Mass spectra were taken in electron ionization 119 

mode (70 eV). Total ion chromatograms were recorded over the mass-to-charge ratio (m/z) 120 

range of 29 - 110 atomic mass units (amu) between 4 and 12 min and 30 - 150 amu between 121 

12 to 30 min.  122 

VOCs were identified by the NIST mass spectral library database (version 2.1.2, NIST, USA) 123 

and verified by comparing the retention times and mass spectra with those of authentic 124 

reference compounds. For determining the VOC concentrations, a mixture of propanal (0.14-125 

69.73 nmol L-1), methyl acetate (0.63-62.9 nmol L-1), 1-propanol (9.35-267.22 nmol L-1), and 126 

dimethyl disulfide (0.09-56.27 nmol L-1) was run under the same conditions as above. 127 
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Aldehydes, ketones, and furans were calculated from the standard curve of propanal, sulfides 128 

from the standard curve of dimethyl disulfide, esters, alkanes and alkenes from the standard 129 

curve of methyl acetate, and alcohols, acids and thiols from the standard curve of 1-propanol. 130 

The concentrations of VOCs were calculated using Eq.1. 131 

10 	 10 																	 1  132 

where Avoc is the peak area of the VOC compound (including VOC standard), ASTD is the peak 133 

area of the external standard compound 3-methyl-2-pentanone, Cvoc is the concentration of 134 

VOC compound in nmol L-1 , CSTD is the concentration of standard compound in nmol L-1, and 135 

a is the slope and b is the intercept of the calibration curves.  136 

Weight Loss and Respiration Rate. The weight loss during storage was calculated in 137 

percentage as the weight difference between bulb weight at inoculation and bulb weight at 138 

VOC analysis divided by bulb weight at inoculation. The respiration rate (RRCO2) was 139 

determined as the change in the CO2 content during 24 h of incubation of the onion bulb in the 140 

sealed glass jar18, and given in mL CO2  kg-1 h-1. For calculations, the CO2 content was sampled 141 

at time 0 and time 24 h through the septum of the lid and analysed on a CheckMate 9900 142 

(Dansensor, Ringsted, Denmark).   143 

Multispectral Image Analysis. Bulbs were cut from the base to the neck with a sterile 144 

knife and the diseased area caused by F. oxysporum infection6 was monitored with a 145 

VideometerLab instrument (Videometer A/S, Hørsholm, Denmark). The instrument consisted 146 

of a computer and a monochrome grayscale CCD camera mounted on top of an integrating 147 

sphere.19 The sphere was coated with matte white to ensure that light was scattered uniformly 148 

to give a diffuse light at illumination.  The sphere had 18 light emitting diodes (LEDs) (405, 149 

435, 450, 470, 505, 525, 570, 590, 630, 645, 660, 700, 780, 850, 870, 890, 940, and 970 nm) 150 

at the rim which were strobed successively during analysis. The manufacturer’s instructions 151 

were followed at calibration and reflection data were acquired. Both halves of the onion, one 152 
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at a time, were placed under the sphere on an ‘O’ ring in horizontal position in darkness during 153 

measurements. The multispectral images were analyzed in the VideometerLab software 154 

version 3.0.30. A Normalized Canonical Discriminant Analysis (nCDA) was applied to make 155 

a segmentation file in order to minimize the distance to observations within classes and to 156 

maximize the distance to observations between classes.20 This transformation analysis resulted 157 

in highlighted features, which were then segmented using a “simple threshold morphology” 158 

giving the area of diseased and total for each bulb half. From these data, the percentage of 159 

diseased tissue of the total was calculated and averages taken for each bulb.  160 

Dry Matter Content. The dry scales were removed from the bulbs after the imaging 161 

analysis, and the fleshy tissue of each bulb was homogenized in a blender. From this mixture, 162 

20-30 g blended tissue was frozen in liquid nitrogen and lyophilized for one week (CRIST, 163 

Osterode am Harz, Germany). The blender was cleaned with 70% ethanol to prevent carry-164 

over of DNA between samples. Fresh and dry weights were recorded before and after 165 

lyophilization to determine the dry matter (DM) content.  166 

DNA Extraction. Two to three grams of the dried onion was pulverized by a shaking mill 167 

(MM200, Part no. 20.746.0001, Serial no., 129101108, Retsch GmhH, Haan, Germany). The 168 

grinding chamber was cleaned with 4 M HCl between samples. Fifteen mg of milled powder 169 

was added to a 2-mL Lysing Matrix E tube (MP Biomedicals, Santa Ana, California) and 400 170 

ul Buffer AP1 from DNeasy Plant Mini kit (QIAGEN, Hilden, Germany) was added to each 171 

sample. Samples were lysed three times on a Powerlyzer (QIAGEN) with a speed of 4500 rpm 172 

for 45 s, with chilling on ice for 5 min in between. DNA was extracted from the lysate using 173 

the DNeasy Plant Mini kit according to the manufacturer’s instructions. A total of 40 µl (2 x 174 

20 uL) of nuclease-free water was used for elution and DNA samples were kept at -20 	until 175 

quantification.  176 
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DNA Quantification by Real-time PCR. DNA-based quantification of F. oxysporum 177 

relative to onion DNA was performed by real-time PCR using species-specific primers. Fox F. 178 

oxysporum, primers OMP1049 (5’- TGCGATTTGGACGAGATATGTG -3’) and OMP1050 179 

(5’- ATTTGCCTACCCTGTACCTACC -3’)21 amplifying a 110 bp fragment of the ribosomal 180 

intergenic spacer region were used. For onion, new primers AcCOX1F (5’- 181 

CGTGCTTACTTCACCGCAGCT -3’) and AcCOX1R (5’- 182 

TTCCTGTGAGCCCGCCTATGG -3’) amplifying a 163 bp fragment were used. Each 183 

reaction (20 µL) contained 10 µL of 2×SYBR Green I Master Mix (Roche, Indianapolis, 184 

Indiana), primers at 300 nM concentration, and 5 µL of template 1/30 diluted DNA. The real-185 

time PCR temperature program for F. oxysporum and onion DNA was as follows: an initial 186 

denaturation step at 95 °C for 5 min, 45 cycles of denaturation at 95 °C for 10 s, primer 187 

annealing at 63 °C for 10 s, and elongation at 72 °C for 10 s. The reactions were run in 384-188 

well plates on the Lightcycler® 480 II Instrument (Roche) and fluorescence was monitored at 189 

the end of each PCR cycle elongation step. For template quantification, the threshold cycle 190 

value (Cp) was automatically determined by the Lightcycler software. Melting curve analysis 191 

was performed after amplification, by heating to 95 °C, cooling to 65 °C, and then heating to 192 

97 °C	at an increment of 0.11 °C	s‐1 with data collection five times per degree Celcius. All 193 

samples were tested in triplicates. Known concentrations of onion DNA and fungal DNA in 194 

constant onion DNA (onion DNA used as background in order to have a similar situation to F. 195 

oxysporum DNA extracted from infected onions) were diluted in series and were run using the 196 

same program as above. The concentration of standard DNA (Fox006 DNA and onion DNA) 197 

was measured by Qubit 3.0 fluorometry (Thermo Fisher Scientific, Weltham, Massachusetts) 198 

using a Qubit dsDNA High Sensitivity (0.2 to 100 ng) Assay Kit (Thermo Fisher Scientific) 199 

according to the manufacturer’s protocols. A sample volume of 2 μL was added to 198 μL of 200 

the Qubit working solution. Dilution series of Fox006 DNA (0.07 - 0.2 ng µL -1) in constant 201 
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healthy onion DNA (1.6 ng µL-1), and onion DNA (0.07 - 0.2 ng µL -1) in sterile water were 202 

performed by real-time PCR. All samples were tested in triplicates.  203 

Data Analysis. The VOC chromatograms were divided into 37 local intervals and Parallel 204 

