
Towards commercial production of Kunzea ambigua 
(Sm.) Druce Distilled Oil: Maximising the oil yield and 

enhancing the bioactive constituents 

by 

Chanjoo Park 

MSc Food Science and Nutrition 

BSc Food science and Nutrition 

Tasmanian Institute of Agriculture | College of Science and Engineering 

Submitted in fulfilment of the requirements for the Doctor of Philosophy 

University of Tasmania November, 2021 



I 

Declarations 

Declaration of originality 

This thesis contains no material which has been accepted for a degree or diploma by the 

University or any other institution, except by way of background information and duly 

acknowledged in the thesis, and to the best of my knowledge and belief no material previously 

published or written by another person except where due acknowledgment is made in the text 

of the thesis, nor does the thesis contain any material that infringes copyright. 

 05.07.2021 

Chanjoo, Park 

Statement of authority of access 

This thesis may be made available for loan and limited copying and communication in 

accordance with the Copyright Act 1968. 

Chanjoo, Park 



II 

Abstract 

Essential oil, extracted from the leaves and twigs of Kunzea ambigua (Sm.) Druce, is 

increasingly in high demand by industry for its ‘soft, medicinal and soothing aroma’ and 

claimed muscle relaxant properties. Production is moving from wild-harvested to orchardised 

stands populated with germplasm selected from native flora based on higher yield and 

improved quality of oils. However, there is limited research regarding the growth and 

production of K. ambigua and kunzea essential oil. To produce large quantities of kunzea 

essential oil with a consistent, high quality profile for commercial size, agronomic and post-

harvest management protocols need to be established.  

This study first investigated extraction technology and the potential to optimise the distillation 

time to maximise oil yield and produce kunzea essential oil with a targeted chemical profile. 

This study showed that the highest oil yield was collected between 30 and 60 mins, much of 

which was dominated by monoterpenes and oxygenated monoterpenes. Longer distillation 

times resulted in oil fractions that were relatively high in levels of sesquiterpenes and the 

bioactive component viridiflorol (22.45 %) which reached a maximum at 240 mins. 

Steam distillation requires large quantities of material to predict oil yield and quality which can 

be problematic when the amount of vegetation is limited, such as in the evaluation of young 

plants in a germplasm selection program. Experiments investigating the use of small-scale 

solvent extraction to extrapolate the quality of steam-distilled oil were also performed. Sample 

preparation (frozen or oven-dried at 40°C) and extraction solvents (petroleum ether and 

ethanol) were investigated. The ethanol extraction of frozen K. ambigua leaves was shown to 

effectively predict the oil yield and chemical constituents of steam distilled oil. This technique 

was used for selecting superior, high yielding cultivars which contained higher levels of 

viridiflorol (highly desired by the market).  
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Kunzea is still predominantly wild-harvested in North East Tasmania, and the first step for 

establishing plantations is to choose superior clones. This study aimed to (i) compare the 

chemical constituents of ethanol extracts from wild-grown and cultivated kunzea and (ii) 

investigate the genetic variation in oil yield and chemical constituents of distilled oil, sourced 

from cultivated plants. Although the qualitative chemical composition of ethanol extracts from 

kunzea grown in the natural habitat was similar to that subsequently produced by their cloned 

progeny undergrown in ideal conditions, the results showed quantitative variability, and 

associated phenotypic factors.  The amount of chemical components in kunzea extract was 

higher in cultivated plants compared to wild-harvested samples, possibly due to optimised 

growing conditions and plant age. The variations in oil yield and chemical profile among 

distilled oils from different germplasms grown under identical conditions, confirmed genetic 

variability within the wild populations, presenting the opportunity to selectively propagate and 

breed elite K. ambigua cultivars by appropriate plant selection.  

 

Intensity and season of harvest has significant impacts on the recovery of the plants and the 

quality and quantity of kunzea essential oil produced. The responses to the depth of cut at 

harvest (harvest intensity) of shallow (0.2m above ground) and deep-cut harvest (0.1m above 

ground), undertaken in early summer, were compared to uncut material (control). The 

cumulative above-ground biomass of shallow-cut was two-fold higher, relative to deep-cut 

treatment with a concomitant higher oil content in shallow-cut (1.84 ± 0.11% DW) compared 

to deep-cut treatment (1.54 ± 0.32% DW) in spring. In particular, deep-cut treatment resulted 

in the plants having inadequate resources for re-growth and essential oil biosynthesis. There 

was no seasonal variation in oil content while the kunzea essential oil extracted from autumn 

cropping showed enhanced levels of bioactive components such as 1-8 cineole and viridiflorol. 

Therefore, the recovery of biomass post-harvest is optimised by shallow-cut harvests and 

autumn cropping maximised oil quantity, yielding premium kunzea essential oil with enhanced 
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levels of bioactive components. 

Essential oils are inherently volatile and contain thermolabile components. The retention of 

these chemicals is key to aroma quality. This study investigated the changes in oil colour and 

chemical compositions of kunzea essential oil over eight months of storage at -20°C (freezer), 

4°C (refrigerator) and 20°C (room temperature), respectively. An additional influence 

with/without the light was also implemented at 20°C (room temperature). Colour indicated 

alterations in stored kunzea essential oil where poor storage conditions resulted in a loss of 

‘greenness’ (a* values). This study also showed that lower levels of bicyclogermacrene and 

enhanced concentration of α-terpineol could be an indicator of degraded kunzea essential oil. 

Notably, kunzea essential oil exposed to light had significantly decreased components of 

germacrene D, β-caryophyllene, and α-humulene, probably due to thermal isomerisation. 

Overall, kunzea essential oil stored in a freezer or refrigerator (below 4°C) was the most stable 

and consistent in colour and chemical profile whereas there is evidence that some components 

may be oxidized when exposed to light with negative consequences for oil colour and quality. 

This thesis has provided for improved production strategies to maximise the quantity and 

quality of kunzea essential oil from the view of the extraction technique (distillation time), 

selection of superior cultivars, the productivity of crop (plant recovery and oil quantity/quality 

depending on harvest intensity and timing), and stability of oils.  High market demand requires 

that more studies be undertaken, focused on increasing the oil quantity and quality through crop 

management with appropriate plant selection for a sustainable and profitable industry.  



V 

Acknowledgements 

This project has been funded by Essential oils of Tasmania (EOT) and Tasmanian Institute 

Agriculture (TIA). Completing this thesis would not have been possible without the support 

and help of many people, especially within TIA. 

I would like to sincerely thank and acknowledge the contributions of time, support and advice 

provided by my supervisors, Dr. Sandra Garland and Professor. Dugald Close. I would like to 

extend my profound gratitude to Dr. Sandra Garland for her scientific guidance and 

encouragement during my Ph D study. I feel privileged to have her as friendly supervisor 

who always allowed me to walk into her offices whenever I had questions or difficulties. I 

also like to thank Professor. Dugald Close for his enormous support and scientific guidance to 

discuss on the research results and provide the constructive comments on manuscripts.  

I would like to acknowledge with thanks to industry partners the resources, support, and 

advice kindly supplied to the project by Essential oils of Tasmania, especially Simon Wells 

and Derek Zwart. Further, I would like to give to thanks to commercial kunzea producer, 

Kelvin Wagner, Steve Bacchus, and John Hood for providing the plant material and kunzea 

essential oil together with their priceless advice and suggestion on kunzea production based 

on their experience. 

I would like to give thanks to Professor. Robert Menary, Dr. Alieta Eyles, and Dr. Matthew 

Wilson for sharing their knowledge of plant nutrition and Australian native plants. 

I would like to thank to Dr. David Nichols for helping me with Gas Chromatography, GC/MS 

and compound identification, and Dr Karsten Gömann for helping me with the SEM. 



VI 

I would like to give thanks to Caroline Claye and Phil Andrews for substantial support in 

executing laboratory work and establishing the trials in greenhouse. 

Most of all, thank you to my family members for their encouragement, moral support, and 

endless love. Further, my special thanks go to all staff members and my friends at the 

Tasmanian Institute of Agriculture for their support and friendly company during my study. 



VII 

Publications (submitted) arising from this thesis 

Manuscripts of refereed journals 

Chapter 3: 

Park.CJ, Garland S.M. and Close D.C. (2021). Yield and profile of essential oil of Kunzea 

ambigua (Sm.) Druce: prediction using solvent extraction and effects of distillation time 

(prepared for submission) 

Journal of essential oil-bearing plants 

Chapter 4: 

Park.CJ., Garland S.M. and Close D.C. (2021). Ecotype and environmental factors influencing 

the chemical constituents of Kunzea ambigua (Sm.) Druce ethanol extract and distilled oil 

(prepared for PhD thesis) 

Targeting journal: Journal of applied research on medicinal and aromatic plant 

Chapter 5: 

Park.CJ., Garland S.M. and Close D.C. (2021). The influence of harvest intensity and season 

on yield and quality of essential oil of Kunzea ambigua (Sm.) Druce (submitted) 

Journal of applied research on medicinal and aromatic plant 

Chapter 6: 

Park.CJ., Garland S.M. and Close D.C. (2021). The influence of temperature, light and shelf-

life on the colour and chemical profile of kunzea essential oil (submitted)  

Journal of applied research on medicinal and aromatic plant 



VIII 

Statement regarding published (submitted) work contained in this thesis 

The publishers of the papers comprising Chapters 3,5,6 and appendices hold the copyright for that 

content and access to the material should be sought from the respective journals. The remaining non-

published content of the thesis may be made available for loan and limited copying and 

communication in accordance with the Copyright Act 1968. 

05.07.2021 

Chanjoo, Park 

Statement of co-authorship 

The following people and institutions contributed to the publication arising from this thesis: 

Candidate: Chanjoo Park - School of Land and Food (75%) 

Author 1: Sandra Garland – Tasmanian Institute of Agriculture (15%) 

Author 2: Dugald Close – Tasmanian Institute of Agriculture (10%) 

Contribution of work by co-authors for each paper: 

PAPER 1: Located in Chapter 3 

Title: Yield and profile of essential oil of Kunzea ambigua (Sm.) Druce: prediction using 

solvent extraction and effects of distillation time   

(Prepared for submission to the Journal of Essential Oil Bearing Plants) 

Author contributions: 

Conceived and designed experiment: Candidate, Author 1, Author 2 

Performed the experiments: Candidate 

Analysed the data and prepared the manuscript: Candidate 



IX 

Interpreted the data: Candidate, Author 1, Author 2 

Edited the manuscript: Author 1, Author 2 

PAPER 2: Located in Chapter 5 

Title: The influence of harvest intensity and season on yield and quality of essential oil of 

Kunzea ambigua (Sm.) Druce 

(Submitted to Journal of Applied Research on Medicinal and Aromatic Plants_2021.06.02) 

Author contributions: 

Conceived and designed experiment: Candidate, Author 1, Author 2 

Performed the experiments: Candidate 

Analysed the data and prepared the manuscript: Candidate 

Interpreted the data: Candidate, Author 1, Author 2 

Edited the manuscript: Author 1, Author 2 

PAPER 3: Located in Chapter 6 

Title: The influence of temperature, light, and shelf life on the colour and chemical profile of 

kunzea essential oil during storage 

(Submitted to Journal of Applied Research on Medicinal and Aromatic Plants_2021.06.18) 

Author contributions: 

Conceived and designed experiment: Candidate, Author 1, Author 2 

Performed the experiments: Candidate 

Analysed the data and prepared the manuscript: Candidate 

Interpreted the data: Candidate, Author 1, Author 2 

Edited the manuscript: Author 1, Author 2 



X 

We the undersigned agree with the above stated “proportion of work undertaken” for each of 

the above submitted peer-reviewed manuscripts contributing to this thesis: 

Signed: 

Chanjoo, Park Sandra Garland Michael Rose 

Candidate Primary Supervisor Head of School 

School of Land and Food School of Land and Food School of Land and Food 

University of Tasmania University of Tasmania University of Tasmania 

Date: 05.07.2021 Date: 08.07.2021 Date: 12.07.2021 



XI 

Short contents 

Chapter 1. General introduction 

Chapter 2. Review of literature  

Chapter 3. Yield and profile of essential oil of Kunzea ambigua (Sm.) 

Druce: prediction using solvent extraction and effects of distillation time 

Chapter 4. Ecotype environmental factors influencing the chemical 

constituents of Kunzea ambigua (Sm.) Druce ethanol extract and distilled 

oil 

Chapter 5. The influence of harvest intensity and season on yield and 

quality of essential oil of Kunzea ambigua (Sm.) Druce 

Chapter 6. The influence of storage temperature, light and shelf-life on the 

colour and chemical profile of kunzea essential oil 

Chapter 7. General discussion 

Chapter 8. Pilot trials 

Technical reports 8.1.1 Investigation of heat shock and smoke on seed 

germination and development of K. amibgua 

Technical reports 8.2.1 Plant growth, yield, and essential oil content of K. 

ambigua in response to nitrogen and phosphorus fertilisation 

Technical reports 8.3.1 Comparative study of essential oil obtained from 

K. ambigua from steam distillation and hydro-distillation.

Technical reports 8.4.1 Chemical composition, antimicrobial, and 

antioxidant properties of kunzea essential oil 



XII 

Table of contents 

Statements and Declarations 

Declarations ............................................................................................................................. I 

Abstract .................................................................................................................................... II 

Acknowledgements .................................................................................................................. V 

Publications (submitted) arising from this thesis ............................................................... VII 

Manuscripts of refereed journals ...................................................................... VII 

Statement regarding published (submitted) work contained in this thesis ....................... VIII 

Statement of co-authorship ................................................................................................. VIII 

Contribution of work by co-authors for each paper: ......................................................... VIII 

Short contents ......................................................................................................................... XI 

Table of contents ................................................................................................................... XII 

List of Figures ................................................................................................................... XVIII 

List of Tables ....................................................................................................................... XXI 

Chapter 1. General Introduction ........................................................................................... 1 

1.1. Objectives of the thesis ...................................................................................................... 1 

1.2. Structure of the thesis ....................................................................................................... 4 

Chapter 2. Review of the Literature ..................................................................................... 8 

2.1. Introduction....................................................................................................................... 8 



XIII 

2.1.1. Essential oils............................................................................................... 8 

2.1.2. Essential oils chemistry ............................................................................ 10 

2.1.3. Essential oils industry in Australia ........................................................... 11 

2.1.4. Australian native aromatic plants ............................................................. 14 

2.1.5. The family Myrtaceae .............................................................................. 16 

2.1.6. Genus Kunzea ........................................................................................... 18 

2.1.7. Kunzea ambigua (Sm.) Druce and kunzea essential oil ........................... 19 

2.1.8. Plantation production and standardisation of essential oils ...................... 24 

2.2. Literature cited ................................................................................................................ 28 

Chapter 3. Yield and profile of essential oil of Kunzea ambigua (Sm.) Druce: 
prediction using solvent extraction and effects of distillation time ...................... 36 

Abstract ................................................................................................................................... 36 

3.1. Introduction..................................................................................................................... 37 

3.2. Materials and methods .................................................................................................... 39 

3.2.1. Materials ................................................................................................... 39 

3.2.2. Plant collection ......................................................................................... 39 

3.2.3. Sample pre-treatment and extraction methodologies ............................... 40 

3.2.4. Steam distillation ...................................................................................... 40 

3.2.5. Chemical analysis by gas chromatography (GC) ..................................... 41 

3.2.6.  Statistical analyses .................................................................................. 42 

3.3. Results and discussion .................................................................................................... 43 

3.3.1.  Comparison of sample preparation and solvent extraction treatments .... 43 

3.3.2.  The chemical profile of kunzea essential oil extracted by steam 
distillation ........................................................................................................... 45 

3.3.3. Solvent extraction composition relative to that of steam distilled oils ..... 46 

3.3.4. The rate of oil accumulation, total yield, and composition of kunzea 
essential oil during distillation ........................................................................... 48 

3.4. Conclusions ..................................................................................................................... 50 

3.5. Acknowledgements .......................................................................................................... 51 



XIV 

3.6. Literature Cited ............................................................................................................... 51 

Chapter 4. Ecotype and environmental factors influencing the chemical 
constituents of Kunzea ambigua (Sm.) Druce ethanol extract and distilled oil ... 55 

Abstract ................................................................................................................................... 55 

4.1. Introduction..................................................................................................................... 57 

4.2. Materials and methods .................................................................................................... 59 

4.2.1. Plant collection and propagation .............................................................. 59 

4.2.2. Materials ................................................................................................... 61 

4.2.3. Solvent extraction ..................................................................................... 61 

4.2.4. Isolation of oils ......................................................................................... 61 

4.2.5. Gas chromatography ................................................................................ 62 

4.3. Results ............................................................................................................................. 63 

4.3.1. Chemical constituents of wild-grown and cultivated kunzea extracts ...... 63 

4.3.2. Oil yield and chemical variability of kunzea essential oil extracted from 
cultivated plants ................................................................................................. 70 

4.4. Discussion ....................................................................................................................... 75 

4.4.1. Genetic and environmental factors influencing the chemical constituents 
in wild-grown and cultivated kunzea ethanol extracts ....................................... 75 

4.4.2. Cultivar as a factor affecting the oil yield and chemical variability in 
distilled oil. ......................................................................................................... 77 

4.5. Conclusions ..................................................................................................................... 80 

4.6. Acknowledgements .......................................................................................................... 81 

4.7. Literature Cited ............................................................................................................... 81 

Chapter 5. The influence of harvest intensity and season on yield and quality of 
essential oil of Kunzea ambigua (Sm.) Druce .......................................................... 86 

Abstract ................................................................................................................................... 86 



XV 

5.1. Introduction..................................................................................................................... 88 

5.2. Materials and methods .................................................................................................... 90 

5.2.1. Materials ................................................................................................... 90 

5.2.2. Experimental location, climate, and soil characteristics .......................... 90 

5.2.3. Plant materials and experimental design .................................................. 92 

5.2.4. Isolation of oils ......................................................................................... 92 

5.2.5.  Gas chromatography ............................................................................... 93 

5.2.6. Extraction methodology for soluble sugars and starch ............................ 96 

5.2.7. Data and statistical analysis...................................................................... 96 

5.3. Results ............................................................................................................................. 97 

5.3.1. The effect of harvest intensity and season on NSCs, biomass 
accumulation, and yield of kunzea essential oil ................................................. 97 

5.3.2. The effect of harvest intensity and season on the chemical constituents of 
kunzea essential oil (%) ................................................................................... 102 

5.4. Discussion ..................................................................................................................... 105 

5.4.1. Plant growth and the allocation of NSCs of K. ambigua in response to 
harvest intensity and season ............................................................................. 105 

5.4.2. The effect of harvest intensity and season on the quantity of kunzea 
essential oil ....................................................................................................... 107 

5.4.3. The effect of harvest intensity and season on the quantity of kunzea 
essential oil ....................................................................................................... 109 

5.5. Conclusions ................................................................................................................... 111 

5.6. Acknowledgements ........................................................................................................ 112 

5.7. Literature Cited ............................................................................................................. 113 

5.8. Supplementary data ...................................................................................................... 120 

Chapter 6. The influence of temperature, light, and shelf life on the colour and 
chemical profile of kunzea essential oil during storage ....................................... 121 

Abstract ................................................................................................................................. 121 

6.1. Introduction................................................................................................................... 122 



XVI  

6.2. Materials and methods .................................................................................................. 124 

6.2.1. Materials ................................................................................................. 124 

6.2.2. Essential oils storage conditions ............................................................ 124 

6.2.3. Oil colour measurement ......................................................................... 125 

6.2.4. Gas chromatography .............................................................................. 125 

6.2.5. Statistical analyses ................................................................................. 127 

6.3. Results ........................................................................................................................... 127 

6.3.1. Changes in colour of kunzea essential oil during storage ...................... 127 

6.3.2. The changes in chemical constituents of kunzea essential oil during 
storage .............................................................................................................. 130 

6.4. Discussion ..................................................................................................................... 138 

6.4.1. The influence of storage conditions on the colour of kunzea essential oil
 .......................................................................................................................... 138 

6.4.2. The changes in chemical compositions of stored kunzea essential oil ... 139 

6.5. Conclusions ................................................................................................................... 143 

6.6. Acknowledgements ........................................................................................................ 144 

6.7. Literature Cited ............................................................................................................. 144 

Chapter 7. General discussion and conclusions ................................................... 149 

7.1. Research objectives and key findings ........................................................................... 149 

7.1.1. Develop improved extraction and distillation conditions ....................... 149 

7.1.2. Screen for superior germplasm from wild populations for inclusion in 
commercial production ..................................................................................... 150 

7.1.3. Effects of intensity and timing of harvest .............................................. 151 

7.1.4. The effect of storage conditions over time on kunzea essential oil ........ 152 

7.1.5. Additional findings arising from preliminary research .......................... 153 

7.2. Future research direction ............................................................................................. 155 

7.3. Conclusions ................................................................................................................... 158 

7.4. Literature cited .............................................................................................................. 161 



XVII  

Chapter 8. Pilot trials ............................................................................................. 163 

Technical report 8.1. Summary of pilot studies ........................................................ 163 

Technical reports 8.1.1. Investigation of heat shock and smoke on seed germination and 
development of K. ambiuga .................................................................................................. 163 

Technical reports 8.1.2. Plant growth, yield, and essential oil content of K. ambigua in 
response to nitrogen and phosphorus fertilisation ................................................................ 171 

Technical reports 8.1.3. Comparative study of essential oil obtained from K. ambigua from 
steam distillation and hydro-distillation................................................................................ 185 

Technical reports 8.1.4. Chemical composition, antimicrobial, and antioxidant properties of 
kunzea essential oil ............................................................................................................... 192 

Literature cited technical report 8.2. ..................................................................................... 203 
 



XVIII 

List of Figures 

Figure 2-1. The distribution of K. ambigua in Australia. (Atlas of Living 

Australia, 2017)…………………………………………………………..19 

Figure 3-1. The percentage composition and total oil yield (% DW) of 

kunzea essential oil accumulated during four hours of steam distillation..49 

Figure 4-1. Distribution of wild K. ambigua collected across North-East 

Tasmania in this study……………………………………………………59 

Figure 4-2. Monoterpenes, sesquiterpenes, and total volatile components 

between wild and cultivated K. ambigua ethanol extract (mg/g DW) from 

various collection sites across Tasmania…………………………………69 

Figure 4-3. The oil yield (% DW) from K. ambigua cultivated after 

collection from sites across Tasmania using steam distillation for five 

hours ……………………………………………………………………..69 

Figure 4-4. The grouped chemical constituents (A) and key constituents 

(B) of kunzea essential oil extracted from the cultivated K. ambigua…70

Figure 5-1. The mean monthly rainfall, minimum and maximum 

temperature at Pioneer, Tasmania from February to December in 2019 

(obtained from the SILO, https://www.longpaddock.qld.gov.au/silo/point-

data/)...........................................................................................................91 

Figure 5-2. Cumulative above ground biomass (g DW/m2) of K. ambigua 

following harvest treatments of control, shallow-cut and deep-cut imposed 

in Summer (28/12/2018) and from sampling of simulated harvest of 1m2

plots during subsequent late Summer (22/02/2019), Autumn (09/04/2019) 

and Spring (06/12/2019)………………………………………………....99 

https://www.longpaddock.qld.gov.au/silo/point-data/
https://www.longpaddock.qld.gov.au/silo/point-data/


XIX 

Figure 5-3. The significant interaction effect (A) and main effect of 

harvest intensity and season, respectively (B) on the major chemical 

constituents (%) in kunzea essential oil…………………………………104 

Supplementary Figure 5-4. The fluctuation in major and minor chemical 

components of kunzea essential oil (%) according to harvest intensity and 

season……………………………………………………………………119 

Figure 6-1. Changes in colour (L*, a* and b*) of kunzea essential oil 

during storage…………………………………………………………...127 

Figure 6-2. The interaction effect (storage period×storage conditions) on 

total colour differences (Δ E*) of kunzea essential oil relative to Day1..129 

Figure 6-3. The interaction effect of storage period and conditions on the 

chemical components of bicyclogermacrene, α-humulene, α-campholenal 

and linalool in kunzea essential oil stored for eight months…………...135 

Figure 6-4. The changes in major (A) and minor components (B) of stored 

kunzea essential oil for eight months under different storage conditions, 

relative to fresh oil………………………………...…………………….137 

Chapter 8: Pilot trials 

Figure 8-1. K. ambigua seed. (A) Light microscopy image (B) SEM of 

whole seed (C) SEM of seed cut in half………………………………...167 

Figure 8-2. SEM of seed germination and subsequent development (A and 

B: 0 days, C: 5-6 days, D: 8 days and E:11-12 days) in K. ambiuga…...168 

Figure 8-3. Chlorotic leaves in K. ambiuga (left: healthy plant and right: 

leaves turning yellow) after 13 weeks of fertiliser treatments…………..179 

Figure 8-4. The colour reaction on the crushed leaves of K. ambigua when 



XX 

exposed to diphenylamine………………………………………………180 

Figure 8-5. The oil yield of kunzea essential oil extracted by steam 

distillation (SD) and hydro-distillation (HY) for five hours…………….188 

Figure 8-6. The antioxidant activity of kunzea essential oil……..……..198 



XXI 

List of Tables 

Table 1-1. The structure and objectives of the thesis……………………...6 

Table 2-1. Production figures of important essential oils (Lawrence, 

2009)……………………………………………………………………….8 

Table 2-2. The annual production and markets for Tasmanian essential oils 

(Nguyen, 2003)…………………………………………………………...14 

Table 2-3. Species that are processed for their essential oils from the Genus 

Kunzea……………………………………………………………………19 

Table 2-4. Various kunzea essential oil products in Australia with different 

company and market price………………………………………………..20 

Table 2-5. The chemical profile of commercial Ducane kunzea essential oil 

(Thomas et al., 2010a)……………………………………………………22 

Table 2-6. The compositional requirements for tea tree oil as defined by 

international standard (ISO-4730)………………………………………..26 

Table 3-1. The effect on the yield of chemical components of K. ambigua 

(mg/g DW) (a) oven- drying at 40°C compared to freeze/thawed material 

prior to ethanol extraction and using (b) solvents petroleum ether and 

ethanol (freeze/thawed material)………………………………………….43 

Table 3-2. Major volatile components identified in kunzea essential oil (% 

in chemical constituents) extracted using steam distillation for five 

hours……………………………………………………………………...45 

Table 3-3. Comparison of the recovery of chemical components of K. 

ambigua (mg recovered/g DW) from freeze/thawed sample preparation and 

ethanol extraction compared to those recovered during five hours of steam 



XXII 

distillation………………………………………………………………...46 

Table 4-1. Climate averages over years (1903-April 2021: annual rainfall, 

1990-June 2021: daily global solar exposure, 1910-May2021: 

maximum/minimum temperature) of the study sites……………………...60 

Table 4-2. Chemical compounds of wild and cultivated K. ambigua ethanol 

extracts (mg/g DW) collected from across North-east Tasmania…………65 

Table 4-3. The genetic variation in chemical constituents (%) of kunzea 

essential oil from cultivated K. ambigua using steam distillation for five 

hours. ……………………………………………………………………..71 

Table 5-1. The physicochemical properties of topsoil to 200mm depth 

which represents the distribution of the majority of the root profile of K. 

ambigua at the field trial. …………………………………………………91 

Table 5-2. Identified chemical components in kunzea essential oil1) 

extracted from K. ambigua………………………………………………..96 

Table 5-3. Starch and soluble sugars in leaves, branches and roots sampled 

on 6th December 2019 subsequent to harvest intensity treatments of control, 

shallow cut (0.2m above ground), and deep cut (0.1m above the ground) 

which were imposed on 28 December 2018…………………………..…..98 

Table 5-4. Growth rate (GR) of biomass (g DW/m2/day), oil content (% 

DW), essential oil yield (g DW per m2) and cumulative oil yield (g DW per 

m2; sum of biomass at time zero and that collected at subsequent harvest 

dates) of K. ambigua following treatments of control, shallow-cut and deep-

cut harvests imposed in Summer (zero time: 28/12/2018) and from 

subsequent simulated harvest of 1m2 plots in late Summer (22/02/2019), 

Autumn (09/04/2019) and Spring (06/12/2019)…………………………101 



XXIII 

Table 5-5. The major and minor chemical components in kunzea essential 

oil (%) from two-way ANOVA with initial harvest intensity (HI), season (S) 

and their interaction (HI × S) as variability factors………………………103 

Table 6-1. The percentage composition of chemicals identified in fresh 

kunzea essential oil compared to that stored for eight months under different 

conditions………………………………………………………………..132 

Chapter 8. Pilot trials 

Table 8-1. Germination parameters for K. ambigua seeds following 

combinations of heat and smoke treatments……………………………..168 

Table 8-2. The difference in oil yield (A) and the major chemical 

composition (%) (B) of kunzea essential oil from two cultivars………....176 

Table 8-3. Effect of cultivar and fertiliser on plant height (cm), total leaf 

area (cm2), stem width (mm), and harvested biomass (DW g/plant) after 46 

weeks from the commencement of the trial……………………………..178 

Table 8-4. Effect of cultivar and fertiliser on oil content (% DW), and 

essential oil yield (g DW/plant)……………………………………………….181 

Table 8-5. The effect of fertilisers on the major chemical components (%) 

of K. ambigua in relation to two different cultivars (A: Coll and B: Rwn, 

respectively)……………………………………………………………..183

Table 8-6. Chemical composition of kunzea essential oil extracted by steam 

distillation (SD) and hydro-distillation (HY)………...…………………189 

Table 8-7. Identified major chemical composition (% in oil) of 

commercial kunzea essential oil………………………………….……..196 

Table 8-8. Radical scavenging of kunzea essential oil and ascorbic acid 



XXIV 

with DPPH………………………………………………………………198 

Table 8-9. Range of MIC and MBC values (%, v/v) of kunzea essential 

oil………………………………………………………………………..199 



1 

Chapter 1. General Introduction 

1.1. Objectives of the thesis 

Kunzea essential oil is a relatively new essential oil crop compared to 

essential oil crops such as tea tree (Melaleuca alternifolia), lavender 

(Lavandula angustifolia), and fennel (Foeniculum vulgare). The production 

of kunzea essential oil is progressing from wild harvest to plantation based, 

for a sustainable and profitable industry. However, there is limited research 

regarding the production of K. ambiuga and kunzea essential oil. To become 

commercial, production techniques for maximising the oil yield and quality 

need to be established. Further, it is fundamental for consumers and industry 

to know the shelf life of kunzea essential oil to ensure its consistency of 

quality. There are significant knowledge gaps in the growing of K. ambigua 

and production of kunzea essential oil that formed the basis of the objectives 

of this study.   

Superior clones for yield and quality: Kunzea is still predominantly wild-

harvested in North East Tasmania, and the first step for establishment of 

plantations is to choose superior clones for high quality and yielding 

cultivars. Therefore, comparing the oil yield and chemical constituents of K. 

ambigua distributed across Tasmania would enable a future 

selection/breeding program for cultivars that are high yielding with 

enhanced bioactive chemical components. Further, the clonal propagation 

of high-yielding selections would allow for the upscale of plantations to 

enable a profitable industry that more quickly reaches viable economies of 

scale. One of the first steps is to find a rapid, high throughput method to 
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assess and inform the selection of germplasm. 

Distillation method and time:  The effect of distillation time and method 

on kunzea essential oil could be manipulated to target the oil yield and 

chemical constituents. Currently, kunzea essential oil is steam-distilled for 

three hours from the freshly cut leaf and branchlets of wild-growing K. 

ambigua in Tasmania’s North East. However, conditions used in the 

distillation process can affect the yield and quality of essential oils. 

Therefore, investigating the distillation conditions for kunzea essential oil 

could optimise the distillation efficiency and target specific components in 

kunzea essential oil. 