Factor Analysis 2 (PARAFAC2)22 was applied for quantification of VOCs based on peak area 205 

using the PLS-Toolbox (PLS-Toolbox v. 8.0.2, Eigenvector Research Inc., Wenatchee, 206 

Washington) in MATLAB® (The Mathworks Inc., Natick, Massachusetts). One-way analysis 207 

of variance (ANOVA) was applied to identify differences in the VOC emission between 208 

treatments. Tukey’s honest significance difference (HSD) test was used for multiple 209 

comparisons at P = 0.05. ANOVA and Tukey’s HSD test were performed in the R software 210 

(version 3.4.2, R Development Core Team, 2017). Data represent in tables and figures are the 211 

mean of 4 control or 9 Fox006 and Fox260 inoculated onions ± standard error (SE). Principle 212 

component analysis (PCA) was applied to describe the relation between onions of different 213 

treatments (control, Fox006, Fox260 onions or Fox260 onions at different weeks) on VOCs, 214 

and/or respiration rate, weight loss, dry matter content, relative diseased area, and the Fusarium 215 

to onion DNA ratio at 1 – 7 wpi. Data were log10-transformed before PCA analysis in The 216 

Unscrambler software v. 7.6 (CAMO Software AS, Oslo, Norway). Partial Least Square 217 

Discriminant Analysis (PLS-DA) models were built to classify the levels of infection23 using 218 

log10-transformed, auto-scaled VOC data obtained from the Fox260 infected onions. Models 219 

were cross-validated by using the venetian blind24 cross-validation tool (5 data splits, 3 samples 220 

per split) to obtain an optimal number of latent variables based on the minimum value of the 221 

Cross Validated Classification Error Average. PLS-DA was performed in the PLS-Toolbox 222 

under MATLAB® (The Mathworks Inc). 223 

 224 
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RESULTS AND DISCUSSION 225 

It was apparent by visual inspection of the bulbs that the two Fox-strains progressed 226 

differently in the bulb after inoculation (Figure 1). The symptoms of basal rot were watery 227 

brown to black lesions beginning at the basal plate, moving upwards and spreading to several 228 

inner scales and then moving outwards in the bulb.6 The Fox260 inoculated onions (Fox260-229 

onions) developed clear symptoms of basal rot while the control and the Fox006 inoculated 230 

onions (Fox006-onions) showed no or little symptoms during 7 wpi. Thus, Fox260 was a more 231 

aggressive pathogen to onion compared to Fox006 as the Fox006 caused mild symptoms inside 232 

the bulb. This is in contrast to earlier findings on onion seedlings showing that Fox006 and 233 

Fox260 were aggressive pathogens.3 Probably, onion seedlings were more susceptible to F. 234 

oxysporum infection than mature bulbs. 235 

Levels of Infection. Image analysis showed that the relative area of diseased tissue of the 236 

Fox260-onions increased with time, whereas the control and Fox006-onions were similar with 237 

no big change (Figure 2A). The relative area of diseased tissue in the control and the Fox006-238 

onions at different wpi was in the range of 0.02% - 0.4% and 0.7% - 2.4%, respectively. In 239 

contrast, the diseased area of the Fox260-onions increased from 8.1% at 1 wpi to ~ 21% at 6 -240 

7 wpi (Figure 2A). Control onions had no Fusarium DNA, however, fungal DNA was present 241 

in the Fox006- and Fox260-onions (Figure 2B). The amount of fungal DNA in Fox006-onions 242 

was fluctuating between 0.01 and 0.5 ng mg-1 onion DNA. With Fox260, fungal DNA 243 

increased with inoculation time, from 1.2 ng to 84.8 ng mg-1 onion DNA from 1 to 7 wpi, 244 

respectively.  245 

When comparing the disease levels of the onions (Figure 1) with the results from the image 246 

and DNA analyses it was apparent that the highest infection of onions was with the Fox260 247 

strain, much less with the Fox006 strain and no infection of the control onions. For the latter, 248 

the DNA analysis precisely demonstrated that the control onions had no fungal DNA, while 249 
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the image analysis indicated a low relative area of diseased tissue (0.02% - 0.4%). This was 250 

due to interpretation of some of the dark colored pixels in the image analysis as basal rot 251 

infected area. For the Fox260-onions, the image analysis showed that the relative area of 252 

diseased tissue increased from 1 to 3 wpi, then dropped slightly, and then increased again from 253 

4 to 6 wpi, and remained unchanged from 6 to 7 wpi (Figure 2A). In contrast, the DNA analysis 254 

showed that the amount of fungal DNA increased continuously from 1 to 7 wpi. It has to be 255 

kept in mind that a certain fraction of the detected DNA may have appeared from dead fungal 256 

biomass as the real-time PCR method cannot distinguish between DNA from alive and dead 257 

mycelium. Infection of onions by the Fox260-strain showed that basal rot was detected earlier 258 

by visual inspection and image analysis than by real-time PCR (Figures 1; 2). These early and 259 

evident symptoms of basal rot infection inside the onion bulb may have been caused by 260 

effectors and enzymes secreted by the pathogen causing plant tissue maceration showing that 261 

the Fox260-strain has a hemibiotrophic ecology. 23 262 

 Response of the Onions to Infection. The total VOC emission rate of the Fox260-263 

onions was markedly higher than the emission from the control and the Fox006- onions at 3-7 264 

wpi (Figure 3A), peaking week 6 with a total emission rate of 13979 nmol kg-1 d-1 (Table 1). 265 

In comparison, the total VOC emission rate was 145 and 269 nmol kg-1 d-1 from the control 266 

and Fox006-onions at week 6, respectively (Table 1). The VOC emission from the Fox006-267 

onions did not change over time because the infection levels were too low (Figure 2). The 268 

higher VOC emission rates from 3 to 6 wpi of the Fox260-onions was in line with the increasing 269 

amount of pathogenic DNA (Figure 2B) causing plant tissue maceration and mixing of 270 

enzymes and substrates upon wounding.24 The drastic drop in the VOC emission rate from the 271 

Fox260-onions from week 6 to 7 probably appeared due to fungal exhausting of onion 272 

substrates and a possible shift toward sporulation mode. F. oxysporum grown on PDA plates 273 
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showed a similar trend, as the VOC emission peaked day 7 after inoculation and then 274 

decreased.25  275 

The Fox260-onions clearly responded to pathogen infection as the RRCO2 was more than 276 

double of the diseased than of the healthy onions at week 1 (Figure 3B). At week 6, differences 277 

were even greater and the RRCO2 of Fox260-onions were more than 95 times higher than of 278 

the control onions. The RRCO2 of the control and the Fox006-onions did not change over the 279 

different weeks. However, the RRCO2 of the Fox260-onions increased to 29.9 ml CO2 kg-1 h-1 280 

at week 6 and then it stabilized. A similar trend was observed with the disease symptoms 281 

(Figures 1; 2A). There relative area of diseased tissue did not change from week 6 to 7. Others 282 

reported similar results that infected plant tissue has higher respiration rates than uninfected 283 

tissue. 26  284 

The DM content of the control and Fox006- onions was higher than that of the Fox260-285 

onions at all times (Figure 3C). From week 1 to 7, the DM content decreased 0.5-1% in the 286 

control and Fox006-onions but 2.5% in the Fox260-onions. DM was lost due to a continuous 287 

respiration and volatile emission from the healthy and the infected tissue but the rates were 288 

higher in the infected onions as both plant and fungi tissue require carbohydrates and other 289 

metabolites (e.g. fatty acids and amino acids) for their metabolism.2, 27-29 Thus the higher DM 290 

loss of the Fox260-onions was most likely caused by higher metabolic activity during the 291 

fungal infection. 292 

Inoculated control and Fox006-onions lost 3% of their bulb weight during 7 weeks (Figure 293 

3D). In contrast, the weight loss was almost 15% from the Fox260-onions. Weight loss in 294 

storage is a combination of water loss and dry matter loss from respiration and VOC emission 295 

(Figure 3A-C). The humidity in storage was maintained below 50% RH to prevent growth of 296 

Penicillium spp. and other unwanted pathogens on the inoculated onions. It resulted in a 297 

relatively high loss of bulb weight from the control and Fox-006 onions due to the difference 298 
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between the vapor pressure of the tissue and of the storage room atmosphere.30 The high weight 299 

loss in the Fox260-onions was due to a combination of water loss and DM loss.  300 

Volatile Emission. Forty-three VOCs were emitted from the inoculated onions, including 301 

aldehydes, alkanes, alkenes, ethanol, ketones, and sulfuric compounds (Table 1). The total 302 

VOC emission rates of the control, Fox006-, and Fox260-onions were 145, 269 and 13979 303 

nmol kg-1 d-1, respectively, at 6 wpi. This result clearly showed that the total VOC emission 304 

rate were much higher from Fox260-onions than from control and Fox006-onions. There were 305 

significant differences between treatments at week 6 for 30 VOCs while the remaining VOCs 306 

were non-significant (P > 0.05). Propanal, methyl vinyl ketone, (E)-2-methyl-2-butenal, and 307 

heptane were did not increase in concentration in response to Fox260-infection (Table 1). The 308 

remaining 9 VOCs (methanol, acetaldehyde, acetone, methyl acetate, 1-propanol, 2,3-309 

butanedione, 2-butanone, 3-methyl-1-butanol, 2-heptanone) were either not emitted from the 310 

control and or the Fox006-onions (1-propanol, 3-methyl-1-butanol, 2-heptanone) or were 311 

emitted in variable concentrations at week 6 from replicate bulbs and it resulted in non-312 

significant results. For the non-significant VOCs, however, the concentration of methanol, 313 

acetaldehyde, methyl acetate, 2,3-butanedione, 2-butanone, and 3-methyl-1-butanol were more 314 

than 10 – 2000 times higher from the Fox260- than from the control- and Fox006-inoculated 315 

onions. Data also showed a clear trend that their emission rates were lower from the control- 316 

than from the Fox006-inoculated onions (data not shown). This phenomenon was also observed 317 

in earlier studies, and was probably caused by the big biological variations among the 318 

samples.31, 32 The VOC emission rate of most compounds were not significantly different 319 

between control and Fox006- onions. Apart from several compounds, such as propene, that 320 

were detected in Fox006-onions but not in control onions, other VOCs (methanol, acetone, and 321 

methyl propyl sulfide) were higher in Fox006-onions than control onions, indicating that this 322 

pathogen was less aggressive. 323 
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Twenty-seven VOCs were detected in all treatments (control, Fox006- and Fox260- onions), 324 

which indicated they are related with onion metabolism and enhanced by the infection of 325 

Fusarium upon the mix of enzymes and substrates. For example, 3-methylfuran was 0.14 nmol 326 

kg-1 d-1 in control onions, while it was 0.26 and 27.3 nmol kg-1 d-1 in Fox006- and Fox260-327 

onions at 6 wpi, respectively, corresponding to the infection level. In a parallel study, F. 328 

oxysporum and F. proliferatum (grown in liquid onion media) were not able to produce 3-329 

methylfuran by using the onion substrate, which indicated that the compound is produced by 330 

onion enzyme and could support this conclusion (Wang et al., submitted).  331 

Ten compounds were detected exclusively in one or both of the inoculated onion treatments 332 

but not from control onions; propene, methanethiol, (E)-1,3-pentadiene, C5H8, 1-propanol, 333 

methyl isopropyl sulfide, allyl methyl sulfide, 3-methyl-1-butanol, styrene, and 2-heptanone. 334 

These compounds were produced due to Fusarium infection in the onions under the current 335 

experimental conditions. Among them, methanethiol, (E)-1,3-pentadiene, C5H8, methyl 336 

isopropyl sulfide, 2-heptanone were not detected from Fox006-onions, probably because of 337 

less infection in Fox006-onions. 338 

Propene is a well-known biogenic VOC from vegetation.33 A study reported propene from 339 

thermal degradation of garlic flavour precursors (alliin, deoxyalliin).34 Methanethiol and 1-340 

propanol are produced from enzymatic degradation of onion flavour precursors upon the 341 

disruption of the cell and detected from freshly cut onions.29, 35 (E)-1,3-pentadiene was detected 342 

from onions stored in jars (unpublished data). Studies also described that microorganisms are 343 

able to produce 1-propanol.36 Propene, methanethiol and 1-propanol were produced by 344 

Fusarium when grown in onion extract media (Wang et al., submitted). 1,3-Pentadiene was 345 

produced by Trichoderma species isolated from food.37 Therefore, propene, methanethiol, (E)-346 

1,3-Pentadiene and 1-propanol may be volatiles produced both by the onion and the Fusarium 347 

pathogen. 2-Heptanone was produced from high pressure and high temperature treated 348 
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onions.38 Therefore, it is probably not be specific compound from infection. Styrene is reported 349 

from various fungi and 3-methyl-1-butanol from both fungi and bacteria.39 Earlier studies on 350 

VOCs from naturally infected onions also discovered that 3-methyl-1-butanol was produced 351 

from soft rot onions (with Fusarium infected onion and sour skin onion).26 Styrene has been 352 

reported from soft rot onions, Aspergillus-, Pectobacterium-, Fusarium- and Penicillium- 353 

inoculated onions.12, 26 However, styrene were not produced by Fusarium grown in onion 354 

extract media (Wang et al., submitted). Therefore, 3-methyl-1-butanol could be considered as 355 

Fusarium metabolite volatiles, and styrene were possibly produced upon the plant and 356 

pathogen interaction. Therefore, 3-methyl-1-butanol and styrene are indicators for both Fox006 357 

and Fox260 infections in onions. 358 

Changes in Volatile Emission during Fusarium Infection. Not much change was 359 

observed in control onions and Fox006-onions over time. With Fox260-onions, following the 360 

overall trend of total VOC emission, 27 compounds, e.g. ethanol (Figure 4A), carbon disulfide, 361 

methyl propyl sulfide (Figure 4B), etc., reached a peak emission rate at 6 wpi and then 362 

decreased at 7 wpi. VOC emission rate of propene, (E)-1,3-pentadiene (Figure 4C), C5H8, 2-363 

methylfuran (Figure 4D), 3-methylfuran, 1-propanethiol, 2-ethylfuran, (E)-methyl 1-propenyl 364 

sulfide, kept increasing with time during the infection and was highest at 7 wpi. Differently, 365 

hexanal decreased in the Fox260-onions (Figure 4E). Compounds such as propanal (Figure 4F) 366 

was not significant different at the different wpi. The rest of the compounds did not show a 367 

clear pattern in the Fox260-onions over 1-7 wpi. By one-way ANOVA of VOCs of onions 368 

within the same treatment (either control, or Fox006- or Fox260- onions), significant 369 

differences due to time were only found in eight compounds of control onions (data not shown) 370 

while in contrast, significant differences were found in twenty-nine compounds of Fox260-371 

onions at different weeks (data not shown). The overall increase in VOC emission rate was 372 

supposedly due to a combination of enzymatic degradation of the onion tissues and nutrition 373 
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utilization of dead onion tissue by the fungi for colonization and reproduction (Wang et al., 374 

submitted). Hexanal is associated with the degradation of α-linolenic acid, which is one of the 375 

most dominant fatty acid in onions and is released from the membrane lipids when plants are 376 

under stress.38, 40-42 The decrease in emission of hexanal from Fox260-onions was higher than 377 

from healthy control onions. Therefore, the decrease of hexanal emitted from Fox260-onions 378 

was probably linked to lipid metabolism changes in onions along with infection.  379 