 

Seed germination: Rapid upscaling of plantations would be facilitated by 

developing seed-lines, yet some anecdotal evidence has identified poor 

germination rates following Kunzea seed drilling. Exposure to heat shock 

and/or smoke could break seed dormancy in K. ambigua. By optimising the 

germination of K. ambigua seed, it could successfully expand the 

development of plantations, owing to increased germination rate.  

 

Field harvest intensity and timing: It is critical to understand plant 

recovery from different approaches to harvest intensity and timing. 

Commercial harvest at different intensities, and across seasons anecdotally 

has significantly different impacts on the recovery of the stands. Research 

into these factors could enable optimal oil yield and quality as a consequence 

of optimal plant recovery post-harvest.  
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Plant nutrition: It is important to understand plant nutritional requirements 

of the crop given the intensive harvest schedules to ensure sustainability and 

consistency of yield. K. ambigua grows rapidly in sandy, granite soils across 

its natural distribution. The development of fertiliser strategies for K. 

ambigua grown and harvested in managed plantations are essential for 

ensuring soil replenishment of harvested nutrients and a profitable and 

sustainable industry. 

 

Storage: The stability of kunzea essential oil during storage under different 

conditions over time will inform best practice to optimise the quality of 

kunzea essential oil after production and packing. Essential oils are 

inherently volatile with thermolabile components that are key to aroma 

qualities. Hence, it is fundamental for consumers and industry, concerned 

with aromatherapy, to know that the effectiveness and quality of kunzea 

essential oil products are stable. Specifically, for marketing and labelling 

purposes, industry requires that the recommended storage conditions and 

‘use by date’ of kunzea essential oil are established. 

 

Bioactivity: Verifying the antioxidant and antimicrobial activity of kunzea 

essential oil may inform various uses in cosmetics, household sanitiser, and 

medical products. This information will assist compounding chemists in 

creating effective natural treatments. Kunzea essential oil has been widely 

used for many different purposes by the first nations peoples of Australia. 

K. ambiua extract and kunzea essential oil have shown insect repellent, 

antimicrobial, and antifungal activity. It is necessary to elucidate and 
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quantify the various biological activities of kunzea essential oil for utilising 

kunzea essential oil products, including verification of antimicrobial and 

antifungal activity. 

These knowledge gaps were identified in collaboration with the industry 

partner, Essential Oils of Tasmania (EOT), in order to contribute towards 

the development of the commercial production of kunzea essential oil and 

increase demand on the global market. 

 

1.2. Structure of the thesis 
 

 Table 1-1 outlines the structure and objectives of the experimental chapters 

of this thesis. Supplementary research to the experimental chapters is 

presented as technical reports in the Appendix.  

 

Chapters 1 and 2 provide the background and a brief literature review of 

topics relevant to the thesis. Chapter 3 investigated the use of small-scale 

solvent extraction to extrapolate the yield and quality of steam distilled oil 

from small samples as well as the effect of distillation time at intervals up to 

240 mins of oil from K. ambigua.  

 

Chapter 4 explored the phenotypic factors influencing the chemical 

constituents of kunzea ethanol extract and distilled oil. Specifically, this 

study aimed to (i) compare the chemical constituents between wild-grown 

and cultivated K. ambigua extract and (ii) investigate the genetic variation 

in oil yield and chemical constituents of essential oil, sourced from 

cultivated plants.  
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Chapter 5 investigated the influence of harvest intensity and season on yield 

and quality of essential oils. This chapter aimed to determine the influence 

of distinct approaches to harvest intensity (control, shallow or deep-cutting) 

and season on 1. biomass accumulation and non-structural carbohydrate 

levels to inform harvest intensity strategies and: 2. variation in oil yield and 

quality of kunzea essential oil to inform the timing of harvest strategies.  

 

Chapter 6 investigated the influence of storage temperature, light, and shelf-

life on the colour and chemical profile of kunzea essential oil.  

 

Chapter 7 comprises a general synthesis and discussion. This chapter draws 

conclusions based on the findings of the whole study and suggests further 

research towards improving current production.  

 

Chapter 8 describe pilot trials conducted as part of this research. Technical 

report 8.1.1. describes the effect of heat shock and smoke on seed 

germination and development of K. ambigua. The effects of N and P 

fertilisation on plant growth, yield, and essential oil content of two cultivars 

of K. ambigua were investigated in Technical report 8.1.2. Technical report 

8.1.3. describes a comparative study of essential oil obtained from steam 

distillation and hydro-distillation. Lastly, the antimicrobial and antioxidant 

properties of kunzea essential oil were studied in Technical report 8.1.4. 
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Table 1-1. The structure and objectives of the thesis. 

Chapter titles  Objectives 

Chapter 3: Yield and profile of 

essential oil of K. ambigua: 

prediction using solvent extraction 

and effects of distillation time 

 
Develop solvent extraction to 

extrapolate the yield of steam 

distilled oil and the effect of 

distillation times on oil quality at 

intervals of up to 240 mins. 

Chapter 4: Genetic and 

environmental factors influencing the 

chemical constituents of kunzea 

ethanol extract and distilled oil 

Investigate the influence of 

phenotypic factors on kunzea ethanol 

extracts and distilled oils and explore 

superior kunzea cultivars for a 

selection/breeding program. 

Chapter 5: The influence of harvest 

intensity and season on yield and 

quality of essential oil of Kunzea 

ambigua (Sm.) Druce  

Determine the influence of harvest 

treatments on biomass, oil yield, and 

quality of kunzea essential oil to 

inform the harvest timing and 

management. 

Chapter 6: The influence of 

temperature, light, and shelf-life on 

the colour and chemical profile of 

kunzea essential oil 

Investigate the changes in oil colour 

and chemical composition of kunzea 

essential oil when stored under 

different conditions and for extended 

periods. 

Chapter 7: General discussion Develop recommendations for 
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maximising the productivity of 

kunzea essential oil production 

together with enhanced bioactive 

constituents. 

Chapter 8: Pilot trials 

Technical reports 8.1.1: Investigation 

of heat shock and smoke on seed 

germination and development of K. 

ambiuga  

 

Optimise the seed germination 

condition of K. ambigua for the rapid 

upscaling of plantations.  

Technical reports 8.1.2: Plant 

growth, yield, and essential oil 

content of K. ambigua in response to 

N&P fertiliser 

Explore how the fertiliser 

management practices affect the 

plant growth and kunzea essential 

oil, in two different cultivars. 

Technical reports 8.1.3: Comparative 

study of essential oil from steam 

distillation and hydro-distillation 

Investigate the extraction of kunzea 

essential oil by steam distillation and 

hydro-distillation. 

Technical reports 8.1.4: Chemical 

composition, antimicrobial, and 

antioxidant properties of kunzea 

essential oil 

Evaluate the antimicrobial and 

antioxidant activity of kunzea 

essential oil. 
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Chapter 2. Review of the Literature 
 
This chapter provides a brief overview of the essential oils industry in 

Australia, followed by a review of Kunzea ambigua (Sm.) Druce and kunzea 

essential oil. Lastly, managed field production and standardisation of 

commercial essential oil are considered. Literature related to individual 

chapters has been omitted from the general introduction, to avoid 

duplication. 

 

2.1. Introduction 

2.1.1. Essential oils 

The international market in essential oils is expanding due to a growing 

number of consumers interested in safe and eco-friendly products containing 

essential oils (Sangwan et al., 2001). The total annual value of the world 

market is of the order of several billions of $US (Baser and Buchbauer, 

2015). The quantities of important essential oils produced around the world 

vary widely (Table 2-1).  

Table 2-1. Production figures of important essential oils (Lawrence, 2009). 

Essential oil(s) Production in 

metric tons 

Main production countries 

Orange oils 51,000 United States, Brazil, Argentina 

Cornmint oil 32,000 India, China, Argentina 

Lemon oils 9,200 Argentina, Italy, Spain 

Eucalyptus oils 4,000 China, India, Australia, South Africa 

Peppermint oil 3,300 India, United States, China 

Clove leaf oil 1,800 Indonesia, Madagascar 
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Citronella oil 1,800 China, Sri Lanka 

Spearmint oils 1,800 United States, China 

Cedarwood oils 1,650 United States, China 

Litsea cubeba oil 1,200 China 

Patchouli oil 1,200 Indonesia, India 

Lavandin oil Grosso 1100 France 

Corymbia citriodora 1000 China, Brazil, India, Vietnam 

Essential oils, also known as volatile oils, are defined as volatile aromatic 

oily compounds that are concentrated from plant material including, but not 

limited to, flowers, leaves, and twigs (Guenther, 1952). The most common 

method for the commercial production of essential oils is through steam 

distillation (Van de Braak and Leijten, 1999). Also, essential oils can now 

be extracted using modern microwave-assisted hydro-distillation which 

requires no additional water, other than cytosolic and vascular fluids already 

present in the source tissue (Reverchon, 1997; Chiasson et al., 2001). Strictly 

speaking, modern microwave-assisted hydro-distillation is not hydro 

distilled, but distillation. Considering this point, a more specific definition 

of essential oils from The International Organisation for Standardisation 

(ISO) is a “product obtained from natural raw material, either by distillation 

with water and steam, or from the pericarp of citrus fruits by mechanical 

processing, or by dry distillation” (Verbruggen et al., 2008).  

 

Van de Braak and Leijten (1999) reported that approximately 3000 essential 

oils are known, of which about 300 are commercially used as flavours and 

fragrances. Commonly, essential oils have various biological activities, such 
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as anti-nociceptive, anticancer, anti-inflammatory, penetration-enhancing, 

insect repellent, antiviral and antioxidant effects (Adorjan and Buchbauer, 

2010). 

 

2.1.2. Essential oils chemistry 

Essential oils consist of 85-99% volatile and 1-15% non-volatile 

components. The volatile components are a mixture of terpenes, terpenoids, 

and other aromatic and aliphatic constituents, all characterised by their low 

molecular weight in the range of 50-200 Daltons (Smith-Palmer et al., 2001; 

Bakkali et al., 2008; Rowan, 2011). Among the various role of terpenes in 

Myrtaceae, there is a defensive role against herbivores and pathogens (Kant 

and Baldwin, 2007). Structurally, terpenes are comprised of isoprene units 

(C5H8) and exist as hydrocarbons, alcohols, ketones, and oxides. A 

classification of terpenes is determined by the number of isoprene units. 

 

The major classifications fall into monoterpenes (C10), sesquiterpenes (C15), 

and aromatic compounds, including phenylpropanoids. Monoterpenes 

include hydrocarbons (α-pinene), alcohols (menthol, linalool, para-

menthane-3,8-diol), aldehydes (cinnamaldehyde and cuminaldehyde), 

ketones (thujone), ethers (1,8-cineole), and lactones (nepetalactone). In 

particular, monoterpenes are the most representative molecules constituting 

as much as 90% of some essential oils (Sánchez-González et al., 2011). 

Because of these compounds, essential oils contain not only biological 

activity, but also fragrant properties. Sesquiterpenes normally appear as 

several acyclic, mono, bi, tri, and tetra-cyclic systems (Thakur et al., 2006).  
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2.1.3. Essential oils industry in Australia 
 

Australia produces a wide variety of essential oils from native vegetation 

and commercial plantations such as Eucalyptus, tea tree, lavender oils, and 

smaller quantities of sweet fennel and parsley (Lawrence, 1985).  

  

In Australia production of essential oils did not start on a commercial scale 

until the early 19th century. At that time, the early pioneers investigated the 

distillation of a variety of native species to search for medicines for the 

fledgling colony (McCartney, 2003). In the 20th century, researchers 

cataloged hundreds of native plant species for their medicinal and 

commercial qualities (Dowell, 2019). After that, researchers have trialed and 

distilled a wide variety of crops ranging from rare indigenous plants to well-

established species, such as lavender and citrus (McCartney, 2003). 

Currently, the majority of commercial production within Australia occurs in 

New South Wales, Victoria, and Tasmania (Nguyen, 2003). The most 

significant crop is that of tea tree (Melaleuca alternifolia) in NSW with 

plantation covering over 3,000 ha. After 70 years of production of tea tree 

oil from natural bush stands, by the end of the second century, nearly 99% 

of tea tree oil was sourced from commercial plantations (Davis, 2003). 

Commercial production of eucalyptus oil (Eucalyptus polybractea) 

commenced in 1852 in Dandenong Creek Victoria. By 1900 the industry 

was firmly established, and for the next fifty years, Australia remained the 

world's largest supplier of eucalyptus oil (Stuckey, 1885). However, since 

the 1950s Australia’s market share has fallen due to overseas production at 

much lower cost and the consequent lower price of eucalyptus oil in the 
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market (Harris et al., 2003). Organic management ensured high quality of 

oils, and the crops were harvested every two years (Bosisto's, 2020).  

The major essential oils in Tasmania are peppermint (Mentha piperita) and 

fennel (Foeniculum vulgare) with average annual production of 12 and 15 

tonnes, respectively. Further, Bridestowe Estates Lavender Farm in North 

East Tasmania is the only commercial-scale producer of lavender oil in 

Australia (Nguyen, 2003).  

Although some native flora is still wild harvested (eg. Tasmanian Native 

Pepper) most essential oils are produced from managed plantations. Tea tree 

oil (Melaleuca alternifolia) (TTO) is a good example of successfully 

progressing from wild-harvested to plantation production. In the 1920s, 

TTO was first developed by Arthur Penfold for its medicinal properties 

(Penfold and Grant, 1926; Penfold and Morrison, 1946). At that time, TTO 

was produced from natural bush stands of the plant in North East New South 

Wales and Southern Queensland (Swords and Hunter, 1978). Commercial 

plantations were established in the 1970s and 1980s, enabling the industry 

to mechanise and produce large quantities of a consistent commercial 

product (Brophy et al., 1989; Johns et al., 1992). 

 

As mentioned, other essential oils commercially produced in Australia are 

peppermint, fennel, and parsley (Penfold and Willis, 1954; Hammer et al., 

1999). The major compounds of the essential oil extracted from fresh 

peppermint leaves are menthone (15.4%), menthofuran (18.2%), menthol 

(35.4%), and menthyl acetate (12.4%) (Pino et al., 2002). Clark and Menary 

(1980, 1981) found that the chemical component of peppermint leaves and 
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oil vary with plant maturity, variety, geographical area, harvest date, 

nitrogen application, irrigation rate, and processing condition.  

Fennel (Foeniculum vulgare Mill.) is a perennial plant grown commercially 

in Europe, and more recently in Tasmania, for its essential oil  (Buntain and 

Chung, 1994). Based on appearance and composition, fennel is classified in 

several categories including wild fennel, bitter fennel, sweet fennel, and 

culinary florence fennel (Bagchi and Srivastava, 2003). Well-drained and 

calcareous soils in a sunny situation are the most suitable conditions for 

fennel production (Bhattacharya, 2016b). Fennel oil has a yellow colour and 

a unique odour, due to anethole, fenchone, and methyl chavicol content 

(García-Jiménez et al., 2000).  

Parsley (Petroselinum crispum Mill.) is a biennial herb belonging to the 

family Apiaceae. This herb is commercially cultivated as an annual crop for 

its aromatic fresh, dry leaves and essential oils (Bailey; El-Aleem et al., 

2016). Oil from parsley (Petroselinum crispum) is commonly extracted from 

the seed or the herb harvested at seed formation, before ripening (Heath, 

1981). Parsley leaf contains the characteristic parsley aroma. In general, the 

major compound of parsley oil is 1, 3, 8-p-menthatriene, followed by β-

phellandrene, myristicin, and myrcene (Simon and Quinn, 1988). Other 

publications report that the major constituent is apiol, followed by β-

phellandrene and myristicin (Kołota, 2011). 

 

The Tasmanian essential oils industry has a reputation as a reliable supplier 

of consistent quality essential oil products. The island is ideally suited to 

produce essential oils, having a mild climate, highly fertile soils, high 
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latitude, a clean atmosphere, and abundant water. As shown in Table 2-2, 

the essential oils commercially produced in Tasmania include peppermint 

(Mentha piperita), fennel (Foeniculum vulgare), parsley (Petroselinum 

crispum), and lavender (Lavandula angustifolia) (Nguyen, 2003). 

Additionally, Tasmania produces and exports a variety of essential oils from 

unique native species, such as Kunzea (Kunzea ambiuga), Boronia (Boronia 

megastigma), and Tasmanian mountain pepper (Tasmannia lanceolata) (see 

next section). However, the production and markets for these oils are still 

limited (McCartney, 2003).  

Table 2-2. The annual production and markets for Tasmanian essential oils 

(Nguyen, 2003).  

Product type Name Average 
annual 

production 
(tonnes) 

Amount exported 

(%) 

Essential oil Fennel 15 50 

Peppermint 12 9 

Parsley 

(herb and seed) 

6 95 

Dill weed 2 95 

Lavender 1.5 90 

Kunzea 0.5 95 

Extract Boronia 0.1 95 

Blackcurrant 0.1 95 

Mountain pepper 0.1 85 

 

2.1.4. Australian native aromatic plants 

Australia’s rich native flora, comprising more than 25,000 plant species, 
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have traditionally been used as food and medicine (Cooper and Cooper, 

2004), and more recently, in pharmacy, medicine, food, beverage, 

cosmetics, perfumery, and aromatherapy (Wilkinson et al., 2003). The 

bushfood industry includes herbs, spices, nuts, essential oils, and fruits and 

has an annual value of $10-12 million (Graham and Hart, 1997; Hyde, 1998; 

Ahmed and Johnson, 2000).  

 

The Western Australian species, Boronia megastigma Bartl. (Rutaceae) is 

commercially known for its fragrant flowers (Cribb and Cribb, 1981), and 

an essential oil industry was developed in the early 1990s. Thirty hectares 

of boronia is in production in Australia, yielding two tonnes of flowers per 

hectare, the majority of this in Tasmania (AgriFutures, 2020). Boronia oil 

(brown boronia) is sold as a solvent extract (concrete) of the flowers and is 

rich in β-ionone and dodecyl acetate. The concrete is further refined to 

produce absolutes which are used in perfume and as food flavouring 

(Plummer et al., 1999).  

Lemon myrtle (Backhousia citriodora) is an important and highly aromatic 

native shrub endemic to eastern Australia (Hayes and Markovic, 2002). The 

major volatile constituents are citral (3,7-dimethylocta-2,6-dienal), neral (Z-

isomer), and geranial (E-isomer), and these components exhibit a lemon 

aroma (Schieberle and Grosch, 1988; Brophy et al., 1995; Nhu-Trang et al., 

2006). The lemon myrtle oil has broad-spectrum antimicrobial activity and 

is very effective against fungi and has increased the potential to use essential 

oils in food preservation and in the treatment of postharvest diseases in fruits 

(Sultanbawa, 2016). The largest commercial plantation (1.2 million plants) 
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is at Palm Grove near Proserpine in central QLD which is complemented by 

multiple smaller plantings (±10,000 plants) in northern NSW and south-

eastern QLD. Total farm gate value ranges from $7 million to $23 million 

for dried leaf and essential oils (Clarke, 2012). 

 

Tasmannia lanceolata (commonly known as Tasmanian pepper or mountain 

pepper) is a shrub native to Tasmania and South East Australia (Cock, 2013). 

The major production is currently derived from wild-harvested stands in 

Victoria and Tasmania, but there are some small plantations. Production 

capacity is estimated to be approximately 10 tonnes of dry leaf and six 

tonnes of dried berry (RIRDC, 2008). T. lanceolata has a wide range of uses 

as a commercial extractive crop and is one of few species worldwide known 

to produce a dialdehyde chemical known as polygodial (áde Groot, 1991). 

Polygodial confers a hot, burning sensation when consumed and it is a 

commercially useful substance having applications in the food and fragrance 

industries. It is reported to have potential as an antifungal agent (Taniguchi 

et al., 1988; Fujita and Kubo, 2005; Malheiros et al., 2005). 

 

2.1.5. The family Myrtaceae 

The family Myrtaceae has approximately 140 genera around the world made 

up of several thousand species and members can be found on all continents 

(Johnson and Briggs, 1981). In particular, Myrtaceae is one of the most well-

represented families in Australia, and is an ancient family, dating from the 

Eocene era and its genera include Eucalyptus and Baeckea (Christophel and 

Lys, 1986). The diversity of the Myrtaceae is notable, with forms ranging 
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from large trees in the tropical and temperate rainforests (Syzygium 

coryrzanthum and Eucalyptus regnans) to small shrubs in arid central 

Australia (Thryptomerze niaisonizeuvei and Micromyrtus flaviflora) (Gill, 

1981). Myrtaceae are widely known for their abundance of bioactive 

terpenoids, tannins, flavonoids, and phloroglucinol derivatives (Ghisalberti, 

1996).  

 

Myrtaceae is one of the chemically most variable and substantial essential 

oil yielding plant families (Stefanello et al., 2011). In particular, several 

commercially produced myrtaceous oils are used for their therapeutic 

purpose such as Kunzea ericoides (kanuka), Leptospermum scoparuim 

(manuka), Kunzea ambigua (Sm.) Druce (kunzea), and Melaleuca 

alternifolia (tea tree) (Cornwell and Lassak, 2010). The essential oils 

extracted from species of the family Myrtaceae found in Australia have a 

fumigant effect, due to high levels of 1, 8-cineole, and α-pinene (Lee et al., 

2004; Padovan et al., 2014). Because of its unique bioactivity effect, 

essential oils belonging to Myrtaceae species have been researched for their 

potential for commercial use in insecticidal, antifungal, and medical 

products (Homer et al., 2000; Chaieb et al., 2007). Terpenes have also been 

used as taxonomic markers in the Myrtaceae (Dunlop et al., 1999). Brophy 

and Clarkson (1992) found the essential oils of the Genus Neofabricia 

(Myrtaceae) showed a terpenoid character, supporting a morphologically 

based taxonomic revision of the genus. Specifically, N. mjoebergii was 

mainly sesquiterpenoid in character with α-pinene and caryophyllene 

making up to 50% of the oil along with appreciable levels of humulene. In 
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the case of Eucalyptus, the presence of several unique compounds, such as 

piperitol and piperitone are used to define taxonomic units (Bignell et al., 

1998). Hence, chemical differences in essential oils and terpene chemotypes 

can be used to establish taxonomic relationships (Keszei et al., 2008). 

 

2.1.6. Genus Kunzea 

Genus Kunzea includes nearly 42 woodland species native to Australia, and 

New Zealand (Elliot and Jones, 1990; Wrigley and Fagg, 2003). Kunzea is 

mostly distributed across eastern and southern Australia and grows naturally 

in coastal or nearby areas, with a few species found further inland. Kunzea 

is closely related to Callistemon, Melaleuca, and Leptospermum. However, 

there is a difference in its stamen arrangement (Ladiges et al., 2003).  

 

Most Kunzea have dense foliage, which contains strongly aromatic and 

volatile compounds. In particular, the essential oils from the Kunzea genus 

are recognized for their antimicrobial activity including oils from K. 

ambigua, K. baxterii, and K. ericifolia (Silva et al., 2010). Thomas et al. 

(2010a) studied the essential oils of Tasmanian K. ambigua, other Kunzea 

spp., and commercial Kunzea essential oil using GC/MS and GC/FID. The 

oils from five other Kunzea spp. showed a significant difference in chemical 

compositions. Specifically, K. “Badja Carpet” showed high β-pinene 

content (56.1%), and K. muelleri contained the highest level of 

bicyclogermacrene (15.7%) among all the analysed oils. Furthermore, K. 

parvifolia contained an oil rich in ϒ-terpinene (36.5%) and p-cymene (5%). 
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Table 2-3. Species that are processed for their essential oils from the Genus 

Kunzea. 

Scientific name  Common name 

Kunzea ericoides Kanuka 

Leptospermum scoparium            Manuka 
Kunzea ambigua (Sm.) Druce Kunzea 

Melaleuca alternifolia Tea tree 

 

2.1.7. Kunzea ambigua (Sm.) Druce and kunzea essential oil 

K. ambigua is a woodland species native to southern Australia and Tasmania 

and it grows naturally to 1.5 meters (height) and spreads to approximately 4 

meters (Wrigley and Fagg, 2003). The plants commonly blossom between 

September and early November (Elliot and Jones, 1990; Bryant, 2005). The 

fine, lanceolate leaves of K. ambigua aggregate to form dense foliage which 

contains strongly aromatic and volatile compounds. The pale-yellow kunzea  

has a spicy, pine-eucalyptus odour (Dragar, 1986).  

 

Figure 2-1. The distribution of K. ambigua in Australia (Atlas of Living 

Australia, 2017). 
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In Tasmania, kunzea essential oil is commercially produced by steam 

distillation of vegetative material from native stands by several small-scale 

plantations, and much of the oil is distributed through the market by 

Essential Oils of Tasmania (EOT). Production is estimated at approximately 

300-500kg p.a. with annual sales of nearly AU$100,000 (Thomas, 2012). 

Currently, the shelf price of kunzea essential oil varies, depending on which 

marketing company is presenting the end-product (Table 2-4).  

Table 2-4. Various kunzea essential oil products in Australia with different 

company and market price. 

Origin Product name Company Price 

Tasmania Kunzea essential oil  

(10 ml) 

Zea relief $18.95 

($1.89 / ml) 

Tasmania Ducane Estate kunzea oil 

(14 ml) 

Ducane $17.05 

($1.21 / ml) 

Tasmania Kunzea oil (15ml) Pure of 

Tasmania 

$ 32.95 

($2.19/ml) 

Unknown 

(Mainland) 

Australian native kunzea 

pure essential oil (9 ml) 

In essence $ 29.95 

($ 3.32 /ml) 

Unknown 

(Mainland) 

Australian kunzea oil 

(15 ml) 

Tilley 

Australia 

$19.95 

($1.33 /ml) 

Unknown 

(Mainland) 

Kunzea essential oil 100% 

pure Kunzea ambigua (Sm.) 

Druce 

(10 ml) 

Plant 

essentials 

$ 28.95 

($ 2.89/ ml) 

Unknown 

(Mainland) 

Australian Kunzea (10 ml) Eco. Aroma 

Essential Oil 

$ 35.00 

($ 3.5/ml) 

Unknown 

(Mainland) 

Australian Native Kunzea 

Pure Essential Oil (9 ml) 

In Essence $ 30.12 

($ 3.34/ml) 
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The Therapeutic Goods Administration (TGA) has recognized the use of 

kunzea essential oil as a therapeutic product for the relief of the symptoms 

of influenza, temporary relief of arthritic pain, and relief of nervous tension, 

stress, muscular aches, and pains (ARTC ID. 72143 and ID. 2914841). 

Although K. ambigua is still a relatively unknown essential oil, it has been 

widely used for many different purposes such as an insect repellent and 

healing agent for a wide range of ailments by the first nations peoples of 

Australia (Thomas, 2012; EOT, 2020).  

 

Previous work has found significant variation in essential oils from 

individual K. ambigua plants in their content of α-pinene (0.6–62.5%), 1,8-

cineole (0–11.2%), bicyclogermacrene (0.4–14%), spathulenol (0.5–

12.2%), globulol (0.5–22.6%) and viridiflorol (0.3–38%). Further, the 

chemical constituents of commercial Ducane kunzea essential oil has been 

investigated and are listed in Table 2-5 (Thomas et al., 2010b). These 

findings elucidated the compositional variation within a small selection of 

plants from Tasmania and mainland Australia but could not attribute the 

range of chemical profiles to different genotypes. Studies are required to 

distinguish between genotype and phenotype, but previous studies did 

present the possibility of potential gains that could be made through 

selection and breeding of superior kunzea germplasm for managed 

plantings. 
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Table 2-5. The chemical profile of commercial Ducane kunzea essential oil 

(Thomas et al., 2010a). 

Chemical constituents Retention index % chemical constituents 

α-thujene 930 0.2 

α-pinene 938 48.3 

Sabinene 977 0.4 

β-pinene 982 0.6 

myrcene 994 0.3 

α-terpinene 1020 0.2 

p-cymene 1028 0.4 

limonene 1032 1.2 

1,8-cineole 1036 14.5 

(Z)-β-ocimene 1046 0.3 

isoamyl butyrate 1054 0.1 

ϒ-terpinene 1058 0.1 

linalool 1097 0.3 

isoamyl isovalerate 1102 0.5 

α-campholenal 1127 0.1 

trans-pinocarveol 1143 0.1 

terpinen-4-ol 1170 0.5 

α-terpineol 1197 1.9 

citronellol 1227 1.0 

geraniol 1252 0.1 
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α-copaene 1380 0.1 

α-gurjunene 1412 0.4 

β-caryophyllene 1425 0.7 

aromadendrene 1444 0.6 

α-humulene 1461 0.3 

allo-aromadendrene 1466 0.7 

viridiflorene 1497 2.0 

bicyclogermacrene 1501 2.8 

cadinene 1522 0.4 

calamenene 1527 1.0 

palustrol 1577 0.3 

spathulenol 1584 0.6 

caryophyllene oxide 1590 0.1 

globulol 1594 7.9 

viridiflorol 1603 6.5 

ledol 1613 1.3 

Total  96.80 

A study in 2009 compared the efficacy and tolerability of topical application 

of kunzea essential oil and amorolfine (an antifungal drug) for the 

management of toenail onychomycosis (Jacobson, 2009). A total of 71 

patients participated in the study. In the Kunzea treated group, diseased 

toenail areas decreased by 38%. Mycological cure (absence of fungal 

infection) was found in 41% of kunzea treated cases, 34.4% of patients 

showed marked improvement, 37.5% of patients were found to have a slight 

improvement in their fungal infected great toenails, whilst 18.8% were 
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observed to have no change, or to have experienced a worsening of their 

onychomycosis. Based on the mycology results of this work, it is evident 

that kunzea essential oil has a potential role as a topical anti-fungal 

therapeutic agent in onychomycosis. The market for anti-fungal treatments 

is global and large and could be of considerable value to local producers.  

 

Furthermore, the insecticidal activity of essential oils extracted from several 

Kunzea species has been investigated, including K. ambigua, K. baxterii and 

K. ericifolia (Silva et al., 2010). A mixture of isomers of tetramethyl-

cyclohexene diones, have been isolated from the hexane extract of the aerial 

parts of K. ambigua and K. baxterii (Myrtaceae). The mixture exhibits 

moderate insecticidal activity in comparison with natural pyrethrum extract. 

(Khambay, 2002). Kunzea essential oil has shown to be active against head 

lice (Pediculus humanus capitis), when applied at both 5% and 100% 

alcohol/oil solutions, both of which resulted in 100% mortality (Williams et 

al., 2016b). This holds great potential as an effective alternative to current 

commercial pediculicide formulations. 

 

2.1.8. Plantation production and standardisation of essential oils 

Nearly 119 pure chemical substances extracted from higher plants are used 

in medicine around the globe (Arvigo and Balick, 1993; Newman et al., 

2000). Moreover, approximately 50% of the best-selling pharmaceuticals 

are either natural products or their derivatives and include extracts and 

essential oils (O'Neill et al., 1993). Nearly 3000 essential oils have been 

produced from at least 2000 plant species, out of which 300 are important 
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from a commercial point of view (Djilani and Dicko, 2012). 

 

The economic viability and continued expansion of plantation production in 

Australia are closely related to yield and price of essential oils (Reilly, 

1991), due to global competition (Baker, 1999). Bhattacharya (2016a) 

emphasized that systematic cultivation strategies of essential oil bearing-

plants are necessary to ascertain the steady supply of quality plant materials 

for essential oils production. There are several factors influencing the 

cultivation of aromatic plants such as climate, cultivar, seeding date, harvest 

date, weed pressure, plant disease, and management practices (Okoh et al., 

2008). Plantation establishment provides an opportunity to eliminate the 

genetic and chemical variation that occurs in nature through the selection of 

genetically superior cultivars (Southwell and Lowe, 1999). Eventually, the 

industry would benefit from cultivar selection and clonal propagation for the 

rapid upscale of industry by increasing the oil yield and maintaining a 

consistent quality of essential oils. Blue mallee oil (Eucalyptus polybractea) 

is a good example for improved selection strategies and plantation 

development. The essential oils from Eucalyptus species can vary within 

species and within sub-species (Pearson, 1993). Among eucalyptus oil 

species, blue mallee is central to commercial production in Australia 

because it’s oil generally contains between 80-88% (v/v) of the 

pharmaceutically active 1,8-cineole (eucalyptol) (Goodger et al., 2007). 