Correlations between the Levels of Infection and the Biochemical and 380 

Physiological Response. A PCA was performed with data (control, Fox006-, and Fox260-381 

onions; 1-7 wpi) on relative diseased area (image analysis), DNA ratio (fungal/onion DNA 382 

ratio), respiration rate, weight loss, DM content, and total volatiles (on average values) (in 383 

Figure 5A, B). Along the PC1 axis, 94% of the total variations was explained with samples 384 

distributed in three groups (Figure 5A). Samples from the controls ordinated to the left, 385 

Fox006-samples clustered in the middle, while Fox260-samples were located to the right of 386 

PC1. Only Fox260-samples showed a logic grouping according to time; forming clusters for 1, 387 

3-4 and 5-7 wpi. The distribution of the samples from left to right on PC1, corresponds well to 388 

the infection level of the different onions. In the loading plot (Figure 5B, it is clear that the DM 389 

content was highly associated with the controls and Fox006-onions, corresponds to the higher 390 

DM content in these treatments (Figure 3C). Relative diseased area, total VOCs and especially 391 

DNA ratio linked to the Fox260-onions. Revealing the quantitatively highest VOC emission, 392 

by far, the VOC profile of Fox260-onions was submitted to PCA revealing a similar grouping 393 

pattern, however, based on the relative occurrence of the individual VOCs, only (Figure 5C). 394 

VOC indicators for late growth stages were methanethiol, 2-butanone, methyl isopropyl sulfide 395 

and heptane (Figure 5D) while (E)-2-methyl-2-butenal seemed to indicate the early stages for 396 

fungal establishment. Together, this shows that fungal VOC profiling hold strong information 397 

relating to fungal pathogenesis and development.  398 



16 
 

PLS-DA modelling 399 

The PCA score plot (Figure 5C) indicates that different groups of infections could be 400 

discriminated with classification model. In order to test whether infection levels between the 401 

groups of the onions at 1 wpi (Group 1), 3-4 wpi (Group 2), and 5-7 wpi (Group 3), can be 402 

discriminated, PLS-DA models were built on the VOCs from Fox260-onions, where the model 403 

statistics are presented in Table 2. A sensitivity of 88.9%, 66.7% and 92.6% and specificity of 404 

97.8%, 72.2% and 92.6%, respectively, was obtained in group 1, group 2, and group 3 in cross 405 

validation models. The classification error in cross validation model was lower in group 1 (6%) 406 

and in group 3 (7.4%), while group 2 had 30% error. Results from the discriminant analysis 407 

showed that it is able to classify different infection level with the VOCs.  408 

It can be seen that both calibrated and cross validated models had higher sensitivity and 409 

specificity and lower error in group 1 and group 3 than group 2. From the image analysis and 410 

total VOCs analysis it can be seen that emission rate of some of the VOCs decreased at 4 wpi 411 

than at 3 wpi, this could be a possible reason for higher error in group 2.  412 

Linear correlation 413 

 In order to investigate possible individual VOC marker correlated with infection levels, 414 

linear models were made between the x-variables, i.e. respiration rate and VOC emission rates, 415 

and the y-variable fungi DNA with data of Fox260-onions from 1 to 6 wpi (Table S1). Only 416 

compounds that were fully identified and had a linear relation with infection levels were 417 

included. The respiration rate had a correlation with infection levels of onions infected by 418 

Fox260, with an r-value of 0.57. Among all the 33 compounds identified with authentic 419 

reference compounds, 29 of them have a linear relation with the infection level. All these 29 420 

compounds except hexanal had a positive linear correlation with the infection level. Hexanal 421 

had a negative relation with the infection level. As the linear relation between VOCs and 422 

infection level was positive for most of the compounds, this further indicated that release of 423 
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VOCs was caused by the infection. The higher the ‘r’ value is, the better relation between the 424 

variable or the compound and the infection level. Methyl propyl sulfide (r = 0.94), dimethyl 425 

sulfide (r = 0.92),  (E)-1,3-pentadiene (r = 0.90), propene (r = 0.87), 3-methylfuran (r = 0.86), 426 

styrene (r = 0.84), 1-propanethiol (r = 0.82), carbonyl sulfide (r = 0.77), 2-ethylfuran (r = 0.75), 427 

2-methylfuran (r = 0.75), ethanol (r = 0.75), and dimethyl disulfide (r = 0.75) had a higher 428 

correlation with the infection level than the other compounds. Although the exact pathways of 429 

production are not yet clear for most of the compounds, the increasing emission of these 430 

compounds, e.g. (E)-1,3-pentadiene and styrene, during the infection could be of interest to 431 

develop methods for the detection of onion infection.  432 

 433 

ABBREVIATIONS USED 434 

ANOVA, analysis of variance; CAR/PDMS, carboxen/polydimethylsiloxane; DM, dry 435 

matter; GC-MS, gas chromatography - mass spectrometry; HSD, Honest Significant 436 

Difference; PARAFAC2, parallel factor analysis 2; PCA, principle component analysis; PCR, 437 

polymerase chain reaction; RH, relative humidity; SPME, solid phase micro-extraction; SE, 438 

standard error; TIC, Total ion chromatograms; VOCs, volatile organic compounds. 439 
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Figure captions 559 

Figure 1. Photos of the cut surfaces of onions inoculated with water (control), Fox006 and 560 

Fox260 at 1 - 7 weeks post inoculation. 561 

Figure 2. Levels of infection determined by image analysis (A) and DNA quantification (B) 562 

of onions inoculated with water (control), Fox006 and Fox260 at 1 - 7 weeks post inoculation.  563 

Figure 3. Total volatile emission rate (A), respiration rate (B), dry matter content (C) and 564 

weight loss (D) of onions inoculated with water (control), Fox006 and Fox260 at 1 - 7 weeks 565 

post inoculation. 566 

Figure 4. Changes of the emission rate of ethanol (A), methyl propyl sulfide (B), (E)-1,3-567 

pentadiene (C),  2-methylfuran (D), hexanal (E), and propanal (F) ) of onions inoculated with 568 

water (control), Fox006 and Fox260 at 1 - 7 weeks post inoculation. 569 

Figure 5. PCA score (A) and loading (B) plots of the relative diseased area, DNA ratio (fungal 570 

/onion DNA),  total VOCs, respiration rate, weight loss, and dry matter content of water 571 

(control), Fox006 and Fox260 inoculated onions at 1 - 7 weeks post inoculation (wpi); PCA 572 

score (C) and loading (D) plots for individual VOCs emitted from Fox260 inoculated onions.  573 
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Table 1. Mean VOC emission rate (nmol kg-1 d-1) from onions inoculated with water (control) 
or Fox006 and Fox260 at 6 weeks post inoculation.  

no. compound top ionsb control Fox006 Fox260 P value 
1 carbonyl sulfide 60 (100), 32 (53), 34 (41) 0.22 b 0.22 b 0.59 a P < 0.001
2 propene 41 (100), 39 (72), 42 (69) 0 b 0.04 b 1.00 a P < 0.001
3 methanol 31 (100), 29 (80), 32(69) 9.71 a 29.0 a 1504 a nsc 
4 acetaldehyde 44 (100), 29 (99), 43 (54) 4.38 a 4.74 a 172 a ns 
5 methanethiol 47 (100), 48 (82), 45 (62) 0 b 0 b 43.7 a P < 0.001
6 ethanol 31 (100), 45 (61), 29 (28) 2.47 b 7.42 b 6234 a P < 0.001
7 propanal 58(100), 29 (91), 28 (64) 3.86 a 4.42 a 6.58 a ns 
8 carbon disulfide 76 (100), 78 (9), 49 (7) 1.39 b 1.47 b 7.73 a P < 0.001
9 acetone 43 (100), 58 (37), 42 (7) 35.1 a 99.5 a 178 a ns 

10 dimethyl sulfide 62 (100),47 (89), 45 (58) 0.13 b 0.11 b 39.6 a P < 0.001
11 ethyl formate 31 (100), 29 (79), 45 (53) 1.77 ab 1.62 b 5.87 a P < 0.01 
12 methyl acetate 43 (100), 74 (27), 42 (11) 0.14 a 0.39 a 47.3 a ns 
13 isoprene 67 (100), 68 (68), 53 (57) 0 b 0.03 b 24.2 a P < 0.05 
14 pentane 43 (100), 42 (60), 41 (53) 0.16 b 0.22 b 5.85 a P < 0.05 
15 (E)-1,3-pentadiene 67 (100), 68 (73), 53 (58) 0 b 0 b 8.75 a P < 0.01 
16 C5H8

d 67 (100), 68 (68), 53 (56) 0  b 0 b 5.24 a P < 0.01 
17 1-propanol 31 (100), 59 (22), 42 (17) 0 a 0 a  318 a ns 
18 2-methylfuran 82 (100), 81 (61), 53 (55) 0.08 b 0.13 b 1.03 a P < 0.001
19 methyl vinyl ketoned 55 (100), 43(80), 70 (39) 0.24 a 0.24 a 0.26 a ns 
20 3-methylfuran 82(100), 53 (59), 81 (54) 0.14 b 0.26 b 27.3 a P < 0.001
21 2,3-butanedione 43 (86), 86 (19), 42 (9) 2.46 a 1.52 a 27.6 a ns 
22 2-butanone 43 (100), 72 (20), 29 (10) 1.09 a 1.09 a 133 a ns 
23 1-propanethiol 76 (100), 47 (62), 41 (47) 0.56 b 0.62 b 1929 a P < 0.001
24 acetic acid 43 (100), 45 (96), 60 (77) 51.3 b 60.9 b 378 a P < 0.01 
25 2-ethylfuran 81 (100), 96 (45), 53 (29) 0.25 b 0.31 b 3.83 a P < 0.001
26 methyl isopropyl sulfided 90 (100), 75 (98), 41 (86) 0 b 0 b 5.06 a P < 0.001
27 allyl methyl sulfided 88 (100), 73 (81), 45 (58) 0 b 0.11 b 38.3 a P < 0.001
28 (E)-methyl 1-propenyl sulfided 73 (100), 88 (99), 45 (79) 0.28 b 0.30 b 2.11 a P < 0.001
29 methyl propyl sulfide 61 (100), 90 (75), 48 (27) 1.61 b 19.7 b 1768 a P < 0.001
30 (Z)-methyl 1-propenyl sulfided 73 (100), 88 (98), 45 (91) 0 be 0.17 b 48.8 a P < 0.001
31 dimethyl disulfide 94 (100), 79 (49), 45 (34) 1.06 b 1.58 b 165 a P < 0.001
32 (E)-2-methyl-2-butenal 84 (100), 55 (85), 39 (29) 0 ae 0.05 a 0 a ns 
33 heptane 43 (100), 71 (80), 57 (61) 0.60 a 0.62 a 1.32 a ns 
34 3-methyl-1-butanol 55 (100), 41 (91), 70 (84) 0 a 0.02 a 47.2 a ns 
35 hexanal 44 (100), 43 (96), 41 (81) 25.8 a 25.4 a 3.68 b P < 0.001
36 2,4-dithiapentaned 61 (100), 108 (87), 45 (38) 0 b 0.36 b 27.1 a P < 0.01 
37 3,4-dimethylthiophene 111 (100), 112 (69), 97 (44) 0.03 b 0.06 b 2.29 a P < 0.001
38 styrene 104 (10), 103 (47), 78 (43) 0 b 2.23 b 127 a P < 0.01 
39 allyl n-propyl sulfided 74 (100), 41 (85), 104 (80) 0.07 b 0.07 b 2.56 a P < 0.001
40 2-heptanone 43 8100), 58 (69), 71 (22) 0 b 0 b 8.33 a ns 
41 methyl 1-propenyl disulfided 120 (100), 45 (49), 72 (35) 0.02 b 0.11 b 37.5 a P < 0.05 
42 methyl propyl disulfide 122 (100), 80 (98), 41 (36) 0  b 2.05 b 465 a P < 0.001
43 2,2-bis(methylthio)propaned 89 (100), 41 (52), 136 (48) 0.08 b 2.25 b 128 a P < 0.01 

 total  145 b 269 b 13979 a P < 0.001
aAll compounds were identified, unless noted, by comparing the mass spectra of the compound with those of the 
NIST v2.1.2.1 database (NIST, 2008) and authentic reference compounds. Compounds that were not detected 
were set to 0 in the Table and in the statistical analysis. bThe values in parentheses are the percentage relative to 
the most abundant ion. c

 ns, not significant. d Tentatively identified as no reference compounds were available.  e 
compounds were detected in control onions at other weeks.  
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Table 2. PLS-DA on individual VOCs emitted from Fusarium Fox260 at 1 – 7 weeks post 

inoculation.  

 

 group 1 group 2 group 3 

calibration    

sensitivity (%) 100 88.9 96.3 

specificity (%) 97.8 88.9 92.6 

error (%) 1.0 11.1 5.0 

cross validation    

sensitivity (%) 88.9 66.7 92.6 

specificity (%) 97.8 72.2 92.6 

error (%) 6.0 30 7.4 
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Figure 1 
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Figure 2 
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Figure 3 

A. Total volatile emission rate
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Figure 4  
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Figure 5.  
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Supplementary materials 

Table S1. 

Linear correlation between level of infection (Fox260/onion DNA, ng mg-1) and VOC emission 

rates (nmol kg-1 d-1)a. Data are from Fox260-onions at 1 - 6 weeks post inoculation.  

compoundb slope correlation coefficient 
r 

 

carbonyl sulfide 0.19 0.77  
propene 0.38 0.87  
methanol 0.25 0.39  
acetaldehyde 0.47 0.61  
methanethiol 1.31c 0.73  
ethanol 0.81 0.75  
carbon disulfide 0.24 0.74  
dimethyl sulfide 0.94 0.92  
ethyl formate 0.13 0.56  
methyl acetate 0.55 0.59  
isoprene 0.28 0.41  
pentane 0.16 0.48  
(E)-1,3-pentadiene 0.87 0.90  
1-propanol 1.06 0.68  
2-methylfuran 0.28 0.75  
3-methylfuran 0.53 0.86  
2,3-butanedione 0.22c 0.33  
2-butanone 0.28c 0.31  
1-propanethiol 0.98 0.82  
acetic acid 0.38 0.65  
2-ethylfuran 0.36 0.75  
methyl propyl sulfide 0.94 0.94  
dimethyl disulfide 0.64 0.75  
heptane 0.64 0.69  
3-methyl-1-butanol 0.99 0.57  
hexanal -0.44 -0.86  
3,4-dimethylthiophene 0.39 0.71  
styrene 0.87 0.84  
methyl propyl disulfide 0.60 0.74  
total 0.61 0.87  

a The results of the linear regression analyses were significant at P ≤ 0.001 unless noted.    
b Compounds from Table 1 that had no linear correlation or were tentatively identified are not included. 
c Significant at P ≤ 0.05. 
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ABSTRACT 14 