Further, blue mallee foliage gives greater oil yields than many other 

commercial eucalyptus oil producing species, with levels as high as 5% 

fresh weight (Brophy et al., 1991). Blue mallee is suitable for mechanical 
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harvesting when grown in short rotation, coppice cultivation, which can 

increase the scale of oil production and therefore reduce the cost (Davis and 

Bartle, 1997).  

For a profitable and sustainable industry, the standardisation of the quality 

of essential oils is also important for manufacturers and producers (Sadgrove 

and Jones, 2015). Currently, there are no established standards for kunzea 

essential oil. Standardisation of essential oils is defined by establishing 

minimum and/or maximum limits of selected constituents. (Cordella et al., 

2002). Establishing a standard for kunzea essential oil would help strengthen 

the market competitiveness of the Tasmanian kunzea essential oil, 

domestically, as well as internationally. For example, the chemical 

compositions of tea tree oil (Melaleuca alternifolia) have been regulated by 

the ISO entitled “Oil of Melaleuca terpinen-4-ol type (tea tree oil)”, since 

1996 (ISO-4730) and specifies the chemical compositional limit for the 14 

constituents. Especially, terpinen-4-ol content must not exceed 30% of the 

oil (Table 2-6). Likewise, the Australian standard (AS 2782-1985) specified 

that the 1,8-cineole content of tea tree oil must not exceed 15%, while 

terpinen-4-ol content must exceed 30%.  

Table 2-6. The compositional requirements for tea tree oil as defined by 

international standard (ISO-4730). 

 Chemical components Minimum (%) Maximum (%) 

1 terpinolene 1.5 5 

2 1,8-cineole - 15 

3 α-terpinene 5 13 
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4 ϒ-terpinene 10 28 

5 o-cymene 0.5 12 

6 terpinen-4-ol 30 - 

7 α-terpineol 1.5 8 

8 limonene 0.5 4 

9 sabinene traces 3.5 

10 aromadendrene traces 7 

11 δ-cadinene traces 8 

12 globulol traces 3 

13 viridiflorol traces 1.5 

14 α-pinene 1 6 
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Chapter 3. Yield and profile of essential oil of Kunzea 

ambigua (Sm.) Druce: prediction using solvent 

extraction and effects of distillation time   

 

This chapter has been prepared for submission to the Journal of Essential 

Oil Bearing Plants.  

 

Abstract 

This study investigated the use of small-scale solvent extraction to 

extrapolate the yield and quality of steam distilled oil when there is 

insufficient material to produce an essential oil of the Australian native 

plant, Kunzea ambigua (Sm.) Druce. The effect on volatile recoveries of 

freezing and drying material, prior to extraction was investigated and the 

relative oil yield and composition of the oil during distillation time was also 

established. Recovery of volatiles was significantly higher from frozen 

samples, relative to oven-dried and ethanol was a more efficient solvent 

compared to petroleum ether. The recovery from solvent extraction were 

similar to, or higher than that from distillation, however, terpinen-4-ol yield 

increased 15 fold during steam distillation. The highest oil yield was 

collected between 30 and 60 mins. α-Pinene and 1,8-cineole were highest in 

the early stage of distillation, whilst viridiflorol gradually increased with 

longer distillation time. Hence, ethanol extraction of frozen K. ambigua leaf 

is useful for predicting oil yield whilst time of distillation can be 

manipulated to maximise bioactive compounds such as viridiflorol. 
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3.1. Introduction 

Kunzea. ambigua is a woodland species native to South Eastern Australia 

and Tasmania (Elliot and Jones, 1990; Wrigley and Fagg, 2003). The fine, 

lanceolate leaves of K. ambigua aggregate to form dense foliage which 

contain strongly aromatic and volatile compounds. The pale-yellow oil of K. 

ambigua has a spicy, pine-eucalyptus odour (Dragar, 1986). Kunzea 

essential oil has been shown to have antimicrobial activity and might also 

be suitable as an ingredient in insect repellent formulations (Thomas et al., 

2009; Thomas et al., 2015).  

Kunzea essential oil is produced by steam distillation of mostly wild 

harvested material which yields from 0.2 to 2% of oil relative to dry weight. 

Commercialisation requires the setting up of managed stands, populated by 

plants selected for high oil yield and quality. This requires a quick screening 

method to, not only assess the content of wild populations with view to 

propagating elite individuals but to monitor the accumulation of quality 

components in response to changing environmental/agronomic and 

harvesting conditions. In ideal circumstances, the analyses of steam distilled 

oils would allow for the assessment of chemical composition and yield, 

however, production requires a minimum of 200g of plant material for 

robust and accurate quantitation. This cannot be viably harvested from 

young plants. Baker et al. (2000) used solvent extraction of small quantities 

of leaves to assess the relative chemical profile of Melaleuca alterfolia. In 
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this study, the volatiles of K. ambigua in solvent-based extracts are 

compared to that of steam-distilled kunzea essential oil to establish an 

efficient analytical method from which we can extrapolate the anticipated 

essential oil yield.   

With a view to optimising this process, post-harvest treatment of the samples 

was investigated. The effect on volatile recovery from drying leaf material 

at 40˚C was compared to that of plants frozen prior to extraction. The loss 

of volatiles from essential oil crops when drying at temperatures greater than 

40˚C has been reported, yet both freezing and drying material below 50°C 

have been shown to conserve oil yield and quality (Venskutonis et al., 1996; 

Arslan and Özcan, 2008; Khangholil and Rezaeinodehi, 2008; Rahimmalek 

and Goli, 2013). Although ethanol has been successfully used in 

microextraction of Melaleuca alternifolia (Tea tree) (Baker et al., 2000). It 

has been proposed that the use of a non-polar solvent such as n-hexane or 

petroleum ether is required to break down non-polar phospholipids that coat 

cell walls (Tiwari et al., 2011). Taskinen (1974) found that lower levels of 

monoterpenes were recovered using alcoholic extraction of sweet marjoram 

compared to steam distilled oils. This study investigated the relative 

recoveries of volatile components from K. ambigua using petroleum ether 

and ethanol as the extracting solvents. 

Steam distillation is a relatively simple, cost-effective, environmentally 

friendly process (Manaf et al., 2013), however, conditions used in the 

distillation process, such a duration, can affect the yield and quality of 

essential oils, as has been shown for peppermint, lemongrass and palmarosa 

crops (Scheffer, 1993; Cassel et al., 2009; Cannon et al., 2013). This has 
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implications for the consistency of the product presented to the market and 

understanding the rate of accumulation of components through the 

distillation process allows for the optimisation and standardisation of the 

essential oil produced. In addition, the energy, time, and resources required 

for distillation can be minimised (Cannon et al., 2013).  

Therefore, the aims of this study were to investigate: 

1. sample preparation and solvent extraction protocols to relate the 

composition of steam distilled oils to small-scale, solvent extracts. 

2. the compositional profile of accumulated oil during distillation time with 

a view to optimising the yield and composition of essential oil of K. 

ambigua. 

 

3.2. Materials and methods 

3.2.1. Materials 

Analytical grade ethanol and petroleum were purchased from Sigma 

(Sigma-Aldrich, St Louis, USA). The internal standards, octadecane, and 

C7-C40 saturated alkanes standard mix (Lot #LRAC3115) were also sourced 

from Sigma-Aldrich, St Louis, USA. All incidental chemicals and reagents 

used were of analytical grade. 

3.2.2. Plant collection 

Replicates of K. ambigua were collected from four blocks established within 

a commercial kunzea plantation in North East Tasmania for the investigation 

of sample pre-treatment and extraction using different solvents (ethanol and 

petroleum ether). Sufficient quantities were collected to allow for the 

subsequent experiment comparing ethanol extraction and steam distillation. 
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The change in composition of K. ambigua oils during steam distillation used 

material collected from Mount William National Park, near the northeastern 

tip of Tasmania, Australia. The wild plant was collected under the authority 

of collection permit number FL17161, issued by the Department of Parks 

and Wildlife, State Government of Tasmania. All harvested materials were 

stored on ice in a cool box during field collection. On return to the 

laboratory, all samples were weighed, and subsamples were taken to be 

dried, whilst the remainders were packed in plastic bags and stored at -18°C. 

Samples from each collection site were examined and confirmed to be K. 

ambigua by the Tasmanian Herbarium, Hobart, Tasmania.  

3.2.3. Sample pre-treatment and extraction methodologies 

The bulk vegetative material was mixed thoroughly and divided into two 

subsamples. The first was frozen prior to extraction whilst the second was 

dried at 40°C for 24 hours. The leaves and twigs (up to 5mm in diameter) of 

samples from both pre-treatments were frozen using liquid nitrogen and 

crushed using a mortar and pestle. The ground material (5g) was placed in 

glass vials with 10ml of solvent (petroleum ether or ethanol) and agitated for 

24 hours at 149 rpm on an orbital shaker bath (KS 500, Janke & Kunkel 

IKA-Werke GmbH, Stauffen, Germany). Octadecane (1mg) was added as 

the internal standard, and the vials were agitated for a further 2 hours at 149 

rpm. Aliquots (1ml) were transferred to 2 mL vials to be analysed by Gas 

Chromatography equipped with a Flame Ionisation Detector (GC FID).  

3.2.4. Steam distillation 

Kunzea essential oil was obtained by steam distillation of leaves and twigs 

(up to 5mm in diameter) for 5 hours on a Clevenger-type apparatus. 
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Approximately 400g of fresh plant material was weighed into 20L stainless 

steel boilers connected to glass condensers and the distillations were timed 

from when the first drop of essential oil was collected in the Florentine part 

of the apparatus. Following partition, the final drops of residual water were 

removed by freezing and the liquid oil was decanted and added back to the 

relevant fractions. Samples were taken at 1, 3, 5, 10, 30, 60, 90, 120, 150, 

180 and 240 minutes.  

The essential oil fractions were weighed, and the yield was calculated as 

milligrams of oil per gram weight of dry plant material (mg/g DW). The oils 

were stored at 4°C prior to being analysed by GC. 

3.2.5. Chemical analysis by gas chromatography (GC) 

Quantitative analyses were performed by GC analysis of the kunzea 

essential oil using a Hewlett Packard, USA 5890 series ll GC equipped with 

FID and a HP-1 crosslinked methyl siloxane column (30mm×0.32mm, film 

thickness 0.25µm). Injector and detector temperatures were set at 220°C and 

300°C, respectively. Oven temperature was increased from 60°C to 210°C 

at 6°C/min and to 280°C at 25°C/min. Total analysis time was 28mins. 

Octadecane was used as the internal standard. Each oil sample (20µL) was 

dissolved in 1mL hexane of which 2µL was injected at a split ratio of 50:1. 

Peak areas and retention times were measured by electronic integration, and 

quantitation was obtained by peak normalisation of GC/FID data.  

The recovery of components extracted (mg) relative to the grams of leaf 

material undergoing solvent extraction and steam distillation was calculated 

as follows: 

mg/g DW of component =  mg dected by GC−FID
mg of oil sub−sampled

 × mg of kunzea oil collected
g (DW)kunzea leaf distilled
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The amount of each component in the kunzea essential oil was calculated 

assuming a 1:1 response ratio of the component to the internal standard;  

mg of component in kunzea oil = area of peak
area of ocatadecane

 × mg of octadecane 

The percentage of chemical components in kunzea oil was calculated as 

follows; 

% component in kunzea oil = mg of component in kunzea oil
mg of kunzea oil

 × 100 

Qualitative analyses of the kunzea essential oil were carried out by GC-MS 

using a Brucker-300triple quadrupole benchtop GC-MS (Bruker 

Corporation, Billerica, USA). The same column was used with similar 

experimental conditions to those described above except that the carrier gas 

was helium at a flow rate of 1.2mL/min. The ion source temperature was 

220°C and the transfer line was held at 290°C. The range from m/z 35 to 

350 was scanned three times every second. The identification of individual 

peaks was done using their Kovats Indices (KI), and mass spectral data was 

compared to those for standard compounds in the MS database of National 

Institute of Standards and Technology (NIST) (Davies, 1990; Thomas et al., 

2010).  

3.2.6.  Statistical analyses 

Analyses of samples from experiments on material preparation, extraction 

solvent, and extraction method were evaluated for significance using 

Independent sample t-test by the SPSS statistical package (Version 18, SPSS 

Inc., Chicago, IL, USA). The effect of distillation time on oil yield and major 

components of kunzea essential oil was evaluated for significance using one-

way analysis of variance (ANOVA) followed by post-hoc Duncan’s 

multiple range tests. The p value < 0.05 was considered as the level of 
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significance using SAS (Version 9.4, SAS Institute INC., Cary, NC, USA) 

software. 

  

3.3. Results and discussion 

3.3.1.  Comparison of sample preparation and solvent extraction treatments 

The recovery of oil components extracted with ethanol from K. ambigua 

vegetative material that had been oven-dried at 40°C was substantially less 

than that from fresh/frozen leaf material that had been thawed before 

analysis (Table 3-1a).  Indeed, some compounds present in the fresh/frozen 

treatment, were either not extracted (terpinen-4-ol) or minimally extracted 

(globulol), from the oven-dried treatment. These results are consistent with 

the investigation of peppermint (Blanco et al., 2000), thyme (Rahimmalek 

and Goli, 2013), and sage (Venskutonis, 1997), where losses of volatile 

components were reported when samples were oven-dried at high 

temperatures (50°C-80°C), relative to low temperatures (freeze, fresh, 30°C 

and 40°C). Huopalahti et al. (1985) reported the production of a less desired 

aroma through the loss of volatiles and the formation of new volatiles by 

oxidation and esterification reactions in dill (Anethum graveolens L.) leaf 

after drying at 50°C, relative to freeze-drying (-20°C). Our results indicate 

that freezing and thawing is a preferred sample preparation technique 

because losses of volatile compounds from the plant material are minimised. 

Ethanol extraction was more efficient in extracting all chemical components 

when compared to those from petroleum ether extraction (Table 3-1b). 

 Table 3-1. The effect on the yield of chemical components of K. ambigua 

(mg/g DW) (a) oven- drying at 40°C compared to freeze/thawed material 
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prior to ethanol extraction and using (b) solvents petroleum ether and ethanol 

(freeze/thawed material). 

 
 

(a) Post-harvest Treatment (b) Solvent Effect 

Oven dried 
40°C 

Frozen/ 
thawed 

Petroleum 
ether 

Ethanol 

α-pinene 0.52 ± 0.17 7.16 ± 1.39* 0.14 ± 0.04 6.66 ± 1.92* 

1,8-cineole 0.16 ± 0.02 1.58 ± 0.42* 0.09 ± 0.01 1.36 ± 0.59* 

terpinen-4-ol bdl 0.02 ± 0.00 bdl 0.01 ± 0.00 

α-terpineol 0.02 ±0.00 0.26 ± 0.08* 0.01 ± 0.00 0.25 ± 0.09* 

bicyclogermacrene 0.13 ± 0.03 2.30 ± 0.75* 0.04 ± 0.02 2.85 ± 0.14* 

globulol 0.03 ± 0.01 0.40 ± 0.01* 0.02 ± 0.00 0.31 ± 0.01* 

viridiflorol 0.55 ± 0.12 3.70 ± 0.66* 0.26 ± 0.10 3.52 ± 1.09* 

ledol 0.05 ± 0.01 0.36 ± 0.03* 0.03 ± 0.01 0.34 ± 0.09* 

bdl: below detection limit 
Each value was expressed as mean ± SD (n=4). 
Values with symbol (*) are significantly different at p < 0.05 (within treatments ‘a’ 
and ‘b’ only) as analysed by Independent samples t-test.  
NS not significant 
 

This was most evident for terpinen-4-ol which was not extracted in 

petroleum ether. During the extraction process, solvents diffuse into the 

solid material and solubilise chemical compounds with similar polarity 

(Tiwari et al., 2011). Despite maceration, the penetration of non-polar 

organic solvent into the aqueous cell is hindered at the non-polar/polar 

solvent interface and fresh kunzea material has up to 47% water content (De 

Castro et al., 1999; Handa, 2008). This may explain our results whereby the 

polar ethanol is a more efficient solvent of essential oil than petroleum ether 

for the extraction of fresh material of K. ambigua, despite the reported 

success of the latter in the extraction of sesquiterpene compounds from 

Tasmannia lanceolate (Poir.) A. C. Smith (Read, 1995). 
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3.3.2.  The chemical profile of kunzea essential oil extracted by steam 

distillation 

The essential oil extracted from the leaves and twigs of K. ambigua is a 

yellowish liquid with a unique sweet and slightly spicy aroma (Dragar, 

1986). The kunzea essential oil extracted by steam distillation in this study 

(Table 3-2) had a similar chemical profile, but differed in relative 

components, to that previously reported (Thomas et al., 2010).  

Table 3-2. Major volatile components identified in kunzea essential oil (% 

in chemical constituents) extracted using steam distillation for five hours. 

No 
 
 

RT 
(min) 

 

Essential oil 
constituents 

 

Formula 
 
 

KI % in chemical 
constituents 

1 3.703 α-thujene C10H16 937 0.10 ± 0.02 
2 3.838 α-pinene C10H16 942 32.48 ± 2.29 
3 4.313 sabinene C10H16 973 0.47 ± 0.15 
4 4.382 β-pinene C10H16 976 0.34 ± 0.03 
5 4.570 myrcene C10H16 985 0.28 ± 0.12 
6 4.767 p-cymene C10H14 994 0.07 ± 0.01 
7 5.011 limonene C10H16 1002 0.09 ± 0.02 
8 5.209 1,8-cineole C10H18O 1008 8.00 ± 2.35 
9 5.536 trans-β-ocimene C10H16 1016 0.14 ± 0.04 
10 5.738 ϒ-terpinene C10H16 1021 0.20 ± 0.05 
11 6.563 isoamyl isovalerate C10H20O2 1041 0.30 ± 0.08 
12 8.013 terpinen-4-ol C10H18O 1077 0.39 ± 0.09 
13 8.259 α-terpineol C10H18O 1083 2.03 ± 0.42 
14 9.701 citronellol C10H20O 1203 0.09 ± 0.01 
15 15.143 bicyclogermacrene C15H24 

1442 8.97 ± 1.77 
17 15.529 calamenene C15H22 1452 0.42 ± 0.05 
18 16.687 spathulenol C15H24O 1479 0.12 ± 0.02 
19 16.817 globulol C15H26O 

1483 1.75 ± 0.24 
20 16.992 viridiflorol C15H26O 1487 12.98 ± 2.12 
21 17.177 ledol C15H26O 1491 1.87 ± 0.25 

Total 71.09 ± 8.13 
RT: Retension time, KI: Kovats Index 
Values of major compounds are given as means ± SD (n=4). 
 

https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C15H24&sort=mw&sort_dir=asc
https://pubchem.ncbi.nlm.nih.gov/search/#collection=compounds&query_type=mf&query=C15H26O&sort=mw&sort_dir=asc
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We found that after five hours of distillation, the major chemical compounds 

of kunzea essential oil were α-pinene (32.48 ± 2.29%), viridiflorol (12.98 ± 

2.12%), bicyclogermacrene (8.97 ± 1.77%), 1,8-cineole (8.00 ± 2.35%), α-

terpineol (2.03 ± 0.42%), and globulol (1.75 ± 0.24%). Thomas et al. (2010) 

reported that commercial kunzea essential oil contained monoterpenes 

(70%) including α-pinene (48.3%), 1,8-cineole (14.5%), and α-terpineol 

(1.9%) and approximately 23% were sesquiterpenes including the major 

components of globulol (7.9%) and viridiflorol (6.5%) and 

bicyclogermacrene (2.8%). However, the kunzea essential oil extracted by 

steam distillation for 5 hours in this study were made up of 44.9% 

monoterpenes and 26.1% sesquiterpenes. In particular, the oils analysed in 

this study contained higher quantities of bicyclogermacrene (8.97%) and 

viridiflorol (12.98%). Despite these differences, the overall profile shown in 

Table 3-2 has the same major components as reported by Thomas et al. 

(2010) which were arrived at after four hours of hydro-distillation.  

3.3.3. Solvent extraction composition relative to that of steam distilled oils 

Assuming that the recovery of components by solvent extraction is 

indicative of that available, it is apparent that low molecular weight 

components, such as monoterpenes and oxygenated monoterpenes, are 

almost fully recovered by steam distillation (Table 3-3). The levels of 

terpinen-4-ol, however, were significantly higher in the steam distilled oil 

(0.15 ± 0.09mg) than they were in the ethanol extract (0.01 ± 0.00mg). 

Additionally, though not statistically significant, there were trends towards 

higher levels of 1,8-cineole and α-terpineol recovered by steam distillation.  

Table 3-3. Comparison of the recovery of chemical components of K. 
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ambigua (mg recovered/g DW) from freeze/thawed sample preparation and 

ethanol extraction compared to those recovered during five hours of steam 

distillation. 

 
 

Ethanol extraction 
(mg recovered/g DW) 

Steam distillation 
(mg recovered/g DW) 

α-thujene 0.02 ± 0.00NS 0.01 ± 0.00 

α-pinene 7.52 ± 0.96NS 6.41 ± 1.06 

sabinene 0.15 ± 0.03* 0.12 ± 0.02 

1,8-cineole 1.52 ± 0.28NS 1.97 ± 0.37 

terpinen-4-ol 0.01 ± 0.00* 0.15 ± 0.09 

α-terpineol 0.28 ± 0.07NS 0.38 ± 0.14 

bicyclogermacrene 2.84 ± 0.13* 1.72 ± 0.30 

globulol 0.89 ± 0.53NS 0.28 ± 0.08 

viridiflorol 4.05 ± 0.31* 2.39 ± 0.64 

ledol 0.37 ± 0.04NS 0.33 ± 0.22 

Each value was expressed as mean ± SD (n=4). Values with symbol (*) are 
significantly different at p < 0.05 as analysed by Independent samples t-test 
(solvent extraction vs steam distillation). 
 NS not significant 

There is the possibility that the recovery of oxygenated monoterpenes may 

be more efficient in steam distillation compared to solvent extraction, 

although this seems unlikely given that these compounds are readily 

extracted from leaf material by ethanol. Thus, we propose two hypotheses 

to explain these findings. Firstly, the heat and steam generated in the 

distillation process may accelerate the osmosis of the oil from the vegetative 

material (Manzan et al., 2003). Secondly, there may be oxidation of 

chemicals that lead to increased levels of terpinen-4-ol. In support of this 

second hypothesis, we found lower levels of sabinene recovered from 
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solvent extraction relative to steam distillation. The transformation of 

sabinene into terpinen-4-ol under mildly acidic conditions was described by 

Wallach (1906) and additional precursors for this process can include α-

thujene, and sabinene hydrate (Southwell and Stiff, 1989). An aqueous 

extract of the ground leaves of K. ambigua had a pH of 4 (Park et al unpub). 

Under these conditions, artefact formation may occur when acid labile 

components are steam distilled. Given that these findings are consistent with 

studies of steam distilled sweet marjoram oil (Taskinen, 1974) and tea tree 

oil (Baker et al., 2000), it seems likely that the conversion of some thujene-

type monoterpenes to terpinen-4-ol occurs during steam distillation of K. 

ambigua material. This has consequences for the oil quality, contributing a 

mentholic/terpenic aroma but also possibly enhancing bioactivity 

(Southwell et al., 1997). 

3.3.4. The rate of oil accumulation, total yield, and composition of kunzea 

essential oil during distillation 

This study targeted the changes in major constituents (α-pinene, 1,8-cineole, 

terpinen-4-ol, globulol, and viridiflorol), which, in sum, comprise nearly 

60% of kunzea essential oil. The rate of accumulation of kunzea essential oil 

was most rapid from 10 mins up until 60 mins over four hours of steam 

distillation (Figure 3-1). The length of the distillation has previously been 

shown to have effects on the essential oil yield of other aromatic plants. 

Steam distilled oil yield (range 0.5 – 6.8%) of lavender (Lavandula 

angustifoloa Mill.) reached a maximum at 60 mins (6.14%), fennel reached 

a maximum of 0.68% at 160 min and that of oregano (Origanum vulgare L.) 

(2.31%) was obtained at 240 mins of distillation time (Zheljazkov et al., 
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2012; Zheljazkov et al., 2013a; Zheljazkov et al., 2013b). This has 

implications where maximising efficiency of yield, irrespective of quality, 

is desired. 

 

Figure 3-1. The percentage composition and total oil yield (% DW) of 

kunzea essential oil accumulated during four hours of steam distillation.  

Values were expressed as means ± SD (n=4). Values with different letters 
were significantly different at p < 0.05 as analyzed by Duncan’s multiple 
range test.  

The composition of kunzea essential oil varied with the duration of 

distillation whereby highly volatile, low molecular weight components, such 

as α-pinene and 1,8-cineole, were collected early in the distillation process. 

The more rapid extraction of oxygenated terpenes compared to the more 

volatile monoterpenes has been attributed to the decreased mass-transfer of 

hydrophobic molecules such as α-pinene into the aqueous vapour (Baker et 

cde bcde
abc ab

a
abcd

de
ef fg fg g

a
ab

b b c

d

d

d
d

d
d

cd
cd ab ab

ab

a

ab

bc
cd

d d

e
e e e

e

d

cd
bc

ab
ab a

h
h

gh fg f

e
d c bc ab a

0

10

20

30

40

50

60

70

80

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

1 3 5 10 30 60 90 120 150 180 240

%
 c

om
po

sit
io

n 
of

 te
rp

en
es

 in
 o

il 
fra

ct
io

n

%
 in

 o
il 

yi
el

d 
(D

W
)

Distillation times (mins)



50  

al., 2000). However, heavy molecular weight components, such as globulol 

and viridiflorol, continued to accumulate through to the end of the four hours 

of distillation, indicative of incomplete recovery (Figure 3-1). Our results 

indicate that kunzea essential oil with elevated levels of α-pinene and 

terpinen-4-ol could be collected between 30 to 60 mins of distillation time, 

whereas oils with high concentration of globulol and viridiflorol can be 

collected after 180 mins of distillation, excluding the majority of the 

monoterpenes. The latter may be preferred given the unique aroma and 

bioactivity of the sesquiterpenes of kunzea essential oil (Cho et al., 2000; 

Thomas, 2012). Duration of distillation has implications for bioactivity in 

other essential oils, for example, fennel oil collected from 20 to 160 mins 

had higher antioxidant capacity than other fractions, owing to higher 

amounts of trans-anethole (Zheljazkov et al., 2013b). In combination, these 

results indicate that careful management of the distillation process could be 

an alternative approach to that of a specialised fractional distillation for 

achieving targeted yield and/or quality of extracted oils. 

 

3.4. Conclusions 

Overall, our findings indicate that a simple ethanol extraction from 

freeze/thawed treated plant material can accurately predict oil yield and the 

accumulation of components using small leaf quantities and that the 

recoveries of low molecular weight components are directly proportional to 

that recovered using steam distillation. However, our finding that the acidic 

conditions of aqueous extracts of K. ambigua during distillation may 

contribute to the conversion of some thujene-type monoterpenes to terpinen-
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4-ol, must be taken into consideration when relating the concentration of 

these components in solvent extracts to those subsequently obtained in the 

oil from steam distillation. Overall, the simplicity and consistency in results 

of solvent extraction make it an ideal analytical methodology to monitor the 

accumulation of secondary metabolites in young K. ambigua material with 

a view to selecting elite germplasm and establishing optimal harvest times. 

During steam distillation, the maximum rate of total essential oil 

accumulation occurred early, between 30 and 60 mins. The proportion of the 

more volatile (α-pinene and 1,8-cineole) components in the oil fraction was 

highest in the early stage of distillation. In contrast, the proportion of 

globulol and viridiflorol extracted gradually increased with longer 

distillation time. Our results indicate that steam distillations of longer than 

four hours are required to maximise heavier components which are often 

associated with a desirable aroma and increased bioactivity. 
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Chapter 4. Ecotype and environmental factors 

influencing the chemical constituents of Kunzea 

ambigua (Sm.) Druce ethanol extract and distilled oil 

 

This chapter has been prepared for the PhD thesis. 

 

Abstract 

Kunzea ambigua (Sm.) Druce, commonly known as ‘Tick Bush’ is a woody 

shrub and is used as a source of essential oil. Kunzea essential oil is 

commercially produced by steam distillation of vegetative material from 

native stands and small-scale plantations in North East Tasmania. The 

objective of this study was to evaluate different ecotypes of Kunzea from 

ten sites of native stands distributed across Eastern Tasmania, to enable the 

selection of clones on the basis of yield and quality of essential oil. 

Especially, plants collected from wild condition were cultivated under 

uniform conditions (glasshouse) for one year to exclude the variations from 

different environmental factors, including plant age. The chemical 

constituents of ethanol extracts and distilled oil were analysed by GC/MS-

FID. Ethanol extracts from wild-grown samples showed chemical 

variability, owing to environmental and genetic factors. For example, the 

levels of total volatile components from extracts of wild-grown kunzea 

collected from wild-grown material collected in the east of Tasmania (site 

7: 14.71 ± 0.47mg/g DW) was seven times higher than total volatile content 
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in material collected from a more northern location (site 3). Further, the level 

of chemical components in kunzea extracts were higher in cultivated plants 

compared to wild-harvested plants, possibly due to optimised growing 

conditions and relatively young plant age. For example, levels of viridiflorol 

in cultivated samples increased by 4-33% relative to wild samples, in all but 

one northern location (site 2). Yet, the components of camphene, β-

caryophyllene, and germacrene D were not detected in most of the cultivated 

plants. 

There were genetic variations in oil yield (range from 1.32 ± 0.06% to 2.32 

± 0.31% DW) and chemical constituents among distilled oils from cultivated 

crops grown under identical conditions, confirming genetic variability 

which may present the opportunity, by appropriate plant selection and 

breeding, to produce kunzea with increased oil yield and with optimised 

chemical profiles. Genetic variation may have developed in response to 

difference in annual rainfall, high solar exposure, and maximum 

temperatures, and in the present study increased oil yield was observed in 

material from the region of Coles Bay. However, there was also a large 

variation in the yield of kunzea essential oil from clones cultivated from 

germplasm collected within a 10km radius from the region of Coles Bay 

(sites 7, 8, and 9). The yield of oils from clones propagated from the plant 

at site 8 were nearly 1.6 times higher than those from sites 7 and 9. This 

shows that whilst climate might be a factor in the evolution of large 

differences in the genetics between regional ecotypes, significant within-

region variation in oil yield and components also exists.   

Overall, the highest yield and favourable composition were obtained from 
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cultivated plants collected from the Coles Bay region (site 8), yielding 2.32 

± 0.31% DW of oil and having 33 and 69% higher amounts of 

bicyclogermacrene and viridiflorol, respectively.  

 

KEY WORDS: Kunzea ambigua (Sm.) Druce, kunzea essential oil, 

cultivation, variation in essential oil component, and viridiflorol 

 

4.1. Introduction 

Kunzea essential oil is extracted from twigs, and leaves of Kunzea ambigua 

(Sm.) Druce, which is a woody shrub, indigenous to Southern Australia and 

Tasmania (Elliot and Jones, 1990; Wrigley and Fagg, 2003). It has been 

shown to have therapeutic and antimicrobial properties (Thomas, 2012; 

Williams et al., 2016a). Production is still predominantly wild-harvested in 

North East Tasmania but the industry is moving to orchardised stands, and 

although there are studies on genetic variability in wild-harvested K. 

ambigua (Thomas et al., 2010a), there have been no studies comparing the 

yield and quality of essential oils from wild-grown plants, sourced from 

different geographic regions, then propagated and grown under identical 

conditions to remove the effects of different environmental conditions.  

Plantation establishment provides an opportunity to eliminate the genetic 

and chemical variation that occurs in nature through the selection of 

genetically superior cultivars (Southwell and Lowe, 1999). Do et al. (2017) 

explained that different cultivars from a range of native regions need to be 

investigated to develop new high quality and high yielding cultivars. Homer 
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et al. (2000) found a direct relationship between six chemotypes of tea tree 

oil (Melaleuca alternifolia Cheel) and their geographic origin from 615 trees 

representing wild populations in Australia. Of the six chemotypes, one 

chemotype was dominated by terpinen-4-ol, one by 1,8-cineole, another by 

terpinolene, and the remaining three chemotypes were dominated by 1,8-

cineole and differed in levels of either terpinen-4-ol or terpinolene content. 

Whilst most chemotypes were present throughout the distribution range, a 

definite correlation of oil types with the geographic location was found. 

Terpinen-4-ol types predominated in and around the Bungawalbin basin in 

the Casino area of northern New South Wales (NSW), high 1,8-cineole types 

predominated toward the southern end of the region around Grafton and 

terpinolene types predominated in southern Queensland. Thomas et al. 

(2010a) found chemical variation in essential oils from individual K. 

ambigua plants within a small selection collected from Tasmania and 

mainland Australia. Variability in levels of α-pinene (0.6–62.5%), 1,8-

cineole (0–11.2%), bicyclogermacrene (0.4–14%), spathulenol (0.5–

12.2%), globulol (0.5–22.6%) and viridiflorol (0.3–38%) were identified. 

However, this 2010 study did not consider the effect of ecological factors 

on essential oils, which can alter the yield and chemical constituents (Russo 

et al., 2013). Specifically, transplanting a plant from a wild ecosystem to a 

cultivated field can affect the plant growth, oil content, and chemical 

constituents of secondary metabolites, owing to the combination of genetic 

and environmental factors (e.g. climate, soil, nutrient, and water 

availability), some of which can be manipulated by agricultural practices 

(Fennell et al., 2004).  
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Therefore, this study aimed to (i) compare the chemical constituents 

between wild-grown and cultivated kunzea ethanol extracts and (ii) 

investigate the genetic variation in oil yield and chemical constituents of 

distilled oil, sourced from cultivated plants grown under identical 

environmental conditions. This study will contribute toward a 

selection/breeding program for superior kunzea cultivars. 

 

4.2. Materials and methods 

4.2.1. Plant collection and propagation 

The native K. ambigua plants were collected on the 9th April 2019 from wild 

populations across North East Tasmania (Figure 4-1).  
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Figure 4-1. Collection sites of wild K. ambigua across North-East 

Tasmania. 

This was done under the native plant collection permit number FL17161, 

issued by the Department of Parks and Wildlife, State Government of 

Tasmania. The climate averages of the study sites are shown in Table 4-1.  

Table 4-1. Climate averages over years (1903-April 2021: annual rainfall, 

1990-June 2021: daily global solar exposure, 1910-May2021: max/min 

temperature) of the study sites. 

Site Region Annual 

rainfall 

(mm) 

Daily global 

solar exposure 

(MJ m-2) 

Maximum 

temperature 

(°C) 

Minimum 

temperature 

(°C) 

1, 2, and 3 Pioneer 956.3 14.02 17.0 10.2 

4 Gould’s 

Country 

1502.5 13.80 18.1 9.0 

5 and 6 Douglas River 791.6 13.90 17.9 9.5 

7, 8 and 9 Coles Bay 675.5 14.31 18.6 9.4 

10 Apslawn 714.5 13.99 18.6 9.4 

The data was collected from the Bureau of Meteorology (www.bom.gov.au). 
Units are mm of annual rainfall, MJ m-2 of daily global solar exposure and °C of max/min 
temperature. 

Samples from each collection site were examined and confirmed to be K. 

ambigua by the Tasmanian Herbarium, Hobart, Tasmania. The collected 

plants were cut and labelled in the field before being stored on ice in a 

thermal-resistant container for transport to the laboratory. Two sub-samples 

were taken, one for ethanol extraction and one to determine dry weights. For 

the dry weight (DW), approximately 20g were weighed into paper bags and 

dried at 70°C for 24 hours. The second sub-samples were packed in plastic 

bags and stored at -18°C prior to being processed by ethanol extraction. 

Within 24 hours of the field trip, the remainder of the vegetative material 
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was used for propagation. The tips of laterals were cut at approximately 5cm 

from the tip and the stem was dipped in rooting hormone gel Clonex, 

supplied by Yates, Auckland, New Zealand. After two months the cuttings 

were transplanted into individual pots, and grown under constant conditions 

of temperature, light, water, moisture, and nutrition in glasshouses at the 

Horticulture Research Centre at the University of Tasmania, Hobart, 

Tasmania. After one year the cultivated plants were harvested for extraction 

and steam distillation.  

4.2.2. Materials 

Analytical grade ethanol was purchased from Sigma-Aldrich, St Louis, 

USA. The internal standards, octadecane, and C7-C40 saturated alkanes 

standard mix (Lot #LRAC3115) were also sourced from Sigma-Aldrich, St 

Louis, USA. All incidental chemicals and reagents used were of analytical 

grade. 

4.2.3. Solvent extraction 

Leaves and twigs (up to 5mm in diameter) of K. ambigua were frozen using 

liquid nitrogen and crushed using a mortar and pestle. The ground material 

(5g) was placed in glass vials with 10ml of ethanol and shaken (KS 500, 

Janke & Kunkel IKA-Werke GmbH, Stauffen, Germany) for 24 hours at 

149rpm (Read, 1996). Octadecane (1mg) was added as the internal standard, 

and then the vials were shaken for a further two hours at 149rpm. Aliquots 

(1ml) were transferred to chromatography (GC) vials and analysed by GC-

mass spectrometer (MS)/ flame ionisation detector (FID).  

4.2.4. Isolation of oils 

The essential oils were obtained by five hours of steam distillation of the 
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aerial parts of plant material on a Clevenger-type apparatus using 

approximately 120g of fresh plant material. Each distillation was processed 

in two replicates. The amount of essential oil was weighed, and the oil yield 

was calculated as grams of oil per weight of dry plant material (g oil/g DW). 

The oils were stored at 4°C until GC analyses. 

4.2.5. Gas chromatography 

Quantitative analyses were performed by GC analysis of the K. ambigua 

extract and distilled oil using a Hewlett Packard, USA 5890 series ll gas 

chromatograph (GC) equipped with FID and HP-1 crosslinked methyl 

siloxane column (30mm×0.32mm, film thickness 0.25µm). Injector and 

detector temperatures were set at 220°C and 300°C, respectively. Oven 

temperature was increased from 60°C to 210°C at 6°C /min and to 280°C at 

25°C /min. Total analysis time was 28mins. Octadecane was used as the 

internal standard. Each oil sample (20µL) was dissolved in 1mL hexane of 

which 2µL was injected at a split ratio of 50:1. Peak areas and retention 

times were measured by electronic integration, and quantitation was 

obtained by peak normalisation of GC/FID data.  

The amount of each component in the kunzea essential oil was calculated 

assuming a 1:1 response ratio of the component to the internal standard;  

mg of component in kunzea oil = area of peak
area of ocatadecane

 × mg of octadecane 

The target component extracted (mg) relative to the grams of leaf material 

undergoing ethanol extraction was calculated as follows: 

mg/g DW of target component =  area of peak
area of ocatadecane

 × mg of octadecane
g of DW leaf material
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The percentage of chemical components in kunzea oil was calculated as 

follow; 

% in component in kunzea oil = mg of component in kunzea oil
mg of kunzea oil

 × 100 

Qualitative analyses of K. ambigua extract and distilled oil were carried out 

using a GC coupled to a Brucker-300 triple quadrupole benchtop MS 

(Bruker Corporation, Billerica, USA). The same column was used as 

described for GC-FID, with similar experimental conditions to those 

described except that the carrier gas was helium at a flow rate of 1.2mL/min. 

The ion source temperature for the MS was 220°C and the transfer line was 

held at 290°C. The range from m/z 35 to 350 was scanned three times every 

second. The identification of individual peaks was done using their Kovats 

Indices (KI) (Davies, 1990a; Thomas et al., 2010a), and mass spectral data 

were compared to those for standard compounds in the MS database of 

National Institute of Standards and Technology (NIST) (Table 4-2 and Table 

4-3).  

 

4.3. Results 

4.3.1. Chemical constituents of wild-grown and cultivated kunzea extracts  

The GC-MS analysis resulted in the identification of 25 constituents in 

ethanol extracts of wild and cultivated kunzea (Table 4-2). Generally, the 

yield of chemical components was higher in the cultivated plants and there 

was variation in the chemical components compared to those grown in the 

wild. Levels of viridiflorol in cultivated samples increased by 4-33% relative 

to wild samples, except for plants from site 2. Bicyclogermacrene content in 
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plants grown in the wild was lower compared to those grown in cultivated 

conditions from all sites except for sites 6 and 7 which were nearly 1.50 

times higher in wild-grown relative to cultivated plants. Camphene was 

present in all wild kunzea extracts but the component was absent in 

cultivated samples, except those from sites 1, 2, and 4. Most of the 

monoterpenes, sesquiterpenes, and total volatile components were higher in 

cultivated crops, relative to wild-grown samples (Figure 4-2). Wild kunzea 

extracts collected from site 7 showed the highest amount of total volatile 

components (14.71 ± 0.47mg/g DW), which was seven times higher, relative 

to wild-grown extracts from site 3 and 5. Yet, the cultivated samples from 

Site 2 showed the highest amount of total volatile components (21.95 ± 

2.13mg/g DW).
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Table 4-2. Chemical compounds in wild and cultivated K. ambigua ethanol extracts (mg/g DW) collected from across North-

East Tasmania. 

    Site 1 Site 2 Site3 

   RT KI 
Wild 

condition 
Cultivated 
condition 

Wild 
condition 

Cultivated 
condition 

Wild 
condition 

Cultivated 
condition 

1 α-pinene 3.75 919 2.30 ± 0.06 4.69 ± 0.29 5.74 ± 0.83 6.86 ± 0.03 1.03 ± 0.00 2.37 ± 0.13 
2 camphene 4.25 954 0.02 ± 0.00 0.09 ± 0.03 0.08 ± 0.00 0.08 ± 0.02  0.05 ± 0.00 bdl 
3 sabinene 4.32 967 0.01 ± 0.00 0.20 ± 0.01 0.06 ± 0.00 0.35 ± 0.05 0.02 ± 0.00 0.08 ± 0.00 
4 β-pinene 4.50 987 bdl 0.09 ± 0.00 0.02 ± 0.00 0.14 ± 0.04 0.01 ± 0.00 0.04 ± 0.00 
5 p-cymene 5.00 979 bdl 0.03 ± 0.01 0.03 ± 0.01 0.03 ± 0.00  0.02 ± 0.00 0.02 ± 0.00  

Total monoterpene hydrocarbons 2.33 ± 0.06 5.10 ± 0.34 5.93 ± 0.84 7.46 ± 0.14 1.13 ± 0.00 2.51 ± 0.13 
6 1,8-cineole 5.14 945 0.35 ± 0.00 0.88 ± 0.06 1.95 ± 0.01 1.99 ± 0.11  0.42 ± 0.06 1.33 ± 0.06 
7 (E)-B-ocimene 5.89 1106 0.04 ± 0.00 0.26 ± 0.01 0.05 ± 0.02 0.24 ± 0.01 0.05 ± 0.00 0.01 ± 0.00 
8 terpinen-4-ol 6.50 1131 0.02 ± 0.01 0.09 ±0.04 0.05 ± 0.01 0.10 ± 0.03 0.02 ± 0.01 0.02 ± 0.00  
9 α-terpineol 7.06 1176 0.06 ±0.00 0.47 ± 0.03 0.04 ± 0.01 0.38 ± 0.05 0.03 ± 0.00 0.07 ± 0.00 

Total oxygenated monoterpenes 0.47 ± 0.01 1.70 ± 0.13 2.09 ± 0.05 2.71 ± 0.20 0.52 ± 0.07 1.43 ± 0.06 
10 citronellol 8.22 1241 0.04 ±0.00 0.45 ± 0.02 0.17 ± 0.00 0.57 ± 0.06 0.03 ± 0.00 0.11 ± 0.01 
11 B-elemene 12.42 1392 0.01 ± 0.00 0.04 ± 0.01 0.02 ± 0.00 0.09 ± 0.01 bdl 0.02 ± 0.00 
12 α-gurjunene 13.01 1481 0.05 ±0.02 0.53 ± 0.01 0.03 ± 0.00 0.59 ± 0.09 0.02 ± 0.01 0.01 ± 0.00 
13 β-caryophyllene 13.30 1495 0.06 ± 0.03 bdl 0.06 ± 0.00 bdl bdl bdl 
14 aromadendrene 13.44 1501 0.03 ± 0.00 0.09 ± 0.01 0.05 ± 0.00 0.27 ± 0.01 0.04 ± 0.01 0.01 ± 0.00 
15 α-humulene 13.93 1524 0.02 ± 0.00 0.04 ± 0.00 0.08 ± 0.01 0.08 ± 0.02  0.01 ± 0.00 0.05 ± 0.00 
16 allo-aromadendrene 14.30 1540 0.01 ± 0.00 0.14 ±0.01 0.10 ± 0.01 0.12 ± 0.02  0.01 ± 0.00 0.01 ± 0.00  
17 germacrene D 14.72 1559 0.02 ± 0.00 bdl 0.07 ± 0.00 bdl 0.05 ± 0.01 bdl 
18 bicyclogermacrene 15.02 1585 0.13 ± 0.01 0.70 ± 0.04 0.44 ± 0.01 0.80 ± 0.14 0.12 ± 0.02 0.37 ± 0.02 
19 calamenene 16.50 1655 0.07 ± 0.01 0.01 ± 0.00 0.13 ± 0.02 0.05 ± 0.01 bdl 0.05 ± 0.00 
20 cadina-1,4-diene 16.60 1660 0.04 ± 0.00 0.83 ± 0.04 0.06 ± 0.01 bdl 0.05 ± 0.01 0.01 ± 0.00 
Total sesquiterpene hydrocarbon 0.48 ± 0.07 2.83 ± 0.14 1.21 ± 0.06 2.57 ± 0.36 0.33 ± 0.06 0.64 ± 0.03 
21 globulol 16.69 1664 0.13 ± 0.01 0.77 ± 0.06 1.42 ± 0.01 3.77 ± 0.36 0.15 ± 0.02 0.08 ± 0.02 
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22 viridiflorol 16.84 1685 0.48 ± 0.02 2.03 ± 0.17 1.08 ± 0.03 0.97 ± 0.11  0.50 ± 0.01 2.01 ± 0.13 
23 ledol 17.06 1697 0.06 ± 0.01 1.50 ± 0.22 0.11 ± 0.01 2.52 ± 0.60 0.07 ± 0.00 0.26 ± 0.03 
24 isospathulenol 17.17 1703 0.06 ± 0.00 0.22 ± 0.04 0.03 ± 0.01 1.81 ± 0.36 0.04 ± 0.00 0.01 ± 0.00 
25 α-muurolol 17.42 1716 0.02 ± 0.00 0.65 ± 0.24 0.06 ± 0.02 0.14 ± 0.00 bdl bdl 
Total oxygenated sesquiterpene 0.75 ± 0.04 5.17 ± 0.73 2.70 ± 0.08 9.21 ± 1.43 0.76 ± 0.03 2.36 ± 0.18 

Monoterpenes 2.80 ± 0.07 6.80 ± 0.47 8.02 ± 0.89 10.17 ± 0.34 1.65 ± 0.07 3.94 ± 0.19 
Sesquiterpenes  1.71 ± 0.18 8.00 ± 0.87 5.12 ± 0.20 11.78 ± 1.79 1.42 ± 0.15 3.00 ± 0.21 

Total volatile components 4.03 ± 0.18 14.80 ± 1.34 12.93 ± 1.03 21.95 ± 2.13 2.74 ± 0.16 6.94 ± 0.40 
 

    Site 4 Site 5 Site 6 Site 7 

  
  Wild 

condition 
Cultivated 
condition 

Wild 
condition 

Cultivated 
condition 

Wild 
condition 

Cultivated 
condition 

Wild 
condition 

Cultivated 
condition 

1 α-pinene 1.16 ± 0.05 4.49 ± 0.54 1.60 ± 0.47 3.52 ± 0.19 2.20 ± 0.23 3.09 ± 0.47 10.82 ± 0.04 6.69 ± 0.58 
2 camphene 0.09 ± 0.00 0.19 ± 0.03 0.05 ± 0.00 bdl 0.06 ± 0.02 bdl 0.07 ± 0.00 bdl 
3 sabinene 0.14 ± 0.00 0.07 ± 0.01 0.02 ± 0.00 0.03 ± 0.00 0.04 ± 0.02 0.10 ± 0.03 0.06 ± 0.00 0.06 ± 0.00 
4 β-pinene 0.14 ± 0.01 0.03 ± 0.01 bdl bdl 0.01 ± 0.00 0.08 ± 0.02 0.02 ± 0.00 0.03 ± 0.00 
5 p-cymene bdl bdl bdl bdl bdl 0.06 ± 0.02 bdl bdl 

Total monoterpene 
hydrocarbons 1.53 ± 0.06 4.78 ± 0.59 1.68 ± 0.48 3.55 ± 0.19 2.31 ± 0.27 3.33 ± 0.54 10.97 ± 0.05 6.78 ± 0.59 

6 1,8-cineole 0.35 ± 0.00 0.87 ± 0.11 0.22 ± 0.05 0.34 ± 0.11 0.41 ± 0.25 0.45 ± 0.08 0.74 ± 0.01 0.78 ± 0.06 
7 (E)-B-ocimene 0.33 ± 0.00 0.24 ± 0.05 0.05 ± 0.01 0.20 ± 0.01 0.06 ± 0.03 0.14 ± 0.03 bdl 0.14 ± 0.00 
8 terpinen-4-ol 0.08 ± 0.01 0.24 ± 0.03 0.05 ± 0.01 0.09 ± 0.01 0.07 ± 0.02 0.10 ± 0.00 0.03 ± 0.01 0.11 ± 0.01 
9 α-terpineol 0.46 ± 0.01 0.03 ± 0.01 bdl 0.37 ± 0.02 0.04 ± 0.01 0.27 ± 0.06 0.04 ± 0.00 0.22 ± 0.00 

Total oxygenated 
monoterpenes 1.22 ± 0.22 1.38 ± 0.20 0.33 ± 0.08 1.01 ± 0.05 0.58 ± 0.31 0.96 ± 0.17 0.81 ± 0.03 1.25 ± 0.07 

10 citronellol 0.32 ± 0.03 0.06 ± 0.01 0.01 ± 0.00 0.22 ± 0.01 0.03 ± 0.01 0.17 ± 0.04 0.05 ± 0.00 0.21 ± 0.06 
11 B-elemene bdl 0.02 ± 0.01 bdl bdl 0.01 ± 0.00 bdl 0.02 ± 0.00 0.44 ± 0.04 
12 α-gurjunene 0.40 ± 0.01 0.12 ± 0.01 0.02 ± 0.00 0.41 ± 0.03 0.04 ± 0.02 0.29 ± 0.05 0.14 ± 0.01 0.06 ± 0.00 
13 β-caryophyllene 0.11 ± 0.00 0.12 ± 0.01 0.03 ± 0.01 bdl 0.05 ± 0.02 bdl bdl 0.08 ± 0.02 
14 aromadendrene bdl bdl bdl 0.08 ± 0.00 bdl 0.06 ± 0.01 0.05 ± 0.01 0.06 ± 0.01 
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15 α-humulene 0.06 ± 0.02 0.05 ± 0.01 bdl 0.06 ± 0.01 0.04 ± 0.01 bdl 0.09 ± 0.01 0.04 ± 0.00 
16 allo-aromadendrene 0.09 ± 0.03 0.02 ± 0.00 bdl 0.06 ± 0.00 bdl 0.05 ± 0.01 bdl bdl 

17 germacrene D bdl 0.08 ± 0.03 bdl bdl 0.04 ± 0.01 bdl 0.06 ± 0.02 bdl 

18 bicyclogermacrene 0.58 ± 0.02 1.08 ± 0.06 0.12 ± 0.01 0.48 ± 0.03 0.24 ± 0.09 0.16 ± 0.02 0.64 ± 0.11 0.44 ± 0.01 

19 calamenene bdl bdl bdl 0.02 ± 0.00 0.05 ± 0.01 bdl 0.04 ± 0.01 bdl 

20 cadina-1,4-diene 0.05 ± 0.00 0.11 ± 0.01 bdl 0.04 ± 0.01 0.02 ± 0.01 bdl 0.03 ± 0.01 0.05 ± 0.02 
Total sesquiterpene 

hydrocarbon 1.61 ± 0.11 1.66 ± 0.15 bdl bdl 0.52 ± 0.18 0.73 ± 0.13 1.12 ± 0.19 1.38 ± 0.15 

21 globulol 2.80 ± 0.07 0.10 ± 0.00 0.56 ± 0.12 0.83 ± 0.02 1.12 ± 0.06 bdl 1.55 ± 0.17 0.91 ± 0.06 
22 viridiflorol 0.34 ± 0.00 2.57 ± 0.07 0.06 ± 0.01 1.06 ± 0.06 0.10 ± 0.02 1.25 ± 0.26 0.12 ± 0.02 1.86 ± 0.13 
23 ledol 0.09 ± 0.00 0.32 ± 0.0 0.02 ± 0.00 0.02 ± 0.01 0.02 ± 0.00 0.65 ± 0.14 0.08 ± 0.01 bdl 
24 isospathulenol 0.07 ± 0.02 0.43 ±0.00* 0.03 ± 0.01 bdl 0.01 ± 0.00 0.04 ± 0.00 0.03 ± 0.01 bdl 
25 α-muurolol 0.02 ± 0.01 bdl 0.01 ± 0.00 bdl bdl bdl 0.02 ± 0.00 bdl 

Total oxygenated 
sesquiterpene 3.32 ± 0.53 3.42 ± 0.07 0.69 ± 0.17 1.91 ± 0.09 1.25 ± 0.08 1.94 ± 0.40 1.81 ± 0.20 2.77 ± 0.19 

Monoterpenes 2.75 ± 0.08 6.16 ± 0.79 2.01 ± 0.56 4.56 ± 0.24 2.89 ± 0.58 4.29 ± 0.71 11.78 ± 0.07 8.04 ± 0.66 

Sesquiterpenes  6.54 ± 0.75 5.08 ± 0.22 0.86 ± 0.19 3.28 ± 0.19 2.29 ± 0.44 2.67 ± 0.53 2.93 ± 0.39 4.15 ± 0.35 
Total volatile components 7.68 ± 0.72 11.24 ± 1.01 2.87 ± 0.75 7.84 ± 0.43 4.66 ± 0.84 6.96 ± 1.24 14.71 ± 0.47 12.19 ± 1.01 

 

   Site 8 Site 9 Site 10 

  
 Wild  condition Cultivated 

condition Wild  condition Cultivated 
condition Wild  condition Cultivated 

condition 
1 α-pinene 2.31 ± 0.04 2.26 ± 0.33 2.91 ± 0.22 2.78 ± 0.19 4.18 ± 0.54 6.51 ± 0.69 
2 camphene 0.22 ± 0.01 bdl 0.06 ± 0.01 bdl 0.07 ± 0.00 bdl 
3 sabinene 0.06 ± 0.00 0.63 ± 0.10 0.04 ± 0.00 0.11 ± 0.02 0.04 ± 0.00 0.28 ± 0.00 
4 β-pinene 0.06 ± 0.00 0.20 ± 0.04 0.02 ± 0.00 0.05 ± 0.01 bdl 0.16 ± 0.00 
5 p-cymene 0.02 ± 0.01 2.02 ± 0.37 0.04 ± 0.00 0.66 ± 0.15 bdl bdl 

Total monoterpene hydrocarbons 2.67 ± 0.06 5.11 ± 0.84 3.07 ± 0.23 3.07 ± 0.23 4.29 ± 0.55 6.95 ± 0.70 
6 1,8-cineole 1.20 ± 0.03 bdl 0.57 ± 0.05 0.05 ± 0.01 0.67 ± 0.10 0.96 ± 0.00 
7 (E)-B-ocimene bdl 0.17 ± 0.04 0.04 ± 0.00 0.10 ± 0.02 bdl 0.15 ± 0.00 



68  

8 terpinen-4-ol 0.04 ± 0.00 0.07 ± 0.01 0.01 ± 0.00 0.14 ± 0.04 0.02 ± 0.00 0.16 ± 0.00 
9 α-terpineol 0.04 ± 0.01 0.22 ± 0.05 0.03 ± 0.00 0.24 ± 0.09 0.07 ± 0.02 0.23 ± 0.00 

Total oxygenated monoterpenes 1.28 ± 0.04 0.46 ± 0.10 0.65 ± 0.05 0.65 ± 0.05 0.76 ± 0.13 1.50 ± 0.01 
10 citronellol 0.13 ± 0.01 0.20 ± 0.03 0.07 ± 0.00 0.11 ± 0.01 0.05 ± 0.00 0.20 ± 0.00 
11 B-elemene 0.01 ± 0.00 bdl bdl bdl bdl 0.79 ± 0.01 
12 α-gurjunene 0.08 ± 0.00 0.64 ± 0.12 bdl 0.46 ± 0.10 0.11 ± 0.01 0.16 ± 0.00 
13 β-caryophyllene 0.14 ± 0.01 bdl 0.04 ± 0.01 bdl bdl bdl 
14 aromadendrene bdl 0.22 ± 0.03 bdl 0.07 ± 0.00 0.04 ± 0.01 0.18 ± 0.00 
15 α-humulene 0.03 ± 0.00 0.13 ± 0.01 0.04 ± 0.01 0.22 ± 0.06 0.08 ± 0.00 0.13 ± 0.00 
16 allo-aromadendrene bdl 0.05 ± 0.01 bdl 0.09 ± 0.03 bdl 0.11 ± 0.00 
17 germacrene D 0.07 ± 0.01 bdl 0.06 ± 0.02 bdl 0.08 ± 0.01 bdl 
18 bicyclogermacrene 1.31 ± 0.02 2.27 ± 0.03 0.40 ± 0.11 2.60 ± 0.02 0.42 ± 0.03 0.43 ± 0.00 
19 calamenene 0.10 ± 0.01 bdl 0.01 ± 0.00 bdl 0.06 ± 0.01 bdl 
20 cadina-1,4-diene 0.03 ± 0.01 0.25 ± 0.03 0.01 ± 0.00 0.25 ± 0.01 bdl 0.06 ± 0.01 

Total sesquiterpene hydrocarbon 1.90 ± 0.07 3.76 ± 0.26 0.63 ± 0.15 0.63 ± 0.15 0.84 ± 0.08 2.06 ± 0.03 
21 globulol 2.10 ± 0.01 0.04 ± 0.01 0.65 ± 0.03 0.14 ± 0.03 2.89 ± 0.09 0.12 ± 0.01 
22 viridiflorol 0.27 ± 0.01 6.89 ± 1.16 0.08 ± 0.01 1.31 ± 0.04 0.33 ± 0.02 1.66 ± 0.22 
23 ledol 0.10 ± 0.01 0.74 ± 0.13 0.07 ± 0.00 0.89 ± 0.12 0.11 ± 0.01 1.93 ± 0.24 
24 isospathulenol bdl 0.40 ± 0.05 bdl bdl 0.06 ± 0.00 bdl 
25 α-muurolol 0.04 ± 0.00 bdl 0.04 ± 0.00 bdl 0.07 ± 0.01 bdl 
Total oxygenated sesquiterpene 2.51 ± 0.03 8.07 ± 1.35 0.84 ± 0.04 2.34 ± 0.19 3.45 ± 0.15 3.71 ± 0.47 

Monoterpenes 3.95 ± 0.10 5.57 ± 0.94 3.72 ± 0.28 4.13 ± 0.53 5.05 ± 0.68 8.45 ± 0.71 
Sesquiterpenes 6.31 ± 0.17 11.83 ± 1.61 2.10 ± 0.34 4.14 ± 0.42 4.30 ± 0.21 5.77 ± 0.50 

Total volatile components 8.36 ± 0.20 17.40 ± 2.55 5.19 ± 0.47 8.27 ± 0.95 9.34 ± 0.89 14.22 ± 1.21 
 

bdl: below detection limit. Values are presented as means ± SD (n=1 with two extraction replicates).
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Figure 4-2. Monoterpenes, sesquiterpenes, and total volatile components in 

wild and cultivated K. ambigua ethanol extract (mg/g DW) from various 

collection sites across Tasmania. 

Values are presented as means ± SD (n=1 with two extraction replicates). 
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4.3.2. Oil yield and chemical variability of kunzea essential oil extracted 

from cultivated plants 

The oil yield (range from 1.32 ± 0.06% to 2.32 ± 0.31% DW) varied across 

the sample collection sites (Figure 4-3). In particular, plants cultivated from 

the material collected at site 8 showed the highest oil yield (2.32 ± 0.31% 

DW), 57% higher compared to those propagated from plants collected at site 

7 (1.48 ± 0.07% DW). 

 

Figure 4-3. The oil yield (% DW) from K. ambigua cultivated after 

collection from sites across Tasmania using steam distillation for five hours. 

Values are presented as means ± SD (n=1 with two extraction replicates). 

The GC-MS analysis resulted in the identification of 34 constituents in 

kunzea essential oil extracted from cultivated plants, representing more than 
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(range from 41.58 ± 0.11% to 62.00 ± 0.64%) with α-pinene and 1,8-cineole 
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Table 4-3. The genetic variation in chemical constituents (%) of kunzea essential oil from cultivated K. ambigua using steam 

distillation for five hours. 