Key words: bulk storage, commercial storage, method application,  15 

 16 

1. Introduction 17 

We have previously shown that fresh onions emit low-boiling volatile organic compounds (VOCs) 18 

that can be sampled from the headspace of incubated onions (confined space) by SPME and 19 

analyzed by GC-MS (Wang et al 2018a) and recent studies have shown that Fusarium-infected 20 

onions emit more VOCs and have higher respiration rates than healthy control onions and that 21 

these differences are related to levels of fungal biomass (Wang et al 2018b). Additionally, results 22 

show that specific VOCs are related to senescence and natural infections (Wang et al. 2018a). 23 

However, it is not known if the biomarker method can be applied to give information on infection 24 

of onions at bulk storage conditions where VOCs are freely mixed with the storage air 25 

(unconfined space). 26 

The objective of this study was to evaluate the applicability of the VOC biomarker method under 27 

commercial bulk storage conditions. The method was applied to air sampled from boxes with 28 

onions placed in commercial storage at 0.5 °C. For comparison, the method was also applied to 29 

onions taken from commercial storage and incubated at 18 °C for 20 h. Different initial qualities 30 

of fresh onions were analyzed and the quality was evaluated during and after storage (respiration 31 

rate and disease ratio). The hypothesis is that more VOCs are emitted from fresh onions having a 32 

high than a low disease ratio and that these differences can be determined by the VOC biomarker 33 

method at unconfined space in commercial bulk storage.  34 
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2. Materials and Methods 35 

2.1 Reagents and chemicals 36 

Authentic reference compounds of (2E)-2-pentene, (2Z)-2-pentene, 1-propanol, 2-butanone, 2-37 

methyl-2-propanol, 2-methylfuran, 2-methylpropanal, 3-methylbutanal, 3-methylfuran, 38 

acetaldehyde, acetic acid, acetone, carbon disulfide, dimethyl disulfide, dimethyl sulfide, ethyl 39 

acetate, heptane, hexanal, hexane, isoprene, methanethiol, methyl acetate, methyl formate, methyl 40 

propyl disulfide, octane, pentanal, pentane, propanal, propene and 3-methyl-2-pentanone were 41 

obtained from Sigma-Aldrich Chemie GmbH (Stenheim, Germany), methyl propyl sulfide from 42 

Alfa Aesar (Haverhill, USA).  43 

2.2 Plant material 44 

Six batches of onions were selected to represent different cultivars and qualities of bulbs for storage 45 

(Table 1). The onions were grown organically by a commercial grower (Axel Månsson A/S, Brande, 46 

Denmark) in 2015 in different fields without use of pesticides. ‘Barito’ and ‘Hylander’ were seeded 47 

directly in the field and ‘Hypark’ and ‘Summit’ were transplanted. The bulbs were lifted from the 48 

soil at 80% top fall, allowed to surface dry, harvested, and transported to the farm for pre-sorting 49 

and removal of weeds, soils, stones and small bulbs below 40 mm in size. The pre-sorted onions 50 

were automatically filled into 2 tons wooden boxes. A 85 cm long metal spear (Webstech, Aarhus, 51 

Denmark) was inserted into the center of each box during the filling for temperature and relative 52 

humidity measurements. This spear also had a tube attached for sampling of air from the inside of 53 

the box. All batches were presorted before curing, except for ‘Summit’ from field 436 (batch 6), 54 

which was storage unsorted.  55 

 56 
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Table 1  57 

Onions for storage.a  58 

Batch 
no. 

Cultivarb Field Harvest  
date  
2015 

Days in  
curingc 

Bulb 
weightd 

(g)

Quality evaluation of onions in 
field at top fall 

1 Barito 287 3 Oct 22 131 
Uneven bulb size due to uneven 
germination 

2 Hylander 293 2 Oct 23 111 
 
 

3 Hypark 248B 29 Sep 26 92  

4 Summit 246 27 Sep 28 108 
Infection of bulbs with 
Fusarium oxysporum in field  

5 Summit 247 30 Sep 25 89
6e Summit 436 11 Sep 44 86 Botrytis spp. on leaves  

a Weeds, soils, stones and small bulbs below 40 mm were removed in presorting unless noted.  59 
b Cultivars were seeded (‘Barito’ and ‘Hylander’) or transplanted (‘Hypark’ and ‘Summit’).  60 
c Days in curing was from harvest to end of curing when the temperature reached 18 °C again. 61 
d The bulb weight was calculated from the weight and number of onions taken for quality analyses. 62 
e This batch was stored without presorting. 63 
 64 

2.3 Storage of onions 65 

Six boxes in two replicates were stored of each batch. The batches were placed in separate columns 66 

consisting of 5 boxes high, one replicate box at the bottom for VOC analysis in commercial storage 67 

at unconfined space and one replicate box at the top for sampling of onions for later VOC and 68 

quality analyses (respiration rate, disease ratio, frequency of the different diseases) at the University. 69 

The six batches were placed in two rows in the storage room, three batches next to each other in 70 

one row and the other three batches next to each other in a second row. The two rows were placed 71 

opposite to each other in the room with a 80 cm distance to the walls, a 120 cm alley in between, 72 

and a top seal for creating a slight vacuum from the outside to the inside during operating. The 73 

room was ventilated with air at 18 °d at high speed, from harvest to curing, until it was filled with 74 

boxes (210 boxes in 22 columns). The storage system was a Frigortek VACCTEC system 75 

(Frigortek Cooling Systems Aps, Vandel, Denmark). Once onions were surface dried, curing 76 

started with fast heating to 35 °C, then 2 weeks at this temperature, and then fast cooling to 18 °C. 77 
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During the next five weeks, the temperature was smoothly adjusted to allow onions to adapt to cold 78 

storage. From December 2015 to March 2016, onions were stored at approximately 0.5 °C. None 79 

of the batches were treated with sprout inhibitors in the field or in storage.  80 

2.4 Experimental design 81 

VOCs were sampled from commercial storage at the end of March 2016 from the individual boxes 82 

placed at the bottom through the pre-mounted tubes. At the same time, subsamples of onions were 83 

taken from the top boxes for later VOC analysis at the University. This set-up allowed sampling of 84 

VOCs at commercial conditions at unconfined space but hindered sampling of onions for disease 85 

evaluation and VOC analysis at confined space at the university as it was impossible to sample 86 

onions from the bottom boxes. Therefore, onions for these analyses were sampled from the top 87 

boxes. Hundred and twenty kg onions were sampled randomly, brought to Aarhus University and 88 

stored at 18 °C until the following day. Onions were manually sorted into bulb sizes between 40 - 89 

80 mm and from the sorted portions, three replicate samples of approximately 15 kg of each batch 90 

were taken blindly for subsequent VOC, respiration and disease ratio analyses.    91 

2.5 Sampling of volatiles 92 

A special set-up for VOC sampling was developed (Fig. 1) and tested on onions from batch 3 93 

sampled from commercial storage. Three biological replicates of 160 onion bulbs each were blindly 94 

selected from the sorted portion and placed evenly in four boxes inside a 150 L-storage chamber at 95 

18 °C overnight. The following day, chambers were closed and flushed with clean, compressed, 96 

dry air (AGA Gas AB, Sundbyberg, Sweden) to have the same background level of VOCs in the 97 

chambers at beginning of incubation. After 19 h incubation, air was taken at 100 mL min-1 into a 98 