  
 Chemical 
constituents (%) RT  KI  Site 1  Site 2  Site 3  

Site 4 Site 5 Site 6 

1 α-pinene 2.74 909 32.47 ± 0.20 19.31 ± 0.67 24.25 ± 0.09 26.34 ± 0.23 33.08 ± 0.68 25.05 ± 0.11 
2 camphene 3.21 955 0.82 ± 0.01 0.70 ± 0.02 0.79 ± 0.00 0.60 ± 0.01 0.43 ± 0.01 0.81 ± 0.00 
3 sabinene 3.25 960 0.28 ± 0.00 0.32 ± 0.01 0.31 ± 0.00 0.19 ± 0.00 0.27 ± 0.01 0.34 ± 0.00 
4 β-pinene 3.42 974 0.45 ± 0.00 0.33 ± 0.02 0.41 ± 0.00 0.23 ± 0.01 0.23 ± 0.01 0.41 ± 0.01 
5 p-cymene 3.80 1004 0.13 ± 0.00 0.15 ± 0.00 0.20 ± 0.00 0.10 ± 0.00 0.06 ± 0.00 0.12 ± 0.00 

Total monoterpene hydrocarbons 34.15 ± 0.21 20.81 ± 0.73 25.96 ± 0.10 27.46 ± 0.24 34.08 ± 0.70 26.73 ± 0.12 
6 1,8-cineole 4.03 1016 10.11 ± 0.10 13.80 ± 0.52 11.04 ± 0.09 8.44 ± 0.11 4.88 ± 0.09 7.31 ± 0.04 
7 (Z)-β-ocimene 4.29 1028 0.06 ± 0.00 0.16 ± 0.01 0.35 ± 0.00 0.03 ± 0.00 bdl 0.04 ± 0.00 
8 (E)-β-ocimene 4.47 1036 0.26 ± 0.00 0.31 ± 0.01 0.37 ± 0.00 0.21 ± 0.00 0.13 ± 0.00 0.24 ± 0.00 
9 isoamyl butyrate 4.98 1058 0.08 ± 0.00 0.11 ± 0.00 0.10 ± 0.00 0.06 ± 0.00 0.06 ± 0.00 0.07 ± 0.00 

10 cis-linalool oxide 5.18 1066 0.18 ± 0.00 0.22 ± 0.01 0.31 ± 0.01 0.12 ± 0.00 0.07 ± 0.01 0.18 ± 0.00 
11 isoamyl isovalerate 6.18 1103 0.07 ± 0.00 0.15 ± 0.00 0.06 ± 0.00 0.05 ± 0.00 0.04 ± 0.00 0.12 ± 0.00 
12 trans-pinocarveol 6.46 1127 0.16 ± 0.00 0.25 ± 0.01 0.17 ± 0.00 0.16 ± 0.00 0.08 ± 0.00 0.13 ± 0.00 
13 terpinen-4-ol 6.66 1144 0.43 ± 0.01 0.66 ± 0.02 0.71 ± 0.01 0.49 ± 0.01 0.21 ± 0.00 0.39 ± 0.01 
14 α-terpineol 6.93 1166 2.47 ± 0.03 3.23 ± 0.12 2.56 ± 0.02 2.30 ± 0.04 1.14 ± 0.02 1.95 ± 0.03 

Total oxygenated monoterpenes 13.83 ± 0.15 18.89 ± 0.71 15.61 ± 0.01 11.87 ± 0.17 6.59 ± 0.12 10.43 ± 0.08 
15 citronellol 7.69 1216 0.80 ± 0.00 1.76 ± 0.07 1.64 ± 0.02 0.52 ± 0.01 0.27 ± 0.00 0.70 ± 0.01 
16 geraniol 8.22 1241 0.33 ± 0.04 0.13 ± 0.00 0.11 ± 0.00 0.13 ± 0.00 bdl 0.10 ± 0.00 
17 α-cubebene 9.87 1317 0.04 ± 0.00 0.05 ± 0.00 0.06 ±0.00 bdl 0.07 ± 0.00 bdl 
18 α-copaene 10.34 1348 0.20 ± 0.00 0.26 ± 0.01 0.08 ± 0.01 0.10 ± 0.00 bdl 0.08 ± 0.01 
19 β-elemene 10.99 1389 0.15 ± 0.00 0.11 ± 0.00 0.18 ± 0.01 0.23 ± 0.00 0.19 ± 0.00 0.17 ± 0.00 
20 α-gurjunene 11.32 1410 0.26 ± 0.00 0.49 ± 0.02 0.39 ± 0.00 0.40 ± 0.01 0.42 ± 0.01 0.28 ± 0.00 
21 β-caryophyllene 11.51 1421 0.36 ± 0.00 0.42 ± 0.02 0.66 ± 0.01 0.49 ± 0.01 0.75 ± 0.01 0.30 ± 0.00 
22 aromadendrene 11.90 1445 0.22 ± 0.00 0.19 ± 0.01 0.17 ± 0.00 0.18 ± 0.00 0.19 ± 0.00 0.11 ± 0.00 
23 α-humulene 12.15 1459 0.17 ± 0.00 0.43 ± 0.02 0.30 ± 0.00 0.31 ± 0.01 0.48 ± 0.01 0.29 ± 0.00 
24 allo-aromadendrene 12.33 1469 0.51 ± 0.01 0.70 ± 0.03 0.34 ± 0.00 0.73 ± 0.01 0.70 ± 0.01 0.42 ± 0.00 
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25 germacrene D 12.59 1484 0.08 ± 0.00 0.15 ± 0.01 0.07 ± 0.00 0.16 ± 0.00 0.19 ± 0.00 0.14 ± 0.00 
26 bicyclogermacrene 13.04 1508 6.01 ± 0.08 4.02 ± 0.15 3.74 ± 0.04 4.82 ± 0.09 8.34 ± 0.13 2.20 ± 0.02 
27 calamenene 13.57 1537 0.63 ± 0.01 1.13 ± 0.04 0.58 ± 0.00 1.36 ± 0.03 1.49 ± 0.02 1.11 ± 0.01 
28 cadina-1,4-diene 13.73 1545 0.13 ± 0.00 0.20 ± 0.01 0.10 ± 0.00 0.16 ± 0.00 0.42 ± 0.01 0.20 ± 0.00 
29 epi-globulol 14.38 1579 0.44 ± 0.01 0.32 ± 0.01 0.50 ± 0.00 0.94 ± 0.02 0.58 ± 0.01 0.64 ± 0.01 

Total sesquiterpene hydrocarbon 10.32 ± 0.17 10.37 0.39± 8.28 ± 0.05 10.54 ± 0.20 14.07 ± 0.22 6.74 ± 0.07 
30 globulol 14.71 1595 6.54 ± 0.19 22.46 ± 0.88 0.78 ± 0.21 0.48 ± 0.01 0.68 ± 0.00 0.22 ± 0.00 
31 viridiflorol 14.87 1603 16.36 ± 0.41 5.67 ± 0.23 20.51 ± 0.23 23.42 ± 1.23 22.88 ± 0.36 31.48 ± 0.31 
32 ledol 15.05 1611 2.23 ± 0.06 1.09 ± 0.03 2.63 ± 0.17 5.26 ± 0.10 2.67 ± 0.04 3.70 ± 0.04 
33 isospathulenol 16.07 1656 bdl  0.13 ± 0.01 0.14 ± 0.04 bdl bdl bdl  
34 α-muurolol 16.31 1666 0.06 ± 0.00 0.57 ± 0.02 0.42 ± 0.00 0.34 ± 0.01 bdl 0.46 ± 0.00 

Total oxygenated sesquiterpene 25.19 ± 0.66 29.91 ± 1.17 24.49 ± 0.65 29.51 ± 1.36 26.23 ± 0.40 35.86 ± 0.35 

Monoterpenes 47.98 ± 0.36 38.70 ± 1.43 41.58 ± 0.11 39.33 ± 0.42 40.68 ± 0.82 37.15 ± 0.21 
Sesquiterpenes 35.51 ± 0.82 40.28 ± 1.56 32.77 ± 0.70 40.04 ± 1.55 40.29 ± 0.62 42.60 ± 0.42 

Total volatile components 83.49 ± 1.18 79.98 ± 2.99 74.35 ± 0.82 79.37 ± 1.97 80.97 ± 1.45 79.76 ± 0.62 
Values are presented as means ± SD (n=1 with two extraction replicates).  bdl: below detection limit. 
 

  
 Chemical 
constituents (%) RT  KI  

Site 7 Site 8 Site 9 Site 10 

1 α-pinene 2.74 909 48.44 ± 0.83 5.74 ± 0.04 15.27 ± 0.06 20.51 ± 0.50 
 2 camphene 3.21 955 0.70 ± 0.01 1.45 ± 0.01 0.59 ± 0.00 0.82 ± 0.02 
3 sabinene 3.25 960 0.38 ± 0.01 0.20 ± 0.00 0.23 ± 0.00 0.26 ± 0.00 
4 β-pinene 3.42 974 0.41 ± 0.00 0.60 ± 0.01 0.40 ± 0.01 0.36 ± 0.00 
5 p-cymene 3.80 1004 0.11 ± 0.00 0.23 ± 0.00 0.12 ± 0.00 0.13 ± 0.00 

Total monoterpene hydrocarbons 50.03 ± 0.85 8.22 ± 0.06 16.61 ± 0.08 22.09 ± 0.53 
6 1,8-cineole 4.03 1016 8.55 ± 0.15 11.04 ± 0.09 6.06 ± 0.03 8.22 ± 0.18 
7 (Z)-β-ocimene 4.29 1028 0.23 ± 0.00 0.35 ± 0.00 0.29 ± 0.00 bdl 
8 (E)-β-ocimene 4.47 1036 0.10 ± 0.00 0.37 ± 0.00 0.36 ± 0.00 0.25 ± 0.01 
9 isoamyl butyrate 4.98 1058 0.29 ± 0.00 0.10 ± 0.00 0.10 ± 0.00 0.08 ± 0.00 

10 cis-linalool oxide 5.18 1066 0.34 ± 0.01 0.31 ± 0.01 0.24 ± 0.00 0.14 ± 0.00 
11 isoamyl isovalerate 6.18 1103 0.06 ± 0.00 0.06 ± 0.00 0.07 ± 0.00 0.07 ± 0.00 
12 trans-pinocarveol 6.46 1127 0.13 ± 0.00 0.17 ± 0.00 0.11 ± 0.00 0.14 ± 0.00 
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13 terpinen-4-ol 6.66 1144 0.36 ± 0.01 0.71 ± 0.01 0.51 ± 0.00 0.45 ± 0.01 
14 α-terpineol 6.93 1166 1.91 ± 0.04 2.56 ± 0.02 1.79 ± 0.01 1.95 ± 0.04 

Total oxygenated monoterpenes 11.97 ± 0.22 15.66 ± 0.14 9.54 ± 0.05 11.29 ±0.25 
15 citronellol 7.69 1216 0.58 ± 0.01 1.64 ± 0.02 1.55 ± 0.01 0.78 ± 0.02 
16 geraniol 8.22 1241 0.06 ± 0.00 0.11 ± 0.00 0.30 ± 0.01 0.07 ± 0.00 
17 α-cubebene 9.87 1317 0.04 ± 0.00 0.06 ±0.00 0.07 ± 0.00 bdl 
18 α-copaene 10.34 1348 0.11 ± 0.00 0.08 ± 0.01 0.05 ± 0.01 0.38 ± 0.01 
19 β-elemene 10.99 1389 0.09 ± 0.00 0.18 ± 0.01 0.25 ± 0.00 0.15 ± 0.00 
20 α-gurjunene 11.32 1410 0.21 ± 0.00 0.39 ± 0.00 0.47 ± 0.00 0.36 ± 0.01 
21 β-caryophyllene 11.51 1421 0.85 ± 0.02 0.66 ± 0.01 1.04 ± 0.01 0.49 ± 0.01 
22 aromadendrene 11.90 1445 0.19 ± 0.00 0.17 ± 0.00 0.28 ± 0.00 0.12 ± 0.00 
23 α-humulene 12.15 1459 0.30 ± 0.01 0.30 ± 0.00 0.46 ± 0.00 0.32 ± 0.00 
24 allo-aromadendrene 12.33 1469 0.40 ± 0.01 0.74 ± 0.01 0.88 ± 0.00 0.52 ± 0.01 
25 germacrene D 12.59 1484 0.11 ± 0.00 0.16 ± 0.00 0.18 ± 0.00 0.15 ± 0.00 
26 bicyclogermacrene 13.04 1508 5.44 ± 0.11 6.87 ± 0.06 8.89 ± 0.06 2.87 ± 0.06 
27 calamenene 13.57 1537 0.70 ± 0.01 1.07 ± 0.01 1.33 ± 0.01 1.50 ± 0.03 
28 cadina-1,4-diene 13.73 1545 0.21 ± 0.00 0.09 ± 0.00 0.23 ± 0.00 0.25 ± 0.01 
29 epi-globulol 14.38 1579 0.02 ± 0.01 0.78 ± 0.01 0.74 ± 0.00 0.11 ± 0.00 

Total sesquiterpene hydrocarbon 9.32 ± 0.20 13.30 ± 0.38 16.72 ± 0.11 8.07 ± 0.17 
30 globulol 14.71 1595 0.45 ± 0.01 0.26 ± 0.03 0.33 ± 0.01 4.57 ± 0.09 
31 viridiflorol 14.87 1603 9.84 ± 0.20 35.17 ± 0.48 29.38 ± 0.18 26.84 ± 0.57 
32 ledol 15.05 1611 1.20 ± 0.02 4.02 ± 0.14 3.42 ± 0.02 3.08 ± 0.06 
33 isospathulenol 16.07 1656 0.06 ± 0.00 bdl bdl bdl 
34 α-muurolol 16.31 1666 0.05 ± 0.00 0.07 ± 0.00 0.08 ± 0.00 bdl 

Total oxygenated sesquiterpene 11.59 ± 0.23 39.52 ± 0.64 32.21 ± 0.22 34.50 ± 0.72 
Monoterpenes 62.00 ± 0.64 23.88 ± 0.20 26.15 ± 0.13 33.37 ± 0.78 
Sesquiterpenes 20.91 ± 0.43 52.82 ± 1.02 49.93 ± 0.33 42.56 ± 0.89 

Total volatile components 82.91 ± 0.21 76.70 ± 1.22 76.08 ± 0.45 75.84 ± 1.67 
Values are presented as means ± SD (n=1 with two extraction replicates).  bdl: below detection limit. 
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Specifically, plants originating from site 8 and 9 contained nearly two times 

the level of sesquiterpenes (52.82 ± 1.02% and 49.93 ± 0.33%, respectively) 

relative to monoterpenes. (Figure 4-4, A).  

All the kunzea essential oils contained globulol (range from 0.22 ± 0.00% 

to 22.46 ± 0.88%) and viridiflorol (range from 5.67 ± 0.23% to 35.17 ± 

0.48%) (Figure 4-4, B). Specifically, oil from site 2 contained 22.46% of 

globulol which was four times higher compared to levels of viridiflorol. 

However, the oils from the other sites had low content of globulol (0.22-

6.54%) but were abundant in viridiflorol (9.84-31.48%). Oils produced from 

plants collected at sites 6 and 8 showed the highest levels of viridiflorol 

(31.48 ± 0.31% and 35.17 ± 0.48%, respectively) which were nearly six 

times higher, relative to oil from site 2 plants. Further, bicyclogermacrene 

was nearly three times higher in the oils from site 8 germplasm, compared 

to the oils extracted from material related to site 6 (2.20 ± 0.02%). 
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Figure 4-4. The grouped chemical constituents (A) and key sesquiterpenes 

(B) of kunzea essential oil extracted from cultivated K. ambigua.  

Values are presented as means ± SD (n=1 with two extraction replicates).  
 
 

4.4. Discussion 

4.4.1. Genetic and environmental factors influencing the chemical 

constituents in wild-grown and cultivated kunzea ethanol extracts 

There were qualitative and quantitative differences in the chemical 

composition of wild-grown and cultivated extract samples. The levels of 

chemical components in kunzea extract (mg/g DW) were generally higher 

in cultivated plants compared to those grown in the wild. Increased volatile 

components in cultivated samples might be related to soil nutrition, 

increased irrigation, and favourable environmental conditions associated 

with glasshouse production. (Hidalgo et al., 2002; Rehman et al., 2016). Yet, 
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(Jordan) P.W. Ball) compared to cultivated plants (1.9%), owing to abiotic 

conditions which can promote higher essential oil production as a defensive 

response. Essential oil production in lemongrass (Cymbopogon flexuosus 

Starf.) showed a positive correlation with early growth, indicating that 

young leaves (20-40 days old) synthesised and stored the greatest amounts 

of essential oils and this decreased after 45 days (Singh and Luthra, 1988). 

This may explain why young (one-year-old) cultivated plants contained 

approximately 1.5 to 3.7 times more volatile compounds relative to wild-

grown plants investigated in this study. When leaves are young and not fully 

expanded, they are vulnerable to mechanical damage and the higher levels 

of terpenes may deter herbivore or prevent pathogen infection. The 

heightened threat to new foliage justifies the investment of resources into 

the production and emission of volatile compounds (Dudareva et al., 2013). 

In the native habitat, plant growth can be irregular and is dependent on 

ecological factors, such as aspect, water supply, soil attributes, and 

competition with other species (Hidalgo et al., 2002). The influence of 

growing conditions may account for some of the variations between the 

chemical constituents of wild-grown and cultivated K. ambigua plants. The 

components camphene, β-caryophyllene, and germacrene D were not 

detected in most of the cultivated plants. Tsusaka et al. (2019) undertook a 

comparative study of essential oil compounds in wild and cultivated material 

from Atractylodes lancea (Compositae). The chemical constituents, such as 

β-eudesmol and hinesol were influenced largely by genetic factors rather 

than environmental factors. Yet, the highest levels of viridiflorol detected in 

the wild grown plant at site 2 was lower than levels in the cultivated samples 
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whilst plants cultivated from site 8 had significantly higher levels, 

highlighting the potential variation in chemical constituents between wild-

grown and cultivated crops is due to complex phenological factors. 

4.4.2. Cultivar as a factor affecting the oil yield and chemical variability in 

distilled oil. 

There was a large variation in the yield of kunzea essential oil produced 

from clones cultivated from germplasm collected from different sites, with 

the lowest and highest yields obtained from plants collected within 10 km 

of each other in the region of Coles Bay. In total 34 constituents were 

identified and quantified in kunzea essential oil consisting of 23.9-62.0% of 

monoterpenes with the main components being α-pinene (5.7-48.4%), 1,8-

cineole (4.9-13.8%) and sesquiterpenes (20.9-52.8%) the latter of which 

included bicyclogermacrene (2.2-8.9%) and viridiflorol (5.7-35.2%). There 

were qualitative and quantitative differences in components of kunzea 

essential oil from the cultivated plants especially, the oils from site 8, 9, and 

10 (except site 7) which all showed a higher percentage of bicylogermacrene 

and viridiflorol. All of these samples originated from the region of Coles 

Bay.  

The oil yield and chemical constituents of essential oils are determined by a 

series of factors including plant genetic, climate, edaphic, elevation, and the 

interaction of these various factors (Ložienė and Venskutonis, 2005; Basu 

et al., 2009; Shafie et al., 2009). The kunzea essential oil extracted by steam 

distillation in this study (Table 4-3) had a similar chemical profile but 

differed in relative components and oil yield to that previously reported 

Thomas et al. (2010a), perhaps owing to different extraction conditions, 
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such as the duration of distillation. The longer distillation times in this study 

may have contributed to higher levels of the heavier volatile components 

such as sesequiterpenes and oxygenated sesquiterpenes (Boutekedjiret et al., 

2003). Thomas et al. (2010a) extracted oil using hydro-distillation for four 

hours and calculated oil yield based on wet weight (w/w). The study by 

Thomas et al. (2009b), reported oil yields of 0.22% to 0.31% (w/w) and the 

major components of kunzea essential oil were α-pinene (0.6–62.5%), 

globulol (0.5–22.6%), and viridiflorol (0.3–38%) and there was chemical 

variation in kunzea essential oil according to sample collection site. The oil 

samples from the Freycinet Peninsular (prostrate form) and Bicheno 

(straight form), both located on the East coast of Tasmania, contained lower 

levels of globulol (0.5-4.5%) and higher levels of viridiflorol (11.1-38%). In 

contrast, kunzea essential oil from the North East showed higher percentages 

in globulol, which was 55 times higher relative to viridiflorol (0.3%) 

(Thomas et al., 2010a).  

In this study, plants collected across North-East Tasmania were cultivated 

under uniform conditions (glasshouse) for one year to distinguish which 

variations were due to genetic adaptation to native environments, by 

excluding variations that may have occurred in response to different 

environmental factors. The oils from plants grown from sites 8 and 9 (the 

region of Coles Bay, East Coast) contained nearly two times the level of 

sesquiterpenes relative to monoterpenes. Owing to the higher abundance of 

sesquiterpenes such as bicyclogermacrene and viridiflorol, kunzea essential 

oils from site 8 and 9 might possess strong anti-inflammatory, antimicrobial, 
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and cytotoxic properties (Cho et al., 2000; Sadgrove, 2008; Durán-Peña et 

al., 2015; Chrystal et al., 2020).  

Cultivated Kunzea collected from site 8 proved to be superior, having higher 

oil yield (2.32 ± 0.31% DW) and was of premium quality, in terms of high 

concentrations of bioactive components such as bicyclogermacrene (6.87 ± 

0.06%) and viridiflorol (35.17 ± 0.48%). As shown in Table 4-1, the region 

of Coles Bay (sites 7, 8, and 9) showed comparatively low annual rainfall 

(675.5mm), compared to Pioneer (sites 1, 2, and 3: 956.3mm) and Gould’s 

Country (site 4: 1502.5 mm). The water status of a plant has a profound 

effect on plant function and metabolic processes (Letchamo and Gosselin, 

1995). Especially, water availability can cause significant changes in the 

yield and chemical composition of essential oils. Water deficit decreased oil 

yield of rosemary (Rosmarinus officinalis L.) (Singh and Ramesh, 2000) 

while water stress had a positive effect on pepper (Capsicum annuum L. var. 

annuum) by increasing the phenolic capsaicinoids (Estrada et al., 1999). 

Daily global solar exposure and maximum temperature were highest in the 

region of Coles Bay among the collection sites. Likewise, Thymus migricus 

grown on southern slopes in full sunlight had increased growth and essential 

oil accumulation (Yavari et al., 2010). Similarly, there was an obvious 

decrease in the production of volatiles when Coriandrum sativum L. was 

grown on sites of relatively low temperature and low incident light 

(Figueiredo et al., 2008; Shams et al., 2016). With regards to the low annual 

rainfall and high solar exposure and maximum temperature, the present 

study revealed increased oil yield in the region of Coles Bay. However, there 

was also a large variation in the yield of kunzea essential oil from clones 
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cultivated from germplasm collected within a 10km radius from the region 

of Coles Bay (sites 7, 8, and 9). The yield of oils from clones propagated 

from the plant at site 8 were nearly 1.6 times higher than those from sites 7 

and 9. Yet, oils from 8 and 9 showed similar chemical constituents which 

contained two times higher of sesquiterpenes relative to monoterpenes. 

Distilled oils from plants from both sites were abundant in 

bicyclogermacrene (6.87-8.89%) and viridiflorol (29.38-35.17%). This 

shows that whilst climate might be a factor in the evolution of large 

differences in the genetics between regional ecotypes, significant within-

region variation in oil yield and components also exists.  

 

4.5. Conclusions 

The results obtained in this study show that the qualitative and quantitative 

chemical compositions of wild-grown K. ambigua plants from North-East 

Tasmania were dominated by genetic factors. Differences observed between 

extracts of plants harvested from native stands compared to clonal stock may 

be explained by differences in growing conditions, and in plant age, factors 

which were excluded in the cultivated clones. We conclude that climate 

contributes to the evolution of ecotypes which are different between regions 

and that is particularly evident in the oil yields from plants cultivated from 

the region of Coles Bay, that is characterised by relatively low annual 

rainfall and high solar exposures and maximum temperatures of nearly 19°C. 

Further, the levels of chemical components were higher in cultivated plants 

relative to plants sampled directly from native habitats, indicating that 

essential oil production is not simply an upregulation of biosynthetic paths 
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in response to abiotic stress. The quantitative differences in the chemical 

composition of cultivated kunzea plants grown under identical conditions 

must be due to genotypic differences. These genetic variations were further 

demonstrated in the range in oil yields and chemical constituents quantitated 

in distilled oils extracted from cultivated plants. This demonstrates that it is 

possible, by appropriate plant selection and cultivation, to select cultivars 

that produce kunzea essential oils with higher yields and targeted chemical 

compositions. In summary, farmers in Tasmania should consider 

propagating superior K. ambigua germplasm collected from site 8 in the 

Coles Bay region to maximise oil yield and quality with chemical profiles 

suitable for pharmaceutical and therapeutic purposes. 
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Chapter 5. The influence of harvest intensity and 

season on yield and quality of essential oil of Kunzea 

ambigua (Sm.) Druce  

 

This chapter has been submitted to Journal of Applied Research on 

Medicinal and Aromatic Plants (2021.06.02).  

 
 

Abstract 

Kunzea ambigua (Sm.) Druce, a shrub native to south-eastern Australia, is 

known by aboriginal Australians for its bioactivity. Production is moving 

from wild-harvested to orchardised stands populated with germplasm 

selected from native flora based on improved yield and quality of oils. This 

study aimed to determine the influence of harvest intensity and seasonal 

variation on 1. biomass accumulation and non-structural carbohydrates 

(NSCs) levels to inform harvest intensity strategies and; 2. seasonal 

variation in oil yield and quality of kunzea essential oil to inform optimal 

harvest time. The responses to the depth of cut at harvest (harvest intensity) 

of shallow (0.2m above ground) and deep-cut harvest (0.1m above ground), 

undertaken in early summer, were compared to uncut plantation material 

(control). The cumulative above-ground biomass of shallow-cut (804.52 ± 

90.44g DW/m2) was two-fold higher, relative to deep-cut treatment (404.91 

± 62.59g DW/m2) with a concomitant higher oil content in shallow-cut (1.84 

± 0.11% DW) compared to deep-cut treatment (1.54 ± 0.32% DW) in spring. 

The lack of resources for vegetative growth post-harvest in deep-cut was 
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confirmed by the low starch levels detected in the roots of the deep-cut 

treated plants. Total soluble sugar concentrations were higher in the leaves 

and lower in the roots of deep-cut treated plants compared to the other 

treatments, indicating that defoliated K. ambigua responds by mobilising 

sugars into above-ground biomass. The apparent prioritisation of resources 

to vegetative growth may account for the lower oil content (% DW) in the 

deep-cut treatment compared to the other treatments. There was no 

significant effect of season on overall essential oil content (range from 1.65 

± 0.13 to 2.04 ± 0.12 % DW).  

An interactive effect of harvest intensity with season was recorded for all 

major components except for a non-significant effect of season on terpinen-

4-ol. This was particularly evident for α-pinene and bicyclogermacrene, 

whereby these components were elevated in both shallow-and deep-cut 

treatments in spring, relative to control, possibly due to the plant defence 

response after defoliation. Specifically, bicyclogermacrene levels in 

shallow-and deep-cut treatment increased by nearly 116% and 93%, 

respectively, compared to the control in spring. In relation to seasonal 

variation, the highest percentage of bioactive compounds such as 1,8-cineole 

and viridiflorol were present in autumn. These results suggest that the 

recovery of biomass post-harvest is optimised by shallow-cut harvests and 

that autumn cropping maximises oil quantity, yielding premium kunzea 

essential oil with enhanced levels of bioactive components.  

 

KEY WORDS:  Kunzea essential oil, defoliation, harvest season, harvest 

intensity, and plant defence 
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5.1. Introduction 

Kunzea ambigua (Sm.) Druce is a woodland shrub species native to south-

eastern Australia and Tasmania (Elliot and Jones, 1990; Wrigley and Fagg, 

2003). The Therapeutic Goods Administration (TGA) has recognized the 

benefit of kunzea essential oil for therapeutic uses such as aromatherapy 

(Hood, 2000). Production is moving from wild-harvested to orchardised 

stands yet there have been no studies to establish optimal harvest intensities 

and the effect of season on the yield and chemical profile of kunzea essential 

oil. 

Plants have evolved to rapidly recover following defoliation (Latt et al., 

2000). Generally, partial plant defoliation induces up-regulation of 

photosynthesis in the remainder of the canopy and non-structural 

carbohydrates (NSCs) are redirected to provide energy for the regrowth of 

shoots (Loescher et al., 1990). Levels of NSCs are a key indicator of plant 

growth and adaptation strategies (Myers and Kitajima, 2007; Wang et al., 

2015). In particular, sucrose is the major form of organic carbon exported 

from the photosynthetic and reserve sources to sink organs, and this process 

is essential for the survival and productivity of plants through the provision 

of energy for respiration during the early stages of leaf growth that drives 

rapid re-foliation (Chiou and Bush, 1998; Koch, 2004; Chesney and 

Vasquez, 2007). In the case of commercial production of tea (Camellia 

sinensis L.), regular partial defoliation stimulated new shoot growth 

(Priestley, 1962; Selvendran, 1970). Bore et al. (2003) found a significant 

positive relationship between yields of tea and levels of NSCs in both leaf 

and root where harvesting was moderate. When defoliation was too severe, 
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carbohydrate reserves were progressively depleted, resulting in the death of 

roots and the failure of new buds to form shoots (Kandiah et al., 1984). 

Hence, how effectively the essential oil species K. ambigua recovers from 

the partial defoliation of harvest, as indicated by NSCs levels that drive 

biomass regrowth, is an objective of this study. 

The seasonal timing of harvest of essential oil crops is critical as it can 

directly affect the oil yield and composition (Clark and Menary, 1979). For 

optimal oil yield, harvest needs to target the peak of biomass production 

before there is any significant loss in oil content or quality (Srivastava et al., 

2003). Seasonal variation in yield and quality may be due to related changes 

in climate and/or plant growth and development ontogeny (Celiktas et al., 

2007). Hussain et al. (2008) found that the yield of basil oil (Ocimum 

basilicum L.) ranged from 0.5 to 0.8% DW and that the maximum amounts 

were recorded in winter with the lower oil content in summer, probably due 

to evaporation. The total oil content of peppermint (Mentha piperita L.) 

increased up until flowering in early summer, then slowly declined, although 

the bioactive component of menthol continued to increase (Loomis, 1977).  

 Seasonal changes can also affect oil yield and quality, though this has been 

shown to be species-specific and can be further confounded by the combined 

interactions of ontogeny and abiotic and biotic factors (Chauhan et al., 

2014).  It follows that the chemical constituents of essential oils can vary 

with defoliation/harvest intensity (Sarıbaș et al., 2013). Severe harvest 

intensity of Rosa damascene Mill., where plants were cut to a height of  

0.12m, led to the highest quality of rose oil when compared to those 

harvested to a height of 0.9 and 1.2m. Increases were observed in the four 
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major chemicals of heptadecane, nonadecane, eicosane, and heneicosane, 

components prized in international markets (Pal et al., 2014).  

This study aimed to determine the influence of harvest intensity (control, 

shallow- or deep-cutting) and season on 1. biomass accumulation and the 

recovery of NSCs 12 months after harvest and 2. variation in the quantity 

and quality of kunzea essential oil. 

 

5.2. Materials and methods 

5.2.1. Materials 

Analytical grade ethanol was purchased from Sigma-Aldrich, St Louis, 

USA. The internal standards, octadecane, and C7-C40 saturated alkanes 

standard mix (Lot #LRAC3115) were also sourced from Sigma-Aldrich, St 

Louis, USA. The total starch assay kit was purchased from Megazyme Pty 

Ltd., Australia, Cat. #K-TSTA. All incidental chemicals and reagents used 

were of analytical grade. 

5.2.2. Experimental location, climate, and soil characteristics  

The trial was conducted at a commercial kunzea farm (latitude: -41.034816, 

longitude: 147.560118) in North-East Tasmania (Pioneer), Australia. The 

climatic characteristics of the trial site were obtained from SILO weather 

extrapolation (Figure 5-1). The SILO database and tool is a comprehensive 

archive of climate data recorded by the Australian Government Bureau of 

Meteorology (Jeffrey et al., 2001).  
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Figure 5-1. The mean monthly rainfall and minimum and maximum 

temperature at Pioneer, Tasmania from February to December in 2019 

(obtained from the SILO, https://www.longpaddock.qld.gov.au/silo/point-

data/). 

The top-soil was analysed by CSBP, Bibra Lake, Australia (Table 5-1). 

There was no irrigation at the trial site during the study. 

Table 5-1. The physicochemical properties of topsoil to 200mm depth 

which encompases the distribution of the majority of the root profile of K. 

ambigua at the field trial.  

Nitrate 
nitrogen 
(mg/kg) 

Phosphorus 
(mg/kg) 

Potassium 
(mg/kg) 

Sulfur 
(mg/kg) 

pH level 
(Cacl2) 

DTPA 
Copper  
(mg/kg) 

DTPA 
Iron 
(mg/kg) 

DTPA 
Manganese 
(mg/kg) 

 
< 1 

 
8.25 ± 1.50 

 
67.25 ± 
36.39 

 
2.37 ± 
0.47 

 
4.25 ± 
0.26 

 
0.52 ± 
0.15 

 
156.78 
± 31.57 

 
1.36 ± 0.98 

Values are presented as means ± SD (n=4). 
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5.2.3. Plant materials and experimental design 

The trial site had been commercially harvested in April 2018. Harvest 

intensity treatments were imposed on 28 December 2018 in a Randomized 

Complete Block Design (RCBD) of four blocks, each of which was subject 

to three harvest intensity treatments, randomly allocated within each block 

(approximately 0.06ha in total). Treatments were: control (no harvesting), 

shallow-cut (0.2m above ground), and deep-cut (0.1m above ground). The 

above-ground heights for each block were recorded and randomly selected 

1m2 areas were sampled from each treatment on 22 February 2019 (‘Late 

Summer’), 09 April 2019 (‘Autumn’), and 06 December 2019 (‘Spring’). 