580 mL glass jar by use of a pump and back into the chamber as shown in Fig. 1. The set-up had a 99 

restrictor, which controlled the air velocity at sampling and the glass jar had inlet and outlet fittings 100 
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in the lid, which could be opened or closed. Six liter of air was passed through the glass jar before 101 

it was hermetically closed for later gas and VOC analyses. To obtain three technical replicates, air 102 

was sampled during 1 h after 19 h, 20 h and 21 h of incubation without opening the chambers in 103 

between. The average incubation time was set to 20 h.  104 

 105 

Fig. 1. Sampling of air containing VOCs from a closed chamber with onions into a glass jar and 106 

back into the chamber. 107 

 108 

The air in the vicinity of onions at commercial bulk storage was sampled through the inserted tube 109 

using the set-up above (Fig. 1) except that there was no influx of air back into the box during 110 

sampling. Three technical replicates were made from the same batch and the room ventilations was 111 

turned off during sampling.   112 

2.6 Analysis of volatiles 113 

VOCs were extracted by solid-phase micro-extraction (SPME) from the glass jars at 18 °C as 114 

previously described with modifications (Wang et al. 2018a). A carboxen/polydimethylsiloxane 115 

(CAR/PDMS) fiber was inserted into the jar for 15 min. Then the fiber was moved to another jar 116 

kept at 18 °C for external standard addition (0.77 nmol L-1 3-methyl-2-pentanone in nitrogen) for 117 
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5 min. The fiber was thermally desorbed at 200  for 1 min in an injection port with a SPME liner 118 

and separated on a HP-PLOT/Q column (30 m×0.32 mm×20 μm) operating at the following 119 

conditions: 30  (1 min hold time) and a temperature ramp with an increase of 20  min-1 to 250  120 

and then 13 min hold time (Wang et al. 2018a). After desorption, the fiber was transferred to a 121 

second injection port and conditioned for 10 min at 250 °C before next extraction. The MS operated 122 

in total ion count mode (EI, 70 eV) and ions in the range 35 - 180 were recorded. Compounds were 123 

identified by the NIST mass spectral library database (version 2.1.2, NIST, USA) and verified by 124 

comparing the retention times and mass spectra with those of authentic reference compounds. For 125 

quantification, calibration curves of pentane, isoprene, 2-butanone, methyl acetate, 2-methylfuran, 126 

and dimethyl disulfide were prepared in air (Luca et al., 2015) and reference compounds were 127 

sampled at 18 °C as above. Alkanes were calculated from pentane, alkenes from isoprene, acid, 128 

alcohol, aldehyde, and ketone from 2-butanone, esters from methyl acetate, furans from 2-129 

methylfuran, and thiols and sulfides from dimethyl disulfide.  130 

2.7 Respiration rate  131 

The respiration rate was determined from the differences in O2 and CO2 contents at beginning and 132 

end of incubation. The initial gas composition was set to 20.9% O2 and 0 % CO2 as the chambers 133 

were flushed with atmospheric air just before incubation. The final gas composition was measured 134 

in the glass jars after VOC analysis by sampling the gas by a CheckMate 9900 Headspace Gas 135 

Analyzer (PBI Dansensor, Ringsted, Denmark). From these data and the free volume of chambers, 136 

and the fresh weight of onions, the respiration rates (RRO2, RRCO2) were estimated in mL kg-1 h-1 137 

on fresh weight basis (Seefeldt et al., 2012).  138 



 

8 

 

2.8 Disease assessment   139 

The onions were inspected for spouting and rooting and decay after incubation and VOC sampling. 140 

The bulbs were cut longitudinally with a sterilized knife, and the base plate, bulb neck and internal 141 

and external scales were inspected and diseases categorized by visual inspection. To identify 142 

specific diseases, infected bulbs were first incubated separately in darkness at 20  at >85% RH. 143 

Infected tissue was then taken for microbial growth on PDA and LB agar plates (Sigma-Aldrich 144 

Chemie GmbH, Stenheim, Germany) at 25  and 30 	for 2 – 4 d, respectively, to isolate the 145 

morphological characteristics (Cranshaw et al., 2007). Diseases were identified by visual 146 

symptoms and phenotypic identification according to Cranshaw et al. (2007). The total disease 147 

ratio was determined as the total number of diseased onions of the total on the samples used for 148 

VOC and respiration rate analyses.  After end of storage in March 2016, the disease ratio was 149 

determined by machine sorting of the 2 tons boxes at bottom and top. Sorting was executed on a 150 

Sammo sorting machine (Longobardi, Italy) equipped with NIR spectrophotometers for internal 151 

disease evaluation, a laser scattering unit for size, volume and scale quality evaluation, and a 152 

weighing unit for determination of odd units such as stones having high weight-to-volume ratio 153 

and Fusarium-infected onions having low weight-to-volume ratio. Before running the machine, the 154 

sorting parameters were pre-defined and the machine was calibrated. 155 

2.9 Statistical analyses  156 

One-way analysis of variance (ANOVA) was applied to the data for total VOCs and significant 157 

differences were calculated by Tukey’s Honest Significant Difference test (Tukey’s HSD) at P = 158 

0.05. ANOVA and Tukey’s HSD were performed in the R software (version 3.4.1, R Development 159 

Core Team, 2017).  160 
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3. Results and discussion  161 

Thirty-three VOCs were emitted from fresh onions (Table 2) and of these were 31 identified. The 162 

compounds represented 1 acid, 4 alkanes, 5 alkenes, 3 alcohols, 6 aldehydes, 3 ester, 2 furans, 2 163 

ketones, 6 sulfides, and 1 thiol (Table 2).  164 

Table 2.  165 

Volatile organic compounds detected from fresh onions stored at confined and unconfined space 166 

during sampling. 167 

Batch 

     Confined spacea Unconfined spaceb 

  1 3 6 1 3 6 
storage 
room 

Compoundc RT 
(min) 

Group  
Relative concentration  

(%) 
propene 5.79 alkene <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
acetaldehyde 7.22 aldehyde  9.10 0.77 1.04 0.16 0.27 0.24 0.34 
methanethiol 7.52 thiol 0.06 0.03 0.04 <0.01 0.04 0.01 0.02
methyl formate 7.88 ester 0.02 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 
2-methyl-1-propened 7.96 alkene 0.04 0.10 0.19 0.03 0.04 0.07 0.06 
propanal 9.23 aldehyde 0.44 0.15 0.33 0.02 0.03 0.03 0.04 
acetone 9.35 ketone 16.56 16.80 19.63 1.24 2.51 3.92 5.52 
carbon disulfide 9.35 sulfide 4.38 4.78 7.35 15.68 13.48 21.04 21.48 
dimethyl sulfide 9.43 sulfide 1.71 7.15 1.33 0.95 0.71 0.81 0
methyl acetate 9.67 ester 1.45 0.40 0.33 0.02 0.04 0.06 0.04 
isopropyl alcohol 9.80 alcohol 0.23 0.03 0.04 <0.01 <0.01 <0.01 0.01 
(E)-2-pentene 9.88 alkene <0.01 <0.01 <0.01 0.02 0.02 0.05 0.02 
isoprene 9.89 alkene 0.17 0.23 0.28 0.04 0.08 0.08 0.10 
pentane 9.94 alkane 0.54 0.58 0.45 1.65 2.14 2.82 2.78 
(Z)-2-pentene 9.95 alkene <0.01 <0.01 <0.01 0.04 0.05 0.09 0.04 
1-propanol 10.35 alcohol 0.35 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 
2-methylpropanal 10.55 aldehyde 0.04 0.05 0.05 <0.01 <0.01 <0.01 <0.01
2-methyl-2-propanol 10.65 alcohol 0.02 0.03 0.04 0.09 0.12 0.13 0.24 
2-methylfuran 10.74 furan 0.04 0.08 0.07 0.02 0.03 0.04 0.04 
3-methylfuran 10.88 furan 0.07 0.10 0.08 <0.01 <0.01 <0.01 <0.01 
2-butanone 10.95 ketone 3.07 <0.01 4.13 0.43 0.50 0.66 0.80 
ethyl acetate 11.06 ester 7.97 2.33 2.90 0.40 0.51 0.60 0.76
hexane 11.44 alkane 0.99 0.32 0.09 1.19 0.45 1.82 1.46 
acetic acid 11.55 acid 26.39 35.17 50.31 56.89 61.83 46.23 47.64
3-methylbutanal 12.05 aldehyde 0.13 0.26 0.23 0.02 0.01 0.03 0.04 
pentanal 12.37 aldehyde 0.21 0.56 0.70 0.77 0.96 1.07 1.38 
methyl propyl sulfide 12.46 sulfide 2.41 11.81 0.19 8.59 2.45 2.99 0.66 
(Z)-methyl 1-propenyl sulfided 12.50 sulfide 0.39 4.78 0.13 0.27 0.17 <0.01 0 
dimethyl disulfide 12.63 sulfide 10.93 6.36 3.93 1.08 1.71 2.45 0 
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heptane 12.80 alkane 0.06 0.06 0.09 0.18 0.14 0.28 0.18 
hexanal 14.05 aldehyde 1.54 3.74 4.88 4.64 5.58 6.65 7.99 
octane 14.55 alkane 8.27 2.86 0.65 4.76 5.15 6.83 7.42 
methyl propyl disulfide 16.98 sulfide  2.38 0.45 0.49 0.77 0.95 0.97 0.90
a Air was sampled from the headspace of onions incubated for 20 h at 18 °C (confined space) and analysed at 18 °C. 
bAir was sampled from the headspace in the vicinity of onions stored at 0.5 °C (unconfined space) and analysed at 
18 °C. cCompounds suggested by the NIST database (version 2.1.2, NIST, Gaithersburg, MD) were verified by 
comparing the retention times and mass spectral data with those of authentic reference compounds unless noted.   
d Tentatively identified. The top abundant ions for 2-methyl-1-propene were 41 (100), 56 (62), 39 (60) and for (Z)-
methyl 1-propenyl sulfide were 88 (100), 73 (97), 45 (69).  