The sampled plants were cut and labelled in the field before being stored in 

ice in a thermal-resistant container for transport to the laboratory. The 

samples were then weighed (biomass), sub-samples were dried at 70°C for 

24 hours to determine dry weights (DW) and the remainder were packed in 

plastic bags and stored at -18°C prior to being extracted by steam distillation. 

Species identification was confirmed by Tasmanian Herbarium, Hobart, 

Tasmania. The Growth Rate (GR) of biomass at each sampling date was 

calculated using the difference in the above-ground biomass (DW/m2) 

recorded for each sampling date using the formula: 

GR of biomass (g DW per m2/day) = change in biomass (DW) / number of 

days 

5.2.4. Isolation of oils 

Each sample from each of the blocks at each seasonal time point was divided 

into 2×200g duplicates and the essential oils were obtained by steam 

distillation for five hours using a Clevenger-type apparatus. Essential oils 
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were weighed and calculated as grams of oil per gram of dry plant material 

(oil content: g/g DW). The oils were stored at 4°C prior to gas 

chromatography (GC) analyses. Essential oil yield (g DW/m2) was 

calculated using the formula: 

Essential oil yield (g DW/m2)  

= oil distilled (g)
plant material distilled (DW g)

 × Total DW g material harvest from 1m2 

Cumulative essential oil yield (g DW/m2) at each sampling date was 

calculated by adding the essential oil yield (g DW/m2) recorded at the 

beginning of the trial (28 December 2018) to that obtained from harvest at 

any given date. The major components of kunzea essential oil were α-

pinene, 1,8-cineole, terpinen-4-ol, bicyclogermacrene, globulol, viridiflorol 

and ledol, as analysed by GC-FID (section 5.2.5), are presented as a 

percentage of the total oil yield. All other chemical constituents were 

grouped, and their percentages summed and reported as minor components. 

5.2.5.  Gas chromatography 

Quantitative analyses were performed by GC analysis of the kunzea 

essential oil using a Hewlett Packard, USA 5890 series ll gas chromatograph 

equipped with a flame ionisation detector (FID) and HP-1 crosslinked 

methyl siloxane column (30mm×0.32mm, film thickness 0.25µm). Injector 

and detector temperatures were set at 220°C and 300°C, respectively. Oven 

temperature was increased from 60°C to 210°C at 6°C/min and to 280°C at 

25°C/min. Total analysis time was 28mins. Octadecane was used as the 

internal standard. Each oil sample (20µL) was dissolved in 1mL hexane of 

which 2µL was injected at a split ratio of 50:1. Peak areas and retention 

times were measured by electronic integration, and quantitation was 
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obtained by peak normalisation of GC/FID data.  

The amount of each component in the kunzea essential oil was calculated 

assuming a 1:1 response ratio of the component to the internal standard;  

mg of component in kunzea oil = area of peak
area of ocatadecane

 × mg of octadecane 

The percentage of chemical components in kunzea oil was calculated as 

follow; 

% in component in kunzea oil = mg of component in kunzea oil
mg of kunzea oil

 × 100 

Qualitative analyses of the kunzea essential oil were carried out by GC-mass 

spectrometry (MS) using a Brucker-300triple quadrupole benchtop GC-MS 

(Bruker Corporation, Billerica, USA). The same column was used with 

similar experimental conditions to those described above for GC-FID except 

that the carrier gas was helium at a flow rate of 1.2mL/min. The ion source 

temperature was 220°C and the transfer line was held at 290°C. The range 

from m/z 35 to 350 was scanned three times every second. The identification 

of individual peaks was done using their Kovats Indices (KI) (Davies, 

1990a; Thomas et al., 2010a), and mass spectral data were compared to 

those for standard compounds in the MS database of National Institute of 

Standards and Technology (NIST) (Table 5-2). 
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Table 5-2. Identified chemical components in kunzea essential oil1) 

extracted from K. ambigua. 

   Components RT2) KI3) calc. KI Lit4) ref 
1 α-pinene 2.906 917 938 
2 camphene 3.401 969 952 
3 sabinene 3.44 973 977 
4 β-pinene 3.618 990 982 
5 limonene 4.018 1015 1032 
6 1,8-cineole 4.253 1026 1036 
7 (Z)-B-ocimene 4.517 1038 1036 
8 (E)-B-ocimene 4.706 1046 1046 
9 isoamyl butyrate 4.889 1054 1054 
10 cis-linalool oxide 5.428 1075 1071 
11 terpinolene 5.53 1078 1085 
12 linalool 5.938 1093 1097 
13 isoamyl isovalerate 6.173 1102 1102 
14 trans-pinocarveol 6.646 1142 1143 
15 pinocarvone 6.719 1148 1165 
16 terpinen-4-ol 6.925 1165 1170 
17 α-terpineol 7.194 1186 1197 
18 citronellol 7.958 1228 1227 
19 geraniol 8.493 1253 1252 
20 ϒ-elemene 9.695 1303 1333 
21 α-cubebene 10.531 1351 1352 
22 α-copaene 10.972 1374 1380 
23 β-elemene 11.299 1391 1392 
24 α-gurjunene 11.641 1409 1412 
25 β-caryophyllene 11.828 1419 1425 
26 aromadendrene 12.228 1441 1444 
27 a-humulene 12.415 1450 1461 
28 allo-aromadendrene 12.645 1462 1466 
29 germacrene D 13.189 1489 1468 
30 bicyclogermacrene 13.36 1497 1501 
31 calamenene 13.88 1525 1527 
32 palustrol 14.699 156 1577 
33 spathulenol 14.896 1578 1584 
34 globulol 15.013 1584 1594 
35 viridiflorol 15.189 1593 1603 
36 ledol 15.375 1601 1613 
37 isospathulenol 16.07 1622 1639 
38 α-muurolol 16.308 1628 1654 

1) Kunzea essential oil was extracted by steam distillation for five hours 
2) RT: Retention time 
3) KI: Kovats index 
4) KI ref : Thomas et al. (2009b) 
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5.2.6. Extraction methodology for soluble sugars and starch 

For the determination of NSCs, a single, randomly selected plant was dug 

out from each treatment block at the end of the trial (6 December 2019). 

Leaves, branches, and roots were separated and washed free of adhering soil. 

The samples were dried at 70°C for 10 days. Samples were then ground 

coarsely with a Wiley Mill. Soluble sugars were extracted from 100mg of 

the dried powdered sample tissue using 3mL of 80% (v/v) ethanol and 

samples were incubated at 60°C for approximately 10 mins. The extracts 

were centrifuged at 4,000g for 10 mins at 8°C. The supernatant was 

transferred to separate tubes. The pellet was extracted twice more, as 

described, and the supernatants were combined and frozen until analysis for 

soluble sugars (fructose, glucose, and sucrose) using High Performance 

Liquid Chromatography (HPLC)-MS, and the pellet was then used for starch 

analysis. 

The starch level was determined enzymatically using a total starch assay kit 

(Megazyme Pty Ltd., Australia, Cat. #K-TSTA, AOAC Method 996.11, 

AACC Method 76.13). Starch results are presented (mg/g DW). NSCs are 

presented as the sum of total sugars and starch. 

5.2.7. Data and statistical analysis 

Data are represented as means ± SD (n=4). Statistical analyses were 

performed using SAS software (Version 9.4, SAS Institute INC., Cary, NC, 

USA). Cumulative above ground biomass (g DW/m2), GR of biomass (g 

DW/m2/day), oil content (% DW), essential oil yield (g DW/m2), cumulative 

essential oil yield (g DW/m2), and the concentration of chemical constituents 

of kunzea essential oil (%) were subjected to two-way (harvest intensity × 
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season) analysis of variance (ANOVA) followed by post-hoc Duncan’s 

multiple range tests. NSCs were analysed using ANOVA followed by post-

hoc Duncan’s multiple range tests. 

 

5.3. Results 

5.3.1. The effect of harvest intensity and season on NSCs, biomass 

accumulation, and yield of kunzea essential oil  

Starch levels significantly differed between harvest intensity treatments 

(Table 5-3) whereby levels were highest in both the leaves and the roots of 

the control (2.51 ± 0.08 and 9.31 ± 0.89mg/g respectively) and decreased 

with the depth of cut to a low of 1.82 ± 0.04mg/g and 7.51 ± 0.59mg/g in 

the leaves and roots of the deep-cut treatment, respectively. Conversely, TSS 

was highest in the leaves of the deep-cut treatment (73.25 ± 3.71mg/g) and 

lowest in the roots at 18.41 ± 0.77mg/g, relative to the control (24.23 ± 

3.45mg/g). The sugar most prevalent in the leaves of shallow-and deep-cut 

treatments was sucrose (41.54 ± 2.22 and 44.96 ± 2.17mg/g, respectively) 

which was significantly higher compared with the control treatment (23.53 

± 0.46mg/g) whilst levels of sucrose in the roots showed the opposite 

pattern. Overall, the concentration of NSCs in leaves of the deep-cut 

treatment was the highest (75.07 ± 3.74mg/g) whilst that in roots was the 

lowest (25.92 ± 0.96mg/g).  

To understand plant responses to different levels of harvest intensity, 

cumulative above ground biomass, and GR of biomass were investigated 

following a period of recovery (Figure 5-2 and Table 5-4).  



98  

Table 5-3. Starch and soluble sugars in leaves, branches and roots sampled on 6th December 2019 subsequent to harvest intensity 

treatments of control, shallow cut (0.2m above ground), and deep cut (0.1m above the ground) which were imposed on 28 

December 2018.  

  Starch 
(mg/g DW) 

Fructose 
(mg/g DW) 

Glucose 
(mg/g DW) 

Sucrose 
(mg/g DW) 

Total soluble sugar 
(mg/g DW) 

NSCs 
(mg/g DW) 

Leaves 
 

   
 

 
Control 2.51 ± 0.08a 9.48 ± 1.12b 7.68 ± 0.99c 23.53 ± 0.46b 40.69 ± 2.56c 43.21 ± 2.55c 
Shallow  1.90 ± 0.14b 10.96 ± 0.58b 11.53 ± 0.82b 41.54 ± 2.22a 64.02 ± 1.02b 65.92 ± 1.11b 

Deep 1.82 ± 0.04b 13.98 ± 1.04a  14.31 ± 0.76a 44.96 ± 2.17a 73.25 ± 3.71a 75.07 ± 3.74a 
Branches 

 
   

 
 

Control 4.24 ± 0.34NS 6.35 ± 0.50a 7.34 ± 0.65a  19.38 ± 2.09a 33.07 ± 3.23a 37.31 ± 3.56a 
Shallow  5.29 ± 0.65 3.61 ± 0.60c 3.48 ± 0.59c 13.35  ± 1.87b 20.44 ± 3.05b 25.73 ± 3.26b 

Deep 5.08 ± 0.25 5.06 ± 0.33b 5.76 ± 0.59b 19.14 ± 1.60a 29.97 ± 1.50a 35.05 ± 1.33a 
Roots 

 
   

 
 

Control 9.31 ± 0.89a 3.62 ± 0.46NS 3.83 ± 0.45NS 16.79 ± 2.58a 24.23 ± 3.45a 33.54 ± 3.48a 
Shallow  8.33 ± 1.21a 3.63 ± 0.56 3.50 ± 0.55 13.43 ± 1.73b 20.56 ± 2.83ab 28.89 ± 2.05ab 

Deep 7.51 ± 0.59b 3.13 ± 0.34 3.01 ± 0.30 12.27 ± 0.35b 18.41 ± 0.77b 25.92 ± 0.96b 

Values are presented as means ± SD (n=4). Mean values designated by a different letter are significantly different between 
treatments (p < 0.05). 
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Figure 5-2. Cumulative above ground biomass (g DW/m2) of K. ambigua 

following harvest treatments of control, shallow-cut and deep-cut imposed 

in Summer (28/12/2018) and from sampling of simulated harvest of 1m2 

plots during subsequent late Summer (22/02/2019), Autumn (09/04/2019) 

and Spring (06/12/2019).  

Values are presented as means ± SD (n = 4).  Mean values designated by a 
different letter are significantly different (p < 0.05) between groups 
according to two-way ANOVA test with initial harvest intensity (HI) and 
season (S) as variability factors.  
The zero-time data is existing biomass after last commercial harvest (April 
2018). 
 
Significant interactions between harvest intensity and season on cumulative 

above ground biomass (p < 0.05) and GR of biomass (p < 0.0001) were 

found. For cumulative above ground biomass (Figure 5-2), control and 

shallow-cut treatment (947.42 ± 20.87 and 804.52 ± 90.44g DW/m2, 

respectively) were nearly two times higher than deep-cut treatment (404.91 

± 62.59 DW/m2) in spring. This was reflected in GR of biomass which was 

significantly higher in control and shallow-cut, relative to the deep-cut 
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treatment in late summer and autumn. In relation to seasonal variation, the 

GR of the control was three times higher in late summer (6.98 ± 0.54g 

DW/m2/day) than it was in the winter/spring (2.76 ± 0.16g DW/m2/day).  

Essential oil content in deep-cut treatment (1.54-1.66% DW) showed a 

significant 17% decline, relative to the control and shallow-cut treatment 

(1.80-1.90% and 1.84-2.00% DW, respectively). However, there was no 

seasonal variation in essential oil content as a percentage of biomass. A 

significant interaction was found (p < 0.001) between harvest intensity and 

season on essential oil yield (g DW per m2) whereby control treatment was 

always significantly higher than other treatments. In spring, the essential oil 

yield in shallow-cut (11.79 ± 0.23g DW/m2) and deep-cut (6.24 ± 0.18g 

DW/m2) treatments were 30.85 and 63.40%, respectively, relative to the 

control (17.05 ± 1.21g DW/m2). Likewise, there was an overall interactive 

effect on cumulative essential oil yield (p < 0.001) though there was no 

significant difference among treatments in late summer and autumn. In 

spring, whilst there was no significant interactive effect of season and 

cumulative essential oil yield (the sum of essential oils produced from the 

original harvest in December 2018 and that produce over the trial period), 

there was a significant difference in cumulative essential oil in spring 

between control (17.05 ± 1.21g DW/m2) and shallow-cut treatment (14.90 ± 

0.48g DW/m2), while the deep cut treatment was significantly lower by 

nearly 22%, relative to control. 
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Table 5-4. Growth rate (GR) of biomass (g DW/m2/day), oil content (% DW), essential oil yield (g DW per m2) and cumulative oil yield 

(g DW per m2; sum of biomass at time zero and that collected at subsequent harvest dates) of K. ambigua following treatments of control, 

shallow-cut and deep-cut harvests imposed in Summer (zero time: 28/12/2018) and from subsequent simulated harvest of 1m2 plots in late 

Summer (22/02/2019), Autumn (09/04/2019) and Spring (06/12/2019).  

Season 
(S) 

Initial harvest intensity 
(HI) 

GR of biomass 
(g DW/m2/day) 

Essential oil content 
(% DW) 

Essential oil yield 
(g DW per m2) 

Cumulative essential oil yield 
(g DW per m2) 

Zero time Control  1.96 ± 0.24a 7.01 ± 1.01C 0H 

Shallow  2.04 ± 0.12a 3.11 ± 0.15E 3.11 ± 0.15G 

Deep  1.96 ± 0.24b 0F 7.01 ± 1.01F 

Late summer 

 

Control 6.98 ± 0.54A 1.84 ± 0.06a 7.19 ± 0.96C 7.19 ± 0.96EF 

Shallow 3.29 ± 0.18C 1.98 ± 0.20a 3.65 ± 0.89DE 6.76 ± 1.04F 

Deep 2.21 ± 0.32DE 1.66 ± 0.13b 2.05 ± 0.53EF 9.06 ± 1.54DEF 

Autumn 

 

Control 5.74 ± 0.40B 1.90 ± 0.15a 11.13 ± 1.31B 11.13 ± 1.31CD 

Shallow 2.80 ± 0.11CD 2.00 ± 0.13a 5.72 ± 0.31CD 8.83 ± 0.46DEF 

Deep 1.76 ± 0.22EF 1.65 ± 0.13b 2.97 ± 0.18E 9.98 ± 1.09DE 

Spring Control 2.76 ± 0.16CD 1.80 ± 0.19a 17.05 ± 1.21A 17.05 ± 1.21a/A 

Shallow 1.87 ± 0.12EF 1.84 ± 0.11a 11.79 ± 0.23B 14.90 ± 0.48b/AB 

Deep 1.18 ± 0.18F 1.54 ± 0.32b 6.24 ± 0.18C 13.25 ± 0.65c/BC 

        HI  *** * *** * 

         S  *** NS *** *** 

    HI × S  *** NS ** *** 

Values are presented as means ± SD (n = 4).  Mean values designated by a different letter are significantly different between groups (*** p < 0.0001, ** p < 0.001, * p < 
0.05, NS = not significant), according to two-way ANOVA test with initial harvest intensity (HI) and season (S) as variability factors: initial harvest intensity (HI) for a, 
b, c and season (S) for x, y, and z using lowercase letters, and initial harvest intensity (HI) × season (S) interaction for capital letters. The zero-time data was not 
included in two-way ANOVA test.
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5.3.2. The effect of harvest intensity and season on the chemical constituents 

of kunzea essential oil (%) 

There were significant interactive effects of harvest intensity and season on 

α-pinene (p < 0.0001), globulol (p < 0.05), bicyclogermacrene (p < 0.05) 

and the minor components (p < 0.0001) (Table 5-5). In the control in spring, 

α-pinene (25.95 ± 1.98%) and bicyclogermacrene (3.94 ± 0.25%) were two 

times lower compared to shallow (42.56 ± 4.17 and 8.49 ± 0.06% 

respectively) and deep-cut treatments (39.04 ± 1.77 and 7.58 ± 0.34% 

respectively) (Figure 5-3, (A)). In contrast, the percentage composition of 

minor components was highest in the control at the end of spring (39.07 ± 

2.03%), which was nearly 1.5-fold higher than that recorded for shallow-

and deep-cut treatments (27.16 ± 2.11 and 31.07 ± 1.11% respectively). 

With respect to seasonal variation, oils produced from summer and autumn 

samplings had the highest percentage in overall bioactive compounds such 

as 1,8-cineole (range from 8.23 + 1.60 to 11.40 + 1.14%) and viridiflorol 

(range from 10.42 + 0.32 to 15.56 + 0.61%). The quality component, 

viridiflorol, decreased by 34% in spring. There was no seasonal variation in 

terpinen-4-ol (range from 0.28 + 0.03 to 0.49 + 0.04%) (Figure 5-3, (B)). 
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Table 5-5. The major and minor chemical components in kunzea essential oil (%) from two-way ANOVA with initial harvest 

intensity (HI), season (S) and their interaction (HI × S) as variability factors.  

 The major chemical components in kunzea essential oil Minor 

components 

 α-pinene 1,8-cineole terpinen-4-ol α-terpineol bicyclogermacrene globulol viridiflorol ledol  

HI *** ** ** ** *** ** * * NS 

S * * NS * *** * ** * *** 

HI × S *** NS NS NS * * NS NS *** 

  *** p < 0.0001, ** p < 0.001, * p < 0.05, NS = not significant (p > 0.05), and n = 4. 
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(A) 

 

(B) 

 

Figure 5-3. The significant interaction effect (A) and main effect of harvest 

intensity and season, respectively (B) on the major chemical constituents 

(%) in kunzea essential oil.  

Values are presented as means ± SD (n = 4).  Mean values designated by a different 
letter are significantly different between groups (p < 0.0001, p < 0.001, p < 0.05) 
according to two-way ANOVA test with initial harvest intensity (HI) and season 
(S) as variability factors: initial harvest intensity (HI) for a, b, c and season (S) for 
x, y, and z using lowercase letters, and initial harvest intensity (HI) × season (S) 
interaction for capital letters. The zero-time data was not included in two-way 
ANOVA test. 
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5.4. Discussion 

5.4.1. Plant growth and the allocation of NSCs of K. ambigua in response to 

harvest intensity and season 

The starch reserves in both roots and leaves were significantly higher in the 

control kunzea plants, relative to harvested plants. The defoliation from 

harvesting can alter carbohydrate metabolism. Monosaccharides are 

mobilized instead of sugar polymers and starch reserves are hydrolysed to 

soluble sugars (Tschaplinski and Blake, 1989). Mobilisation of reserves 

with increased harvest intensity is further demonstrated by significantly 

higher levels of TSS in the leaves and lower levels in the roots of deep-cut 

treatments, relative to control and shallow-cut treatments. This confirms 

that, even after 12 months, the deep-cut treatment still had allocated 

measurably higher levels of TSS to new shoot growth than other treatments. 

Likewise, the results of depleted starch reserves after deep-cut treatment are 

consistent with resources being mobilised for new shoot growth in response 

to partial defoliation from harvest. These findings are consistent with those 

reported in tea (Camellia sinensis L.) that has been shown to re-allocate 

NSCs from roots to shoots following partial defoliation, such that NSCs are 

highest in leaves after harvest (Bore et al., 2003). Similarly, a decrease of 

starch content and a parallel increase of soluble sugar content was reported 

in balsam fir (Abies balsamea (L.) Mill) after it was subjected to heavy and 

moderate defoliation (61-80% and 41-60%, respectively), relative to the 

control treatment (Deslauriers et al., 2015).  

The sugar most prevalent in kunzea was sucrose, being higher in the leaves 

and branches and lower in the roots of harvested plants, compared to control. 
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Likewise, fructose and glucose mirrored the trends observed for sucrose in 

leaves and branches, but not in the roots. This could indicate that new 

photosynthates might be preferentially allocated to organs such as new 

leaves and branches near the carbohydrate source to support growth (Eyles 

et al., 2013). Glucose plays a role as a substrate for cellular respiration or as 

an osmolyte to maintain cell homeostasis, while fructose seems related to 

secondary metabolite synthesis such as the production of phenolic 

compounds (Rosa et al., 2009). Nonetheless, there was consistency in the 

levels of fructose and glucose in roots of K. ambigua across all treatments 

which may be required for metabolic maintenance of roots (Durand et al., 

2018). 

Regardless of remobilisation of NSCs in the shallow-and deep-cut 

treatments, GR in harvested K. ambigua was lower than those of the control. 

Under productive environments, plants maximise their growth rates by 

continuously generating new roots and leaves (Sterck et al., 2006). 

Conversely, in non-productive environments, where plant tissue is damaged, 

plants show reduced growth rate and instead mobilise reserves, allowing re-

growth (Iwasa and Kubo, 1997). Further, slow growth is accompanied by 

altered chemical characteristics such as elevated levels of defensive 

secondary compounds (Coley et al., 1985). The results presented in this 

study also reveal a slower GR in defoliated K. ambigua which is consistent 

with the prioritisation of resources for re-growth and the production of 

defence compounds, such as bicyclogermacrene. This is further evidenced 

by the higher GR of biomass in shallow-cut treatment relative to the deep-

cut treatment. Moderate defoliation results in the emergence of new leaves 
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with modified assimilatory capacity (Oesterheld, 1992; Zhao et al., 2008). 

Quentin et al. (2011) reported that removal of 45% of the leaves of blue gum 

(Eucalyptus globulus Labill.) was compensated for by an increased 

photosynthetic rate, improved water relations and increased utilisation of 

carbon assimilates. However, heavily defoliated branches, such as that 

implemented in the deep-cut kunzea harvest, might not be able to draw 

sufficient resources from the rest of the crown to recover and maintain re-

growth (Honkanen and Haukioja, 1994). It follows that the slow growth 

recorded immediately after deep-cut harvest in this study, may have been 

due to a lack of photosynthetic leaf area (Trumble et al., 1993; Quentin et 

al., 2011). 

5.4.2. The effect of harvest intensity and season on the quantity of kunzea 

essential oil  

Shallow-harvested kunzea plants yielded more oil (% DW) than deep-

harvested. Biotic and abiotic environmental factors affect plant growth, 

essential oil yield, and chemical composition (Wang et al., 2008). Zuazo et 

al. (2019) reported that over three years, the essential oil content (cm3/100g 

DW) of oregano (Origanum bastetanum), lavender (Lavandula lanata), and 

santolina (Santolina rosmarinifolia) decreased by 25 to 50% with increased 

harvest intensity. In lemongrass (Cymbopogon flexuosus Stapf.) only young, 

rapidly expanding leaves were metabolically active enough to synthesize 

essential oils when starch was mobilised. An adequate supply of carbon 

precursors, cofactors, and energy is required to simultaneously produce 

essential oils and vegetative material post-harvest (Singh and Luthra, 1988; 

Singh et al., 1989b). In this study, the levels of sucrose in remaining leaves 
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of defoliated K. ambigua were similar in the shallow- and deep-cut plants 

yet oil content was significantly higher in the shallow-cut treatment, 

indicating that there were insufficient resources for both secondary 

metabolite production and plant recovery following the deep-cut treatment. 

Hence, the reserves in shallow-cut treatment were sufficient to provide for 

both vegetative growth and essential oil biosynthesis. Further, whilst there 

was no significant interactive effect, there was a significant difference in 

cumulative essential oil yield for control and shallow-cut treatments in 

spring. The cumulative essential oil yield from a single harvest of the control 

at the end of the trial produced 17.05 ± 1.21g DW/m2. The material 

originally harvested when shallow-cut treatment was implemented produced 

3.11 ± 0.15g DW/m2 at zero time, which, along with the final harvest, had a 

combined production of 14.90 ± 0.48g DW/m2, which is 14% lower than the 

yield in the control over the same period. On this basis, the data might 

recommend, biennial harvests, however, the continuation of the trial into a 

second year is likely to have shown an increase in woody material in the 

control, together with a reduced number of laterals. Pruning of kunzea, such 

as that implemented with the shallow-cut treatment, should improve the 

growth of laterals and lower branches providing for a spreading plant 

structure, that intercepts more light (Chimonidou-Pavlidou, 1998; Zekavati 

and Zadeh, 2013; Thakur et al., 2018) and would provide for a higher oil 

yield. Likewise, Eucalypts globulus compensated for the 40% loss of foliage 

by diverting resources to greater leaf area development, within and above, 

the defoliated crown zone (Eyles et al., 2009; Quentin et al., 2011). Further 

studies in kunzea onto the effect of harvest intensity on plant structure over 
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a period of years, is warranted.  

Seasonal changes can influence oil yield (Chericoni et al., 2004). However, 

we found no seasonal variation in the oil content (% DW) of K. ambigua. 

Simmons and Parsons (1987) found that the essential oil extracted from 

Eucalyptus ovata (Myrtaceae), another Australian native species that 

occupies a similar ecological niche to Kunzea, showed relatively constant 

oil yield throughout the year. The findings reported here are consistent with 

previous studies of oils in Myrtaceae (Boland et al., 1982; Doran and Bell, 

1994), and this is perhaps due to relatively constant ecological pressures in 

these perennial, evergreen species.  

5.4.3. The effect of harvest intensity and season on the quantity of kunzea 

essential oil  

There was a significant interaction effect of harvest intensity and season on 

α-pinene and bicyclogermacrene, which were significantly higher in oils 

from shallow and deep cut treatment harvested in spring compared to the 

control. Terpenoids are important for plant survival, and several terpenoids 

have their roles in plant defence against biotic and abiotic stress (Singh and 

Sharma, 2015). Defoliation can trigger plant defence mechanisms including 

changing the chemical profile due to the expression of different genes 

(Manika et al., 2013). Enhanced levels of α-pinene and bicyclogermacrene 

in shallow-and deep-cut treatments could be the result of these plant defence 

mechanisms. α-Pinene exhibits diverse biological activity having antiviral, 

antimicrobial, and antibacterial properties due to their toxic effects on 

membranes (Alma et al., 2004; Lopes et al., 2012). The production of 

sesquiterpenes, such as bicyclogermacrene, is associated with a defence 
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response against pathogens and herbivores in members of the family 

Solanaceae, Vitaceae, and Meliaceae (Goyal et al., 2012). Further, Durán-

Peña et al. (2015) found that bicyclogermacrene had cytotoxic activity. 

There were significant effects of harvest intensity and season on all major 

components except for terpinen-4-ol. In contrast, seasonal variation in the 

levels of terpinen-4-ol in tea tree oil (Melaleuca alternifolia) has been 

reported (Williams and Home, 1988). The increased levels of α-pinene and 

bicyclogermacrene were commitment with lower levels of minor 

components of kunzea essential oil produced from spring harvests in 

shallow-and deep-cut treatments relative to the control. Cisneros‐Zevallos 

(2003) suggested that the harvesting processes, including cutting and 

mechanical damage, could improve the anthocyanins and phenolic 

compound concentrations in fruits and vegetables. Abiotic stress can be 

managed as an agronomic strategy for improving the quality of horticultural 

produce through enhanced levels of bioactive constituents such as 

bicyclogermacrene and α-pinene (Toscano et al., 2019).  

In relation to the timing of the harvest season, kunzea essential oil showed 

enhanced levels of bioactive constituents such as 1,8-cineole, and 

viridiflorol (highly desired by the market) in autumn. Owing to these 

components, kunzea essential oil exhibits several therapeutic properties, 

such as anti-inflammatory activity (Dhami et al., 2019), fumigant toxicity 

(Lee et al., 2004), and anti-bacterial activity (Rodrigues et al., 2010). 

Terpinen-4-ol also has been shown to have strong antimicrobial activity 

(Williams and Lusunzi, 1994), and this study revealed that in kunzea 

essential oil, levels of this component were constant throughout the year. 
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Barra (2009) explained that a variety of factors are involved in the chemical 

composition of essential oils rather than a single factor. K. ambigua bears 

flowers between September and early November in Tasmania which co-

incides with the decrease in bioactive compounds, such as ledol and 

viridiflorol, presented in this study. This aligns with the reported decrease 

in linalool and limonene in the essential oil of Thyme (Thymus pulegioides 

L.) which was attributed to the phenological stage of flowering (Senatore, 

1996). 

Harvesting time is species-specific and depends on the most ideal 

combination of chemical composition and yield, from a commercial point 

of view (Figueiredo et al., 2008). From this study, shallow-cut harvesting in 

autumn could be conducive to maximising the oil quantity and producing 

premium kunzea essential oil with enhanced bioactive constituents, such as 

1,8-cineole, and viridiflorol whilst still maintaining a high level of as α-

pinene. Further study is needed to determine the long-term response to 

harvest intensity. 

 

5.5. Conclusions 

Harvesting kunzea plants by shallow-and deep-cut treatments mobilised 

NSCs to provide TSS for recovery, and the deficit in NSCs continued for up 

to 12 months after treatment. In particular, deep-cut treatment resulted in the 

plants having inadequate resources for re-growth and the production of 

essential oil. Un-cut plants (control) grew most quickly in summer, showing 

a GR of biomass three times higher relative to that generated over 

winter/spring. This is most likely due to dormancy during winter and the 
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diversion of resources to the production of flower buds during spring. 

Overall, shallow-cut treatment resulted in a sink strength sufficient for both 

vegetative growth and essential oil biosynthesis. An interactive effect of 

harvest intensity with season was found for α-pinene and 

bicyclogermacrene, whereby these components were elevated in both 

shallow-and deep-cut treatments in spring, relative to the control, possibly 

owing to the plant initiating protective mechanisms for the new growth 

following defoliation/harvest. Hence, in addition to mobilising resources, 

harvesting K. ambigua may increase the level of bioactive components such 

as α-pinene and bicyclogermacrene. In relation to seasonal variation, 

autumn harvests produced the highest percentage of other bioactive 

constituents such as 1,8-cineole and viridiflorol, though the practice of 

blending by industry would likely be required to ensure consistency of 

product.  