 168 

3.1 VOC sampling of biological and technical replicates 169 

The reproducibility of the VOC method was tested on biological and technical replicates (Fig. 2) 170 

of ‘Hypark’ (batch 3). The total VOC emission was higher from biological replicate 1 (average 362 171 

nmol kg-1) than from replicate 2 (204 nmol kg-1) and 3 (189 nmol kg-1) probably due to differences 172 

in the disease ratio. The total disease ratio was 6.9%, 8.1%, and 7.5% for the three biological 173 

samples (data not shown) and thus similar, however, the ratio of bulbs with sour skin (B. cepacia) 174 

was almost double in replicate 1 (4.4%) than in replicate 2 and 3. Here the ratio of sour skin was 175 

1.9% and 2.5%, respectively (data not shown). In conclusion, VOC data from samples of fresh 176 

onions infected with diseases should be treated as separate samples as infection may vary and 177 

influence the VOC results. To decrease uncertainty in the analysis, however, several samplings of 178 

the same biological sample is recommended. 179 
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  180 

Fig. 2. Total VOC emission from three biological replicates of ‘Hypark’ (batch 3) incubated at 181 

18 . The technical replicates were obtained by sampling three times from the same biological 182 

replicates. Different letters indicate significant differences at P = 0.05. 183 

3.2 Total VOCs and disease ratio  184 

The total emission were 284, 190, and 133 nmol kg-1 for batch 1, 3, and 6, respectively, at confined 185 

space and the corresponding estimated respiration rate were 12.85, 11.60, and 9.44 ml CO2 kg-1 h-186 

1 (Table 3). Onions from batch 1 had higher VOC emission and respiration rates than onions from 187 

batch 6, which was in accordance with the higher disease ratio of batch 1 (Table 3). The ratio was 188 

14.1% in batch 1 and 2.8% in batch 6. A similar trend was observed in onions at bulk storage at 189 

0.5 °C (unconfined storage). The VOC concentration was almost 50% higher from batch 1 than 190 

from batch 6. However, the values were not statistical different as the emitted VOCs were mixed 191 

into the storage air after emission from the diseased onions. The data for disease ratio at unconfined 192 

space showed that 10.9% of the onions of batch 1 and 4.4% of batch 6 in the bulb size 40-80 mm 193 

were diseased. These results indicate that more VOCs were emitted from diseased onions in bulk 194 

storage but that the VOCs were easily mixed with room air. This shows that there is a need for 195 
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sensitive and continuous measurement of emitted VOCs in bulk storage to identify the early 196 

changes in onion quality and get more reliable results.  197 

Table 3.  198 

Total volatiles, respiration rate and disease ratio for onions analysed at confined or unconfined 199 

spacea. 200 

 
    Confined space 

 
Unconfined space 

Batch 1 3 6 
 

1 3 6 
storage 
room 

 nmol kg-1  nmol L-1 
Total volatiles 284ab 190ab 133b  10.2A 8.4AB 6.9AB 5.3B 
 

   
Respiration rate  (ml CO2 kg h-1) 12.85a 11.60a 9.44a  - - -  
         
         
Disease ratioc (%) Onions from top box  Onions from bottom box  
  Machine sorting 9.4 7.6 4.3  10.9 9.7 4.4 
  Manuel sorting 14.1 7.5 2.8  - - - 

a Air was sampled from the headspace of onions incubated for 20 h at 18 °C (confined space) or from the headspace 201 
in the vicinity of onions stored at 0.5 °C (unconfined space). Both samples were analysed at 18 °C. Onions for analysis 202 
at confined space were taken from the top box while VOCs at unconfined space were sampled in the bottom box.            203 
b Samples with different letters in a row are significant different at P = 0.05. cThe disease ratio was determined by 204 
machine on the 2 ton boxes at end of storage or by manual sorting following VOC sampling at confined space.  205 

 206 

3.3 Comparison of individual VOCs sampled at confined and unconfined space 207 

Most VOCs detected from fresh onions stored in confined and unconfined space were lower than 208 

1% of the total VOC concentration. The most dominant compounds in the confined space were 209 

acetic acid, acetone, dimethyl disulfide, acetaldehyde, octane, ethyl acetate, carbon disulfide, 2-210 

butanone, methyl propyl sulfide, methyl propyl disulfide, dimethyl sulfide, hexanal, and methyl 211 

acetate (>1%), from higher to lower in percentage. In the unconfined space, acetic acid, carbon 212 

disulfide, methyl propyl sulfide, octane, hexanal, pentane, acetone, hexane, dimethyl disulfide and 213 

dimethyl sulfide were the most dominant compounds in the air sampled from the boxes. 214 
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The relative distribution of individual compounds showed that no dimethyl sulfide and dimethyl 215 

sulfide, and (Z)-methyl 1-propenyl sulfide were detected in the storage air (Table 2). These 216 

compounds have earlier been correlated with Fusarium-infection (Wang et al. 2018b). The 217 

presence of these compounds in the profiles from the boxes indicate that specific VOCs to some 218 

extent accumulated inside the boxes during infection.  219 

4. Conclusions 220 

VOCs could be sampled and detected from bulk storage of onions either in a small confined space 221 

at 18 °C at or in a big storage room at 0.5 °C. Data showed that biological samples should be 222 

considered as a separate sample and that use of technical replicates could decrease uncertainty in 223 

the analysis. Total VOCs and respiration of onions in confined space showed a positive relation 224 

with the disease ratio. A similar trend was observed for total VOCs at unconfined space; more 225 

VOCs were emitted from fresh onions having higher than lower disease ratio in bulk storage. This 226 

shows that the VOC method is a promising tool for detection of diseases in bulk storage but that 227 

the method needs to be further developed before it can be applied in commercial storage of onions 228 

kept in an unconfined space.   229 
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