 

5.6. Acknowledgements 

The authors thank Essential Oils of Tasmania Pty Ltd and the Tasmanian 

Institute Agriculture (TIA) for financial support and for permission to 

publish the findings. The technical assistance with GC-MS and HPLC-MS 

provided by Dr. David, Nichols from the Central Science Laboratory (CSL), 

University of Tasmania, is deeply appreciated. We are grateful to Kevin 

Wagner for providing the field site and to Caroline Clay for assistance in the 

laboratory. We thank Dr Alieta Elyes (University of Tasmania) and two 

anonymous reviewers for valuable comments on earlier drafts of the 

manuscript.  



113  

 

5.7. Literature Cited 

Alma MH, Nitz S, Kollmannsberger H, Digrak M, Efe FT, Yilmaz N, 2004. 
Chemical composition and antimicrobial activity of the essential oils from 
the gum of Turkish pistachio (Pistacia vera L.). Journal of agricultural and 
food chemistry, 52, 3911-3914. 
 
Barra A, 2009. Factors affecting chemical variability of essential oils: a 
review of recent developments. Natural product communications, 4, 
1934578X0900400827. 
 
Boland D.J, Brophy JJ, Flynn TM, Lassak EV, 1982. Volatile leaf oils of 
Eucalyptus delegatensis seedlings. Phytochemistry, 21, 2467-2469. 
 
Bore J, Isutsa D, Itulya F, Ng’etich W, 2003. Effects of pruning time and 
resting period on total non-structural carbohydrates, regrowth and yield of 
tea (Camellia sinensis L.). The Journal of Horticultural Science and 
Biotechnology, 78, 272-277. 
 
Celiktas OY, Kocabas EH, Bedir E, Sukan FV, Ozek T, Baser K, 2007. 
Antimicrobial activities of methanol extracts and essential oils of 
Rosmarinus officinalis, depending on location and seasonal variations. Food 
Chemistry, 100, 553-559. 
 
Chauhan A, Verma RS, Padalia RC, 2014. Influence of biotic and abiotic 
factors on yield and quality of medicinal and aromatic plants. Climate 
Change Effect on Crop Productivity, 251. 
 
Chericoni S, Flamini G, Campeol E, Cioni PL, Morelli I, 2004. GC–MS 
analyses of the essential oil from the aerial parts of Artemisiaverlotiorum: 
variability during the year. Biochemical Systematics and Ecology, 32, 423-
429. 
 
Chesney P, Vasquez N, 2007. Dynamics of non-structural carbohydrate 
reserves in pruned Erythrina poeppigiana and Gliricidia sepium trees. 
Agroforestry systems, 69, 89-105. 
 
Chimonidou-Pavlidou D, 1998. Correlation between internal and external 
stages of rose development. XXV International Horticultural Congress, Part 
5: Culture Techniques with Special Emphasis on Environmental 
Implications. 515, 233-244. 
 
Chiou TJ, Bush DR, 1998. Sucrose is a signal molecule in assimilate 
partitioning. Proceedings of the National Academy of Sciences, 95, 4784-
4788. 
 
Cisneros‐Zevallos L, 2003. The use of controlled postharvest abiotic 
stresses as a tool for enhancing the nutraceutical content and adding‐value 



114  

of fresh fruits and vegetables. Journal of Food Science, 68, 1560-1565. 
 
Clark R, Menary R, 1979. Effects of photoperiod on the yield and 
composition of peppermint oil. Journal of the American Society for 
Horticultural Science, 104, 699-702. 
 
Coley PD, Bryant JP, Chapin FS, 1985. Resource availability and plant 
antiherbivore defense. Science, 230, 895-899. 
 
Davies N, 1990. Gas chromatographic retention indices of monoterpenes 
and sesquiterpenes on methyl silicon and Carbowax 20M phases. Journal of 
Chromatography, A503, 1-24. 
 
Deslauriers, A., Caron, L., Rossi, S., 2015. Carbon allocation during 
defoliation: testing a defense-growth trade-off in balsam fir. Frontiers in 
Plant Science 6, 338. 
 
Dhami A, Singh A, Palariya D, Kumar R, Prakash O, Rawa D, Pant A, 2019. 
α-Pinene rich bark essential oils of Zanthoxylum armatum DC. from three 
different altitudes of Uttarakhand, India and their antioxidant, in vitro anti-
inflammatory and antibacterial activity. Journal of Essential Oil Bearing 
Plants. 22, 660-674. 
 
Doran J, Bell R. 1994. Influence of non-genetic factors on yield of 
monoterpenes in leaf oils of Eucalyptus camaldulensis. New Forests, 8, 363-
379. 
 
Durán-Peña MJ, Ares JMB, Hanson JR, Collado IG, Hernández-Galán R, 
2015. Biological activity of natural sesquiterpenoids containing a gem-
dimethylcyclopropane unit. Natural Product reports, 32, 1236-1248. 
 
Durand M, Mainson D, Porcheron B, Maurousset L, Lemoine R, Pourtau N, 
2018. Carbon source–sink relationship in Arabidopsis thaliana: the role of 
sucrose transporters. Planta, 247, 587-611. 
 
Elliot WR, Jones DL, 1990. Encyclopaedia of Australian plants suitable for 
cultivation. Volume 5. Lothian Publishing Company Pty Ltd. 
 
Eyles A, Barry KM, Quentin A, Pinkard EA, 2013. Impact of defoliation in 
temperate eucalypt plantations: Physiological perspectives and management 
implications. Forest Ecology and Management, 304, 49-64. 
 
Eyles A, Pinkard EA, Mohammed C, 2009. Shifts in biomass and resource 
allocation patterns following defoliation in Eucalyptus globulus growing 
with varying water and nutrient supplies. Tree Physiology, 29, 753-764. 
 
Figueiredo AC, Barroso JG, Pedro LG, Scheffer JJ, 2008. Factors affecting 
secondary metabolite production in plants: volatile components and 
essential oils. Flavour and Fragrance Journal, 23, 213-226. 
 



115  

Goyal S, Lambert C, Cluzet S, Merillon J, Ramawat KG, 2012. Secondary 
metabolites and plant defence. Plant defence: biological control. Springer, 
pp. 109-138. 
 
Honkanen T, Haukioja E, 1994. Why does a branch suffer more after 
branch-wide than after tree-wide defoliation?. Oikos, 441-450. 
 
Hood JD, 2000. Essential oil and methods of use. Google Patents. 
 
Hussain AI, Anwar F, Sherazi SH, Przybylski R, 2008. Chemical 
composition, antioxidant and antimicrobial activities of basil (Ocimum 
basilicum) essential oils depends on seasonal variations. Food Chemistry, 
108, 986-995. 
 
Iwasa Y, Kubo T, 1997. Optimal size of storage for recovery after 
unpredictable disturbances. Evolutionary Ecology, 11, 41-65. 
 
Jeffrey SJ, Carter JO, Moodie KB, Beswick AR, 2001. Using spatial 
interpolation to construct a comprehensive archive of Australian climate 
data. Environmental Modelling & Software, 16, 309-330. 
 
Kandiah S, Wettasinghe D, Wadasinghe G, 1984. Root influence on shoot 
development in tea (Camellia sinensis (L.) O. Kuntze) following shoot 
pruning. Journal of Horticultural Science, 59, 581-587. 
 
Koch K, 2004. Sucrose metabolism: regulatory mechanisms and pivotal 
roles in sugar sensing and plant development. Current Opinion in Plant 
Biology, 7, 235-246. 
 
Latt C, Nair P, Kang B, 2000. Interactions among cutting frequency, reserve 
carbohydrates, and post-cutting biomass production in Gliricidia sepium and 
Leucaena leucocephala. Agroforestry Systems, 50, 27-46. 
 
Lee BH, Annis PC, Choi WS, 2004. Fumigant toxicity of essential oils from 
the Myrtaceae family and 1, 8-cineole against 3 major stored-grain insects. 
Journal of Stored Products Research, 40, 553-564. 
 
Lloret A, Badenes ML, Ríos G, 2018. Modulation of Dormancy and Growth 
Responses in Reproductive Buds of Temperate Trees. Frontiers in Plant 
Science, 9,1368. 
 
Loescher WH, McCamant T, Keller JD, 1990. Carbohydrate reserves, 
translocation, and storage in woody plant roots. Hort Science, 25, 274-281. 
 
Loomis W, 1977. Physiology of essential oil production in mint. Proc. 28th 
Ann. Mtg. Oreg. Essential Oils Growers League, Jan 1. 
 
Lopes PM, Costa DCM, Alviano CS, Alviano DS, 2012. Biological 
Activities of a-Pinene and [beta]-Pinene Enantiomers. Molecules, 17, 6305. 
 



116  

Manika N, Chanotiya C, Negi M, Bagchi G, 2013. Copious shoots as a 
potential source for the production of essential oil in Eucalyptus globulus. 
Industrial Crops and Products, 46, 80-84. 
 
Myers JA, Kitajima K, 2007. Carbohydrate storage enhances seedling shade 
and stress tolerance in a neotropical forest. Journal of Ecology, 383-395. 
 
Oesterheld M, 1992. Effect of defoliation intensity on aboveground and 
belowground relative growth rates. Oecologia, 92, 313-316. 
 
Pal PK, Agnihotri VK, Singh RD, 2014. Impact of level and timing of 
pruning on flower yield and secondary metabolites profile of Rosa 
damascena under western Himalayan region. Industrial Crops and Products, 
52, 219-227. 
 
Priestley CA, 1962. Carbohydrate resources within the perennial plant; their 
utilization and conservation. No 04,  p75. 
 
Quentin A, Beadle C, O’grady A, Pinkard E, 2011. Effects of partial 
defoliation on closed canopy Eucalyptus globulus Labilladière: growth, 
biomass allocation and carbohydrates. Forest Ecology and Management, 
261, 695-702. 
 
Ríos G, Leida C, Conejero A, Badenes ML, 2014. Epigenetic regulation of 
bud dormancy events in perennial plants. Frontiers in Plant Science, 5, 247. 
 
Rodrigues F, Costa J.G, Coutinho HD, 2010. Enhancement of the antibiotic 
activity of gentamicin by volatile compounds of Zanthoxylum articulatum. 
Indian Journal of Medical Research, 131, 833-836. 
 
Rohde A, Ruttink T, Hostyn V, Sterck L, Van Driessche K, Boerjan W, 
2007. Gene expression during the induction, maintenance, and release of 
dormancy in apical buds of poplar. Journal of Experimental Botany, 58, 
4047-4060. 
 
Rosa M, Prado C, Podazza G, Interdonato R, González JA, Hilal M, Prado 
FE, 2009. Soluble sugars: Metabolism, sensing and abiotic stress: A 
complex network in the life of plants. Plant signaling & Behavior, 4, 388-
393. 
 
Sarıbaș R, Aslancan H, Dağıstanlıoğlu C, Baydar H, 2013. Effects of 
whipping pruning heights on rose oil and quality in oil-bearing rose (Rosa 
damascena Mill). Süleyman Demirel Üniversitesi Fen Bilimleri Enstitüsü 
Dergisi, 17, 28-31. 
 
Selvendran R, 1970. Changes in the composition of the xylem exudate of 
tea plants (Camellia sinensis L.) during recovery from pruning. Annals of 
Botany, 34, 825-833. 
 
Senatore F, 1996. Influence of harvesting time on yield and composition of 



117  

the essential oil of a thyme (Thymus pulegioides L.) growing wild in 
Campania (Southern Italy). Journal of Agricultural and Food Chemistry, 44, 
1327-1332. 
 
Simmons D, Parsons R, 1987. Seasonal variation in the volatile leaf oils of 
twoEucalyptus species. Biochemical Systematics and Ecology, 15, 209-215. 
 
Singh B, Sharma RA, 2015. Plant terpenes: defense responses, phylogenetic 
analysis, regulation and clinical applications. 3 Biotech, 5, 129-151. 
 
Singh N, Luthra R, 1988. Sucrose metabolism and essential oil accumulation 
during lemongrass (Cymbopogon flexuosus Stapf.) leaf development. Plant 
Science, 57, 127-133. 
 
Singh N, Luthra R, Sangwan RS, 1989. Effect of leaf position and age on 
the essential oil quantity and quality in lemongrass (Cymbopogon 
flexuosus) 1. Planta Medica, 55, 254-256. 
 
Srivastava N, Misra A, Sharma S, 2003. Variation among commercial 
cultivars of Japanese mint (Mentha arvensis L.) in the morphological and 
metabolite characters associated with essential oil yield. The Journal of 
Horticultural Science and Biotechnology, 78, 154-160.  
 
Sterck F, Poorter L, Schieving F, 2006. Leaf traits determine the growth-
survival trade-off across rain forest tree species. The American Naturalist, 
167, 758-765. 
 
Thakur O, Kumar V, Singh J, 2018. A review on advances in pruning to 
vegetable crops. International Journal of Current Microbiology and Applied 
Sciences, 7, 3556-3565. 
 
Thomas J, Narkowicz C, Jacobson G, Davies N, 2010. An examination of 
the essential oils of Tasmanian Kunzea ambigua (Sm.) Druce, other Kunzea 
spp. and commercial kunzea oil. Journal of Essential Oil Research, 22, 381-
385. 
 
Toscano S, Trivellini A, Cocetta G, Bulgari R, Francini A, Romano D, 
Ferrante A, 2019. Effect of pre-harvest abiotic stresses on the accumulation 
of bioactive compounds in horticultural produce. Frontiers in Plant Science, 
10, 1212. 
 
Trumble J, Kolodny-Hirsch D, Ting I, 1993. Plant compensation for 
arthropod herbivory. Annual Review of Entomology, 38, 93-119. 
 
Tschaplinski TJ, Blake TJ, 1989. Photosynthetic reinvigoration of leaves 
following shoot decapitation and accelerated growth of coppice shoots. 
Physiologia Plantarum, 75, 157-165. 
 
Wang G, Tian L, Aziz N, Broun P, Dai X, He J, King A, Zhao PX, Dixon 
RA, 2008. Terpene biosynthesis in glandular trichomes of hop. Plant 



118  

Physiology, 148, 1254-1266. 
 
Wang Z, Bao W, Yan X, 2015. Non-structural carbohydrate levels of three 
co-occurring understory plants and their responses to forest thinning by gap 
creation in a dense pine plantation. Journal of Forestry Research, 26, 391-
396. 
 
Williams L, Home V, 1988. Plantation production of oil of melaleuca (tea 
tree oil)-a revitalized Australian essential oil industry. Search, 19, 294-297. 
 
Williams LR, Lusunzi I, 1994. Essential oil from Melaleuca dissitiflora: a 
potential source of high quality tea tree oil. Industrial Crops and Products, 
2, 211-217. 
 
Wrigley JW, Fagg M, 2003. Australian native plants: cultivation, use in 
landscaping and propagation. Reed New Holland. 
 
Zekavati HR, Zadeh AA, 2013. Effect of time and type of pruning on the 
growth characteristics of rose. International Journal of Agriculture and Crop 
Sciences, 6, 698. 
 
Zhao W, Chen SP, Lin GH, 2008. Compensatory growth responses to 
clipping defoliation in Leymus chinensis (Poaceae) under nutrient addition 
and water deficiency conditions. Plant Ecology, 196, 85-99. 
 
Zuazo VHD, García-Tejero IF, Ruiz BG, Sacristán PC, Tavira SC, 2019. 
Response of essential-oil yield of aromatic and medicinal plants to different 
harvesting strategies. Comunicata Scientiae, 10, 429-437. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



119  

 
 



120  

5.8. Supplementary data 

 
Figure 5-4. The fluctuation in major and minor chemical components of kunzea essential oil (%) according to harvest intensity 
and season.  
 
Values are presented as means ± SD (n = 4).  Mean values designated by a different letter are significantly different between 
groups (p < 0.05) according to two-way ANOVA test with initial harvest intensity (HI) and season (S) as variability factors: 
initial harvest intensity (HI) for a, b, c and season (S) for x, y, and z using lowercase letters, and initial harvest intensity (HI) × 
season (S) interaction for capital letters. The zero-time data was not included in two-way ANOVA test.
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Chapter 6. The influence of temperature, light, and 

shelf life on the colour and chemical profile of kunzea 

essential oil during storage 

 

This chapter has been submitted to Journal of Applied Research on 

Medicinal and Aromatic Plants (2021.06.18).  

 

Abstract 

Essential oil extracted from the leaves and twigs of Kunzea ambigua (Sm.) 

Druce is in high demand for its ‘soft, medicinal and soothing aroma’ and 

claimed muscle relaxant properties. This study investigated the changes in 

oil colour and chemical composition of kunzea essential oil over eight 

months of storage in a freezer (-20°C), a refrigerator (4°C) and at room 

temperature (20°C), with and without ambient light. The oil colour was 

measured by a colourimeter, and chemical compositions were analysed 

using Gas Chromatography (GC) Mass Spectrometry (MS) and Flame 

Ionisation Detection (FID). Samples were analysed at one-, three-, five- and 

eight-month intervals. The colour difference (Δ E*) was highest in oils 

stored in the light at room temperature for eight months (5.60 ± 0.03%), 

whilst samples kept in the dark were more stable with ΔE* at room 

temperature of 1.97 ± 0.00%, refrigeration at 1.55 ± 0.02%, and freezing 

temperatures at 1.08 ± 0.17%. Stored kunzea essential oil darkened in 

colour, becoming less yellow and decreasing in greenness, with extended 

storage periods. 



122  

The monoterpenes, sesquiterpenes, and total volatile compounds in oil 

stored for eight months in the freezer, refrigerator, and room temperature 

without light were overall generally stable compared to fresh oil. Significant 

interactions between storage period and temperature/light treatments were 

recorded for bicyclogermacrene, α-humulene, α-campholenal and linalool, 

showing a decrease in all oils under all conditions during extended storage 

periods, though changes were minimal in frozen oil. However, the oils 

exposed to the light showed a significant decrease in these components, 

particularly for germacrene D, β-caryophyllene and α-humulene, likely due 

to thermal isomerisation, relative to fresh oil. 

Overall, kunzea essential oil stored in a freezer or refrigerator was the most 

stable and consistent in colour and chemical profile whereas there is 

evidence that some components may be oxidized when exposed to light with 

negative consequences for oil colour and quality.  

 

KEY WORDS:  Kunzea essential oil, chemical alteration, storage, oil 

colour, α-terpineol and bicyclogermacrene 

 

6.1. Introduction 

Essential oils are composed of volatile aromatic compounds concentrated 

from plant material including, but not limited to, leaves, flowers, and twigs 

(Guenther, 1952). Kunzea essential oil is extracted from the leaves and twigs 

of Kunzea ambigua (Sm.) Druce, which is a woodland species native to 

Tasmania and other regions of Southern Australia (Elliot and Jones, 1990; 

Wrigley and Fagg, 2003). Kunzea essential oil has a spicy, pine-eucalyptus 
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odour and a yellow colour (Dragar, 1986).  

Essential oils are a complex mixture of more than 100 compounds (Adam et 

al., 2009). The odour/flavour contribution of any single compound does not 

strictly depend on their respective concentration within the oil but relies on 

the specific odour/flavour threshold which is determined by their structure 

and volatility (Turek and Stintzing, 2013). Ziegler (2007) found that even 

minor components, derived from oxidation or degradation reactions, can 

have a strong influence on oil fragrance. Terpenoids can be oxidized or 

hydrolyzed, owing to their thermolabile characteristics (Scott, 2005). For 

example, the chemical constituents of tea tree oil can change dramatically in 

the presence of oxygen during storage. The levels of α-terpinene, ϒ-

terpinene, and terpinolene decrease, while the amounts of p-cymene can 

increase (Hausen et al., 1999; Hammer et al., 2006). Indeed, Southwell 

(2006) suggested that accumulation of p-cymene could be used as an 

indicator of oxidized tea tree oil.  

Management of essential oils by growers and the subsequent supply chain 

generally ensures the retention of quality by storing and shipping products 

under suitable oxidation-preventing conditions (Turek and Stintzing, 2013). 

However, products can remain on the shelf for extended periods before 

being purchased by end-users and consumers may expose essential oils to 

room temperatures and light. Therefore, it is fundamental for the supply 

chain and consumers to know the effect of storage conditions over time on 

the quality of essential oils. Several studies have reported changes in the 

chemical composition of the essential oils of marjoram (Misharina et al., 

2003), coriander seeds (Misharina, 2001), cardamom, and clove bud 
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(Gopalakrishnan, 1994) during storage. In the case of marjoram oil 

(Majorana hortensis Moench) and coriander seed oil (Coriandrum sativum 

L.), minor changes were observed in the oil compositions, but their 

organoleptic properties were virtually unchanged after one year of storage 

in the dark. Yet, in both essential oils, significant chemical transformations 

of monoterpenes were observed when stored in the light. To date, there have 

been no studies on the changes in kunzea essential oil under different storage 

conditions. Therefore, this study investigated the colour and chemical 

composition of kunzea essential oil when stored under different temperature 

and light conditions for extended periods. 

 

6.2. Materials and methods 

6.2.1. Materials 

Wild K. ambigua were harvested from a commercial kunzea farm (Bush 

Pharmacy, Flinders Island, Tasmania, Australia) and the oil was extracted 

for three hours by commercial-scale steam distillation (13/12/2019). The 

internal standards, octadecane and C7-C40 saturated alkanes standard (Lot 

#LRAC3115) were sourced from Sigma-Aldrich, St Louis, USA. The other 

chemicals and reagents used were of analytical grade and obtained from 

commercial sources. 

6.2.2. Essential oils storage conditions 

The experiment was established within 24 hours of the commercial 

distillation of kunzea essential oil.  The conditions of storage were 

refrigerator (4°C), freezer (-20°C), room temperature (20°C) in the dark and 

at room temperature, exposed to light.  Four replicates of 20mL aliquots 
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were weighed into dark brown vials for all treatments except for the light 

expose treatment for which transparent bottles were used instead. All the 

bottles were air-sealed and stored for eight months. The colour and volatile 

composition of oil samples were measured at one-, three-, five-, and eight-

month intervals. 

6.2.3. Oil colour measurement 

CIELAB colour space values (L*, a*, b*) were measured using a CR-400 

colourimeter (Konica Minolta, Australia). The colour of the kunzea essential 

oil was expressed as L* value (lightness/darkness), a* value 

(redness/greenness), b* value (blueness/yellowness). The L* measures the 

whiteness value of a colour and ranges from black at 0 to white at 100. The 

chromaticity coordinates a* measures red when positive and green when 

negative, and the chromaticity coordinate b* measures yellow when positive 

and blue when negative (Arslan and Özcan, 2008). The colour difference (Δ 

E*) of the stored oil is calculated relative to fresh oil for each time interval 

and for each treatment from L*, a*, and b* values using the equation.  

Δ E* = �(𝛥𝛥𝐿𝐿∗)2 + (𝛥𝛥𝑎𝑎∗)2 + (𝛥𝛥𝑏𝑏∗)2.   

Δ E* Values > 1 indicate a colour shift that is distinguishable by the human 

eye (Gonnet, 1998).  

6.2.4. Gas chromatography 

Quantitative analyses were performed by GC analysis of the kunzea 

essential oil using an Agilent GC8890 (Agilent, Santa Clara, CA, USA) 

which was equipped with a FID and using a HP-1 crosslinked methyl 

siloxane column (30mm × 0.32mm, film thickness 0.25µm). Injector and 
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detector temperatures were set at 220°C and 300°C, respectively. Oven 

temperature was increased from 60°C to 210°C at 6°C/min and to 280°C at 

25°C/min. Total analysis time was 28mins. Octadecane was used as the 

internal standard. Each oil sample (20µL) was dissolved in 1mL hexane of 

which 2µL was injected at a split ratio of 50:1. Peak areas and retention 

times were measured by electronic integration, and quantitation was 

obtained by peak normalisation of GC/FID data.  

The amount of each component in the kunzea essential oil was calculated 

assuming a 1:1 response ratio of the component to the internal standard;  

mg of component in kunzea oil = area of peak
area of ocatadecane

 × mg of octadecane 

Percentage of chemical components in kunzea oil was calculated as follow; 

% in component in kunzea oil = mg of component in kunzea oil
mg of kunzea oil

 × 100 

Qualitative analyses of the kunzea essential oil were carried out using a 

Brucker-300 triple quadrupole benchtop GC-MS (Bruker Corporation, 

Billerica, USA). The same column was used with similar experimental 

conditions to those described for the GC FID except that the carrier gas was 

helium at a flow rate of 1.2 mL/min. The ion source temperature was 220°C 

and the transfer line was held at 290°C. The range from m/z 35 to 350 was 

scanned three times every second. The identification of individual peaks was 

done using their Kovats Indices (KI) (Davies, 1990a; Thomas et al., 2010a), 

and MS data were compared to those for standard compounds in the MS 

database of National Institute of Standards and Technology (NIST) (Table 

6-1).  
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6.2.5. Statistical analyses 

Data is presented as means ± SD (n=4). Statistical analyses were performed 

using SAS (Version 9.4, SAS Institute INC., Cary, NC, USA) software. The 

colour parameters (Figure 6-1 and Figure 6-2) and the interaction effect on 

the chemical components (Figure 6-3) of kunzea essential oil were subjected 

to two-way analysis of variance (ANOVA) (storage periods × storage 

conditions) followed by post-hoc Tukey’s multiple range tests. The changes 

in chemical constituents in kunzea essential oil recorded for intervals over 

the eight months (Table 6-1 and Figure 6-4) were analysed using one-way 

ANOVA followed by post-hoc Tukey’s multiple range tests. 

 

6.3. Results 

6.3.1. Changes in colour of kunzea essential oil during storage 

Fresh kunzea essential oil was observed to be a clear, light yellow liquid and 

the colour parameters, as measured by CIE Lab, were 62.72 ± 0.03, -4.17 ± 

0.01, and 9.78 ± 0.10 for L*, a*, and b* respectively. Stored kunzea essential 

oil showed decreases in L* and b* values, and an increase in a* values with 

time, regardless of storage conditions (Figure 6-1). There was a significant 

interaction (p < 0.0001) between storage period and storage conditions on 

the colour parameters (L*, a*, b*, and Δ E*) with the greatest changes 

occurring in oils exposed to light. The L* values of kunzea essential oils 

stored for eight months were significantly lower than the fresh oil, ranging 

from 61.04 for the light exposed oil to nearly 61.57 for all other treatments, 

which were statistically equivalent. 
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Figure 6-1. Changes in colour (L*, a* and b*) of kunzea essential oil during 
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storage. 

Values are presented as means ± SD (n = 4).  Mean values designated by a 
different letter are significantly different between groups (p<0.0001), 
according to two-way ANOVA test with storage period (SP) and storage 
condition (SC) as variability factors: SP × SC interaction for capital letters, 
analysed by Tukey’s multiple range test. 

This was also true for a* values with only the oil stored under light showing 

a significant increase of 24% in greenness. Yet, the b* values at day 1 were 

nearly two times higher than those of oils not exposed to light throughout 

the storage period, showing a loss in the intensity of yellowness (range 7.86 

± 0.03 to 9.78 ± 0.09). Overall, total colour differences (Δ E*) significantly 

increased after one month of storage, and this difference increased as the 

experiment progressed with time (Figure 6-2). The highest total colour 

change was recorded for kunzea essential oil exposed to light (range 4.15 ± 

0.02 to 5.60 ± 0.03) being nearly 5.2 times higher than oils kept at -20°C 

(range 0.45 ± 0.07 to 1.08 ± 0.17) and 2.8 times higher than oil kept at the 

same temperature but without light (range 1.46 ± 0.06 to 1.97 ± 0.00). After 

eight months storage, colour changes were significantly different between 

all treatments in the order of freezer<refrigerator<room temperature without 

light<<room temperature with light.  



130  

 

Figure 6-2. The interaction effect (storage period × storage conditions) on 

total colour differences (Δ E*) of kunzea essential oil relative to Day 1. 

Total colour differences as referred to oil colours at the starting point were 
calculated according to Gonnet (1998). Values are presented as means ± SD 
(n = 4). Mean values designated by a different letter are significantly 
different between groups (p<0.0001), according to two-way ANOVA test 
with storage period (SP) and storage condition (SC) as variability factors: 
SP × SC interaction for capital letters, analysed by Tukey’s multiple range 
test. 
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in the levels of bicyclogermacrene were evident in oil stored in the freezer 

for eight months (4.72 ± 0.03%) whereas refrigerated oils were stable for 

three months but recorded a significant decrease of 12.60% after eight 

months relative to fresh oil (4.76 ± 0.10%). Bicyclogermacrene levels were 

constant for the first month when kuzea oils were stored at room 

temperature, but significant decreases were recorded after three months with 

levels further dropping to 4.34 ± 0.07% without light and 3.68 ± 0.08% in 

samples stored in ambient light. This depletion rate increased significantly 

in the last 5 months with 77% and 63% of bicyclogermacrene remaining at 

the end of the trial for ‘no light’ and ambient light, respectively. α-Humulene 

concentrations in kunzea essential oils remained constant when stored in a 

freezer for five months but significantly decreased by 25% by the end of 

storage experiment (0.48 ± 0.01%) relative to fresh oil (0.64 ± 0.05%). 

When stored in a refrigerator and at room temperature without light, α-

humulene slightly decreased over eight months to concentrations of 0.30 ± 

0.15% and 0.33 ± 0.01%, respectively while this component degraded to 

zero in oil exposed light after eight months of storage. The fastest rate of 

depletion occurred in oils stored at room temperature with light, such that 

only 50% of α-humulene remained after three months (0.34 ± 0.02%). α-

Campholenal was unstable in kunzea essential oils unless stored in freezing 

conditions. The component degraded from 0.05 ± 0.01%, detected in fresh 

oils, to zero after five months in a refrigerator, and after only three months 

at room temperature with and without light. Linalool content remained 

stable over the eight months of storage in the freezer but degraded after five 

months in a refrigerator where it decreased to 0.09 ± 0.00% compared to 
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fresh oils (0.11 ± 0.01%). At room temperature, linalool significantly 

decreased after one month and was nearly two times lower in oils stored for 

eight months with levels of 0.07 ± 0.00% and 0.06 ± 0.01% remaining in 

oils stored with and without light, respectively. 
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Table 6-1. The percentage composition of chemicals identified in fresh kunzea essential oil compared to that stored for eight 

months under different conditions. 

 Steam distilled kunzea essential oil Day 1 8 months 

 

Compound 

 

Retention 
time 

 (RT) 

Kovats 

Index 
(KI) 

 Freezer Refrigerator Room 
temperature 
without light 

Room 
temperature 
with light 

1 α-pinene 2.919 918.66 24.50 ± 0.50 25.39 ± 0.19 25.41 ± 0.64 24.86 ± 0.24 24.28 ± 0.39 

2 camphene 3.164 945.73 0.06 ± 0.02 bdl bdl bdl bdl 

3 sabinene 3.456 974.83 0.58 ± 0.29 0.48 ± 0.00 0.42 ± 0.13 0.47 ± 0.00 0.46 ± 0.01 

4 β-pinene 3.626 990.93 0.17 ± 0.08 0.25 ± 0.00 0.19 ± 0.09 0.21 ± 0.00 0.12 ± 0.01 

5 p-cymene 3.847 1006.42 0.05 ± 0.01 0.07 ± 0.00 0.09 ± 0.01 0.05 ± 0.00 0.03 ± 0.00 

6 limonene 4.024 1015.40 0.05 ± 0.04 0.22 ± 0.01 0.28 ± 0.01 0.28 ± 0.01 0.33 ± 0.00 

7 1,8-cineole 4.256 1026.58 8.37 ± 0.14 8.13 ± 0.06 8.31 ± 0.19 8.16 ± 0.08 8.12 ± 0.09 

8 (Z)-B-ocimene 4.522 1038.63 0.74 ± 0.05 0.65 ± 0.01 0.53 ± 0.07 0.49 ± 0.02 0.20 ± 0.02 

9 (E)-B-ocimene 4.71 1046.76 0.22 ± 0.01 0.16 ± 0.00 0.11 ± 0.03 0.11 ± 0.01 0.05 ± 0.01 

10 isoamyl butyrate 4.937 1056.15 0.07 ± 0.01 0.07 ± 0.00 0.07 ± 0.00 0.07 ± 0.00 0.07 ± 0.00 

11 cis-linalool oxide 5.43 1075.19 0.56 ± 0.04 0.58 ± 0.00 0.58 ± 0.01 0.58 ± 0.01 0.59 ± 0.01 

12 terpinolene 5.64 1082.72 0.05 ± 0.00 0.05 ± 0.00 0.04 ± 0.00 0.03 ± 0.00 0.03 ± 0.00 

13 linalool 5.94 1093.10 0.11 ± 0.01 0.10 ± 0.00 0.09 ± 0.00 0.07 ± 0.00 0.06 ± 0.00 

14 isoamyl isovalerate 6.174 1102.15 0.08 ± 0.01 0.06 ± 0.00 0.04 ± 0.01 0.04 ± 0.01 0.05 ± 0.01 

15 α-campholenal 6.453 1126.61 0.05 ± 0.01 0.04 ± 0.00 bdl bdl bdl 
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16 trans-pinocarveol 6.72 1149.13 0.03 ± 0.00 0.10 ± 0.00 0.09 ± 0.01 0.09 ± 0.00 0.07 ± 0.00 

17 terpinen-4-ol 6.928 1165.76 0.30 ± 0.02 0.32 ± 0.00 0.32 ± 0.01 0.31 ± 0.00 0.31 ± 0.00 

18 α-terpineol 7.195 1186.77 1.12 ± 0.01 1.12 ± 0.00 1.13 ± 0.00 1.15 ± 0.03 1.16 ± 0.01 

19 myrtenal 7.31 1195.70 0.03 ± 0.00 0.03 ± 0.00 bdl 0.04 ± 0.01 bdl 

           Total monoterpenes 37.16 ± 0.80ab 37.98 ± 0.29a 36.73 ± 0.70b 36.97 ± 0.42abc 35.94 ± 0.57c 

20 verbenone 7.766 1219.60 0.03 ± 0.00 0.03 ± 0.00 0.03 ± 0.00 0.03 ± 0.00 0.03 ± 0.00 

21 citronellol 7.96 1228.81 0.86 ± 0.06 0.87 ± 0.01 0.94 ± 0.09 0.88 ± 0.01 0.85 ± 0.00 

22 geraniol 8.497 1253.29 0.10 ± 0.01 0.09 ± 0.02 0.14 ± 0.01 0.14 ± 0.00 0.18 ± 0.05 

23 α-cubebene 10.522 1350.75 0.04 ± 0.00 0.05 ± 0.00 0.05 ± 0.01 0.07 ± 0.01 0.05 ± 0.01 

24 α-copaene 10.97 1374.86 0.19 ± 0.01 0.19 ± 0.00 0.19 ± 0.01 0.18 ± 0.00 0.17 ± 0.00 

25 β-elemene 11.3 1391.77 0.19 ± 0.02 0.24 ± 0.00 0.23 ± 0.01 0.21 ± 0.00 0.21 ± 0.02 

26 α-gurjunene 11.642 1409.78 0.39 ± 0.03 0.39 ± 0.01 0.37 ± 0.01 0.36 ± 0.00 0.34 ± 0.01 

27 β-caryophyllene 11.828 1419.94 0.47 ± 0.03 0.47 ± 0.00 0.46 ± 0.01 0.43 ± 0.01 0.40 ± 0.01 

28 aromadendrene 12.237 1441.42 0.37 ± 0.03 0.38 ± 0.00 0.35 ± 0.04 0.36 ± 0.00 0.28 ± 0.00 

29 α-humulene 12.445 1452.27 0.64 ± 0.05 0.48 ± 0.01 0.30 ± 0.15 0.33 ± 0.01 bdl 

30 allo-aromadendrene 12.648 1462.39 0.72 ± 0.02 0.76 ± 0.01 0.73 ± 0.04 0.72 ± 0.01 0.66 ± 0.01 

31 germacrene D 12.912 1475.60 0.25 ± 0.00 0.23 ± 0.00 0.19 ± 0.02 0.18 ± 0.00 0.16 ± 0.01 

32 viridiflorene 13.195 1489.31 0.26 ± 0.00 0.27 ± 0.00 0.27 ± 0.01 0.27 ± 0.00 0.28 ± 0.01 

33 bicyclogermacrene 13.351 1496.29 4.76 ± 0.10 4.72 ± 0.03 4.16 ± 0.26 3.68 ± 0.08 3.02 ± 0.16 

34 calamenene 13.884 1525.53 1.65 ± 0.03 1.87 ± 0.02 1.96 ± 0.06 1.95 ± 0.02 1.93 ± 0.03 

35 cadina-1,4-diene 14.044 1534.19 0.28 ± 0.01 0.22 ± 0.00 0.18 ± 0.03 0.17 ± 0.01 0.10 ± 0.01 
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36 epi-globulol 14.234 1539.84 0.04 ± 0.00 0.03 ± 0.00 0.04 ± 0.01 0.05 ± 0.00 0.04 ± 0.00 

37 palustrol 14.700 1544.34 0.39 ± 0.01 0.41 ± 0.00 0.41 ± 0.01 0.40 ± 0.00 0.40 ± 0.01 

38 spathulenol 14.896 1568.43 0.06 ± 0.03 0.05 ± 0.00 0.06 ± 0.00 0.06 ± 0.01 0.05 ± 0.01 

39 globulol 15.016 1584.41 1.59 ± 0.03 1.90 ± 0.37 1.95 ± 0.05 1.90 ± 0.02 1.94 ± 0.02 

40 viridiflorol 15.179 1592.47 10.47 ± 0.24 11.03 ± 0.21 11.04 ± 0.26 10.96 ± 0.09 10.96 ± 0.13 

41 ledol 15.371 1602.35 1.31 ± 0.03 1.42 ± 0.06 1.37 ± 0.03 1.56 ± 0.13 1.42 ± 0.02 

42 isospathulenol 15.835 1629.29 0.18 ± 0.00 0.23 ± 0.00 0.21 ± 0.01 0.20 ± 0.01 0.20 ± 0.00 

43 α-muurolol 16.075 1642.82 0.33 ± 0.01 0.33 ± 0.01 0.35 ± 0.01 0.38 ± 0.01 0.39 ± 0.02 

Total sesquiterpenes  25.54 ± 0.55a 26.73 ± 0.77a 25.96 ± 1.06a 25.50 ± 0.47a 24.08 ± 0.53b 

Total volatile compounds  62.70 ± 1.35a 64.72 ± 1.07a 62.69 ± 2.03a  62.47 ± 0.89ab 60.02 ± 1.10b 

       

bdl: below detection limit 
Values were expressed as means ± SD (n =4). Values with different letters were significantly different at p < 0.05 as analyzed 
by Tukey’s multiple range test. 
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Figure 6-3. The interaction effect of storage period and conditions on the chemical components of bicyclogermacrene, α-

humulene, α-campholenal and linalool in kunzea essential oil stored for eight months. 

Values are presented as means ± SD (n = 4). Mean values designated by a different letter are significantly different 
(bicyclogermacrene, α-humulene, α-campholenal p<0.001 and linalool p=0.0073) between groups according to two-way 
ANOVA test with storage period and condition as variability factors.
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Figure 6-4 shows the effect of different storage conditions on some of the 

remaining chemical components of kunzea essential oils that had been 

stored for eight months. Levels of the major components, 1.8-cineole, α-

terpineol and α-pinene were generally stable when oils were stored in a 

freezer and a refrigerator. α-Terpineol (1.12 ± 0.01%: fresh oil) increased by 

3% in oils stored at room temperature for eight months irrespective of light 

conditions. Camphene degraded to zero after eight months of storage, even 

when stored in a freezer. β-Caryophyllene levels remained constant whether 

stored in a freezer or refrigerator but decreased from 0.47% to 0.40% in 

kunzea essential oil stored at room temperature with light, representing a 

decline of 15%. Further, germacrene D decreased from levels of 0.16 ± 

0.00% in fresh kunzea essential oils for all treatments with nearly 36% 

degraded when stored at room temperature and exposed to light. 
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(B) 

 

Figure 6-4. The changes in major (A) and minor components (B) of stored 

kunzea essential oil for eight months under different storage conditions, 

relative to fresh oil. 

Values were expressed as means ± SD (n =4). Values with different letters 
were significantly different at p < 0.05 as analyzed by Tukey’s multiple 
range test. 
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Grassmann and Elstner (2003) reported that oxidation of terpenoids led to 

changes in colour, odour, and consistency in essential oils. In general, 

essential oils became darker in colour after long storage along with increased 

viscosity. For example, the yellow colour of may chang oil (Litsea cubeba) 

and thyme oil (Thymus vulgaris L.) became less intense after four weeks of 

storage at 38°C under light (Turek and Stintzing, 2011). Temperature, light 

and oxygen exposure all contribute to decreased stability of essential oils 

(Turek and Stintzing, 2013). In this study, the colour of the kunzea essential 

oil remained unchanged when stored in a freezer in the absence of light with 

the minor changes observed possibly due to exposure to oxygen in the 

headspace of the storage container. These may be reduced by replacing the 

headspace with an inert gas (Turek et al., 2012).  

6.4.2. The changes in chemical compositions of stored kunzea essential oil 

There were significant interactions between storage period and 

temperature/light treatments on components such as α-campholenal, 

bicyclogermacrene, α-humulene, and linalool which decreased under all 

storage conditions over time. The monoterpenes, sesquiterpenes and total 

volatile compounds in oil stored for eight months were generally stable 

when oils were stored in the freezer, refrigerator, and room temperature 

without light compared to fresh oil. However, the oils exposed to the light 

showed a significant decrease in the monoterpenes, sesquiterpenes and total 

volatile compound. 

The loss of the monoterpenes in botanical extracts can be attributed to 

oxidation, polymerisation and evaporation (Njoroge et al., 1996). In this 

study, the loss of the cyclic monoterpenes, camphene and α-campholenal 
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after eight months in all treatments, was likely due to the presence of double 

bonds which are prone to oxidation with the loss of two hydrogen atoms 

(Nikitin, 1952). These findings are consistent with reports on fennel oil 

(Foeniculum vulgare Mill), where camphene decreased from 0.13% in fresh 

oil to zero in oil stored under light for four months (Misharina and Polshkov, 

2005). It has been reported that limonene and linalool degrade to produce α-

terpineol (Haleva‐Toledo et al., 1999), and this compound has been 

proposed as an indicator for estimating quality after storage in some fruit 

juices (Askar et al., 1973). Further, Misharina (2001) reported that limonene 

and linalool concentrations in coriander oil decreased by 84 and 66%, 

respectively, whereas α-terpineol increased from 0.39 to 5.10% after 12 

months of storage under the light. In this study, it has been found that the 

decrease in linalool from 0.10% to 0.06% correlated with an increase in α-

terpineol from 1.12% to 1.16% in kunzea essential oil stored at room 

temperature under light for eight months. In contrast, limonene increased 

more than 6-fold during storage. Haleva‐Toledo et al. (1999) reported that 

the protonation of limonene to form a-terpineol was slower than linalool 

when tested in buffer solution and therefore it might be surmised that 

linalool was the precursor, and indeed, the decrease of 0.04% of this 

component directly correlated with the increase in a-terpineol. However this 

decrease in linalool could also be explained by its ability to transform into 

various compounds, such as the two isomeric linalool oxides, geraniol, 

nerol, and p-cymene (Nikitin, 1952). Indeed, a concomitant 80% increase in 

geraniol was observed in kunzea essential oil stored over 8 months, though 

p-cymene levels decreased. Geraniol has characteristic rose-like odour, 
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whilst limonene, known as citrus terpene, is characterised by lemon-like 

odour (Burdock, 1995; Vieira et al., 2018; Ibáñez et al., 2020). Increased 

levels of these two components might account for the observation that the 

kunzea essential oil stored under the light smelt more pleasantly floral than 

the oil that had been stored in the freezer, which retained harsher, terpenic 

notes (pers. obs.). 

Sesquiterpenes also showed significant degradation with prolonged storage, 

especially when exposed to light. Germacrene-type hydrocarbons are known 

to be particularly labile, undergoing oxidization, isomerisation, and 

rearrangement under suitable conditions of oxygen, heat, acid, light, or other 

conditions (Nishimura et al., 1969; Yoshihara, 1969; Sorm, 1971). It is 

considered that germacrene D may be a precursor of many sesquiterpenes 

and can oxidise to produce cadinenes, amorphanes, and muurolenes (Sorm, 

1971; Bülow and König, 2000). Indeed the increase in α-muurolene in 

kunzea essential oil stored at room temperature in this study corresponds 

with decreases in germacrene D and this could be attributed to thermal 

isomerisation (Herout, 1971). Further, the significant reduction observed in 

β-caryophyllene and α-humulene levels in stored kunzea essential oil is 

consistent with a loss of  54% and 51% of these components in motherwort 

oil (Leonurus cardiaca L.) over seven months in refrigerator relative to fresh 

oils (Mockutë et al., 2005). 

The influence of light on the degradation of essential oils has been reported. 

The level of trans anethol in sweet fennel oil (Foeniculum vulgare Mill., 

var. Dulce Thelling) stored for four months at room temperature in the dark 

was reduced by 53% and degradation was more rapid in light conditions 
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where levels of the monoterpene hydrocarbon dropped by 99.8%, compared 

to fresh oil (Misharina and Polshkov, 2005). Hence, stored sweet fennel oil 

was unstable even in the dark whereas many components in kunzea essential 

oil were stable, regardless of storage conditions. For example, the highest 

degradation rate for major constituents was for bicyclogermacrene which 

was reduced by 36% after exposure to light for eight months. The relative 

stability of kunzea essential oil under storage might be attributed to the high 

abundance of sesquiterpenes (25%).  

The biological activity of essential oils can change during storage due to 

altered chemical profile. Orafidiya (1993) found that auto-oxidised 

lemongrass oil (Cympobogon citratus) showed reduced antibacterial 

activity. However, Akinkunmi et al. (2016) found that lemongrass oil 

(Cymbopogon flexuosus), stored for nine years at 4°C, showed enhanced 

antimicrobial activity compared to freshly extracted oil. One component, 

geranial, which confers antimicrobial activity, was at zero in the fresh oil 

but increased to 16.03% after nine years of storage. Likewise, there were no 

sesquiterpenes detected in the fresh lemongrass oil, but these were found at 

levels of 4.66% after nine years and these may have contributed to the 

increased bio-activity not found in fresh oil. In parallel, the kunzea essential 

oil stored for eight months in a refrigerator showed an increment of nearly 

40% in the component of geraniol, compared to fresh oil. Geraniol has 

pharmacological properties including antifungal and antibacterial activity 

(Lira et al., 2020). Further, the bioactive component of viridiflorol (highly 

desired by the market) was significantly increased in the stored oil relative 

to fresh oil. Therefore, kunzea essential oil that has been stored in a 
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refrigerator might develop enhanced biological activity, due to increases in 

geraniol and viridiflorol. 

 

6.5. Conclusions 

Our findings indicated that the measurement of colour may provide a simple 

indicator of the age and/or degree of degradation of kunzea essential oil via 

decreased greenness (a* values). Kunzea essential oil is relatively stable in 

the absence of light for eight months, possibly due to the high quantity of 

sesquiterpenes. Nonetheless, this study found that there were complex 

chemical transformations of terpenes in kunzea essential oil stored under the 

light which resulted in significant decreases in germacrene D, β-

caryophyllene and α-humulene, possibly owing to thermal isomerisation. 

Especially, lower levels of bicyclogermacrene and enhanced concentration 

of the α-terpineol could be an indicator of degraded kunzea essential oil. 

Further, aged kunzea essential oil stored in a refrigerator might have 

enhanced biological activity, owing to increased levels of the geraniol and 

viridiflorol components. Yet, considerable changes in the chemical 

constituents of kunzea essential oil stored under the light for more than three 

months might result in the oil having limited use for antimicrobial or 

antifungal purposes, owing to significantly reduced amounts of 

bicyclogermacrene, though this loss in bioactivity may be counteracted by 

the generation of geraniol and α-terpineol over time. Further microbial 

studies are needed to understand the relative contribution of multiple 

components to overall bioactivity. Overall, however, aged oils retain their 

pleasant fragrance and can continue to be used in aromatherapy and in 
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household products. 

In summary, the colour and chemical components of kunzea essential oil 

remained stable and kept its primary quality when stored in a freezer or 

refrigerator whilst there are decreases in greenness, yellowness and lightness 

for light exposed oils that are discernible to the human eye. The majority of 

quality components are retained for at least three months when not exposed 

to light. 
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Chapter 7. General discussion and conclusions 
 

 

This chapter summaries the body and findings of research presented in this 

thesis. Specifically, research objectives and key findings, general 

conclusions, and recommendations for future research are represented in the 

order mentioned. 

 

7.1. Research objectives and key findings 

7.1.1. Develop improved extraction and distillation conditions  

The use of small-scale solvent extraction to extrapolate the yield and quality 

of steam-distilled oil and the effect of distillation conditions on kunzea 

essential oil were reported in Chapter 3. Simple ethanol extraction from 

freeze/thawed treated plant material predicted the oil yield and chemical 

constituents using small quantities of leaves. Similarly, Baker et al. (2000) 

found that solvent extraction can be a relatively simple and efficient method 

for extracting the chemical components from tea tree (Melaleuca alternifolia) 

leaf. Overall, the simplicity and consistency in results of solvent extraction 

make it a suitable analytical methodology to monitor the accumulation of 

secondary metabolites in K. ambigua. One application of this technique is 

for selection of elite germplasm, per Chapter 4 and Section 7.1.2 of this 

chapter. 

As has been done for other essential oils such as peppermint, lemongrass, 

and palmarosa oils (Cannon et al., 2013), investigation of optimisation of 

distillation time found that  the highest oil yield was collected between 30 

and 60 mins. However, whilst the distillation of monoterpenes contributed 
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to the most rapid phase of oil accumulation, which occurred at around 30 

minutes, in excess of four hours was required for complete extraction of the 

heavier components, such as oxygenated sesquiterpenes. As a fraction of the 

oil yield throughout the distillation, α-pinene was highest at 30 mins (35.73 

± 3.72%) and reached a minimum at 240 mins (3.16 ± 1.42%), and 1,8-

cineole showed a steady decrease from 41.04 ± 2.03% at 1 min to 0.15 ± 

0.05% at 240 min. In contrast, globulol (35.50 ± 0.01%) and viridiflorol 

(22.45 ± 2.45%) gradually increased to be at these maximums at 240 mins 

distillation time. Therefore, this research found that distillation method and 

conditions can be targeted to maximise the oil yield or enhance specific 

bioactive sesquiterpene constituents. 

 

7.1.2. Screen for superior germplasm from wild populations for 

inclusion in commercial production 

Chapter 4 evaluated different ecotypes native stands of kunzea from ten sites 

distributed across East and Northeast Tasmania to enable the selection of 

clones for yield and quality of essential oil. Transplanting a plant from a wild 

ecosystem to a cultivated field can affect the plant growth, oil content, and 

chemical constituents of secondary metabolites, owing to the combination 

of genetic and environmental factors (e.g. climate, soil, nutrient, and water 

availability), some of which can be manipulated by agricultural practices 

(Fennell et al., 2004). The qualitative and quantitative chemical 

compositions of wild-grown K. ambigua plants from North-East Tasmania 

were dominated by genetic factors. Wild kunzea extracts collected from site 

7 had high amounts of total volatile components (14.71 ± 0.47mg/g DW), 
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that were seven times higher than extracts from site 3. Further, the level of 

chemical components in kunzea extracts were higher in cultivated plants 

compared to wild-harvested plants possibly due to optimised growing 

conditions and relatively young plant age. Yet, the components of camphene, 

β-caryophyllene, and germacrene D were not detected in most of the 

cultivated plants. There were genetic variations in oil yield (range from 1.32 

± 0.06% to 2.32 ± 0.31% DW) and chemical constituents among distilled 

oils from cultivated crops grown under identical conditions, confirming 

genetic variability which may present the opportunity, by appropriate plant 

selection and breeding, to produce kunzea with increased oil yield and with 

optimised chemical profiles. In summary, the highest yield and favourable 

composition were obtained from cultivated plants collected from site 8, 

yielding 2.32 ± 0.31% DW of oil and having 33-69% higher amounts of 

bioactive components such as bicyclogermacrene and viridiflorol, 

respectively.  

 

7.1.3. Effects of intensity and timing of harvest 

The influence of harvest intensity (control, shallow-cut and deep-cut) and 

seasonal variation on oil content and chemical constituents, is presented in 

Chapter 5. With production moving from wild-harvested to orchard stands, 

there are no studies on optimal harvest intensities and season of kunzea crops. 

For optimal oil yield, harvest needs to target the peak of biomass production 

before there is any significant loss in oil content or quality (Srivastava et al., 

2003). The timing and intensity of defoliation are important as the yield and 

quality from the crop can be reduced, owing to mechanically induced stress 



152  

(Biddington, 1986).  

The cumulative above-ground biomass of shallow-cut was two-fold higher 

than deep-cut treatment with a concomitant higher oil content when 

harvested in spring. The lack of resources for vegetative growth of crops 

following deep-cut harvesting was confirmed by the low starch levels 

detected in the roots of the deep-cut treated plants. Total soluble sugar 

concentrations were higher in the leaves and lower in the roots of deep-cut 

treated plants compared to the other treatments, indicating that defoliated K. 

ambigua responds by mobilising sugars into above-ground biomass. This 

study proposes that, due to the harvest process, cutting, and mechanical 

damage, the bioactive compounds in kunzea essential oil were increased. 

Hence, abiotic stress can be managed as an agronomic strategy for 

improving the quality of horticultural produce via enhanced levels of 

bioactive constituents such as bicyclogermacrene and α-pinene (Toscano et 

al., 2019). These findings suggest that shallow-cut harvests optimise 

recovery of biomass post-harvest, and that autumn cropping maximises oil 

quantity, yielding premium kunzea essential oil with enhanced levels of 

bioactive components.  

 

7.1.4. The effect of storage conditions over time on kunzea essential oil 

Chapter 6 highlights the influence of storage temperature, light, and shelf-

life on the colour and chemical profile of kunzea essential oil. Quality 

monitoring of essential oils in storage is necessary as chemical changes may 

have implications for sensorial and pharmacological reasons (Turek and 

Stintzing, 2011). However, few publications report comprehensive data on 
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sensorial, pharmacological, and physicochemical alterations as quality 

parameters of stored essential oils (Njoroge et al., 1996; El-Nikeety et al., 

2000). Kunzea essential oil stored for eight months in a freezer or 

refrigerator was the most stable and consistent in colour and chemical 

profile.  

There was evidence that some components may be oxidized when exposed 

to light with negative consequences for oil colour and quality. In particular, 

oil stored under the light for more than three months led to degraded 

bicyclogermacrene that might limit it to being used as a fragrance, and not 

for its antimicrobial or antifungal properties.  

 

7.1.5. Additional findings arising from preliminary research  

Effect of heat shock and smoke on seed germination: Speedy and uniform 

germination is important to ensure reliable and timely crop establishment 

(Halmer, 2006). No studies have investigated the development and 

germination condition specific to Tasmanian K. ambigua seed. Preliminary 

research found that the germination of K. ambigua is stimulated by smoke-

only or by the combination of both heat (70°C) and smoke. Furthermore, the 

results showed that the positive response of K. ambigua to heat (70°C) and 

smoke was additive, inducing germination rate that was more rapid.  

 

N and P fertiliser application: Although iron and molybdenum deficiency 

interrupted the plant growth and oil biosynthesis, the application of nitrogen 

fertiliser supported increased harvested biomass, plant height, and stem 

width. Yet, there was no response to P fertliser as measured by plant height, 
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total leaf area, stem width, or harvested biomass.  Favourable effects of N 

application for enhancing the biomass and oil yields are in agreement with 

results reported in other various aromatic crops (Singh, 1999; Singh and 

Sharma, 2001; Singh et al., 2002). Some Australian native plants, many of 

which are adapted to soils of low fertility, do not respond to fertiliser 

(Wrigley, 1979; Lord and Willis, 1982). This is consistent with the lack of 

response of Kunzea species to P reported in this study, possibly due to 

kunzea being adapted to low P, sandy and infertile soils  (Myerscough, 

1998). 

 High levels of N and P fertiliser, together with high pH growth media, might 

have contributed to iron and molybdenum deficiency (inferred from the 

positive response to foliar sprays of Fe and Mo) and leaf chlorosis.  

 Further study is needed to optimise the fertiliser management of kunzea for 

essential oil using low pH soil and reduced concentration of N and P. 

 

Comparing the extraction efficiency of steam distillation with hydro-

distillation: Essential oil extraction by hydro-distillation and steam 

distillation involve several hours of heating, which can cause degradation of 

the thermo labile compounds present in the plant material and therefore can 

result in deterioration of fragrance (Denny, 1988). Although both steam 

distillation and hydro-distillation achieved similar oil yield in this study, 

there were notable differences in the major chemical composition of both 

oils. Therefore, extraction method could be selected based on the targeted 

chemical constituents of kunzea essential oil. If the aim was to obtain high 

content of globulol, the hydro-distillation method would be best used, 
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whereas if the aim was to achieve high content of bicyclogermacrene, steam 

distillation would be preferred. 

Antioxidant and antimicrobial activity: The Therapeutic Goods 

Administration (TGA) has recognised the use of kunzea essential oil for 

aromatherapy and for use as a therapeutic product (Hood, 2000). Many 

essential oils from Myrtaceae have been used as a folk medicine, and have 

shown to possess important biological properties, owing to the 

predominance of sesquiterpenes (Di Stasi et al., 2002). For kunzea essential 

oil, the bioactivity might be related to the relatively high concentrations of 

terpinen-4-ol, 1,8-cineole, bicyclogermacrene, and viridiflorol, all of which 

have been shown to have strong antimicrobial activity. Kunzea essential oil 

had varying degrees of antimicrobial activity (MIC 0.25 to 1% v/v and MBC 

0.5% to 2% v/v). Kunzea essential oil showed the highest antimicrobial 

activity towards S. aureus with the lowest MIC value (0.25%) compared to 

its efficacy against other bacteria strains. Generally, the MBC values were 

higher than MIC, while MBC value against P. aeruginosa was 0.5%, which 

was the same concentration determined for MIC. 

 

7.2. Future research direction 

To establish management guidelines for commercial kunzea growers, 

research on the physiological responses, production aspects, and ecological 

effects on K. ambigua plants and kunzea essential oil is needed. The key 

findings of this study show that kunzea essential oil production can become 

more efficient with altered harvest intensity and timing, leading to increased 

quality and quantity of essential oils. Currently, the limited production and 



156  

high market demand make these products highly valued and, therefore, there 

is an imperative to improve the oil yield. The current research focused on 

fundamental agricultural practices to enhance the viability of commercial 

production. Despite this, considerable knowledge gaps still exist in the 

development of the commercial production of kunzea essential oil.  

Chapter 3 highlighted that further experiments such as shortening the 

distillation time using super-heated steam distillation may improve the 

economic viability of this new industry.  

As discussed in Chapter 4, the potential to select for superior Kunzea clones 

across North East Tasmania was investigated with view to finding high 

quality and high yielding plants suitable for commercial production. That 

potential was confirmed by variations in yield and quality that were due to 

differences in genetic profiles. Clonal propagation of high-yielding 

selections would allow for the upscale of plantations to enable a profitable 

industry that more quickly reaches viable economies of scale. This warrants 

a detailed study with an extensive collection of K. ambigua from different 

locations, including mainland Australia, to elucidate chemotype variations 

within the species. 

 

The results from Chapter 5 report the recovery process of K. ambigua 

following harvest to inform the development of improved management 

strategies with regard to harvest intensity and season. This study was limited 

to one growing season and cannot report on the long-term effect of shallow-

and deep-cut treatments. Therefore, further study is needed into the long-

term effect on K. ambigua in relation to harvest intensity, in addition to 
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fertilizing protocols with a view to promoting crop recovery and sustainable 

production.  

As discussed in Chapter 6, kunzea essential oil stored in a freezer or 

refrigerator was the most stable and consistent in colour and chemical profile 

for eight months. Yet, the quality parameters measured for oil stored in light 

for more than three months may limit its use to that of a fragrant oil and may 

not be suitable for antimicrobial or antifungal purposes, owing to the 

degradation of bioactive components. Ultimately the industry needs a ‘use 

by date’ although stating this currently is premature, as there are no 

established quality standards for safety and efficacy. For example, chemical 

profiles from established essential oils from Melaleuca alternifolia, 

commonly known as tea tree, have been defined by international (ISO 

4730:2017) and Australian (AS 2782-2017) standards. Establishing a 

standard for kunzea essential oil would help strengthen the market 

competitiveness of the Tasmanian kunzea essential oil, domestically, as well 

as internationally. 

Due to the limited research timeline, this study was not able to investigate 

longer storages period of kunzea essential oil under different conditions. 

Therefore, the long-term effect of storage conditions on kunzea essential oil 

for up to one year could be a valuable future objective. It would be conducive 

to establishing the appropriate storage condition as well as assigning ‘use by 

date’ for the purpose of labelling prior to product distribution. Further, this 

would provide comprehensive information on stored kunzea essential oil 

and how that affects safety and efficacy for the end-user. 
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Further study is needed to consolidate the finding in technical report 8.1.2. 

to understand the response of kunzea to low pH soil and reduced 

concentration of N and P. High levels of N and P might contribute to iron 

and molybdenum deficiency, leading to leaf chlorosis. Further, the soil used 

in this trial (pH 7) may have affected the nutrition uptake in the kunzea 

plants which are adapted to acidic soils of low fertility (Myerscough, 1998). 

A limitation of this study was not being able to produce an adequate number 

of samples of distilled oil to enable statistical analysis owing to insufficient 

biomass availability. However, this finding offers substantial opportunities 

to continue and broaden this area of research and to clarify the conclusions 

so as to optimise fertiliser management. 

 

Technical report 8.1.4. demonstrated that kunzea essential oil showed 

significant antimicrobial activity, indicating its potential in pharmaceutical 

treatment. Further studies are needed to include more microorganisms and 

to compare with clinically important essential oils and other antimicrobial 

pharmaceutical products. These are needed as positive controls for more 

rigorous investigations. 

 

7.3. Conclusions 

The findings presented in this study have relevance to essential oil producers 

and highlights the need for further study into establishing commercial 

production and the imperative to establish a recognised quality standard.  

 

Chapter 3 along with technical report 8.1.3. presented the potential to 
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manipulate distillation method and time to produce kunzea essential oil with 

a specific profile, enhancing the levels of targeted components.  

 

Chapter 4 explored the ecotype and environmental factors influencing the 

chemical constituents of kunzea ethanol extract and distilled oil. The 

recovery of chemical components of kunzea extract was significantly higher 

in cultivated plants compared to those grown in the wild, owing to optimised 

growing condition and plant age. There were genetic variations in oil yield 

and chemical constituents among oils from plants collected from different 

regions that had been cloned and grown under identical conditions so it 

would be possible, by appropriate plant selection and cultivation, to produce 

kunzea essential oils with different chemical compositions.  

 

Chapter 5, technical reports 8.1.1, and 8.1.2 studied agronomic factors in 

biomass and kunzea essential oil. Shallow-cut harvests optimised the 

recovery of biomass post-harvest and autumn cropping maximised oil 

quantity, yielding premium kunzea essential oil with enhanced levels of 

bioactive components. Technical report 8.1.1 demonstrated that the 

germination of K. ambigua is favoured by smoke-only or both heat (70°C) 

and smoke, which increased the rate of germination. Furthermore, the results 

showed the positive response of K. ambigua seed germination to heat (70°C) 

and smoke was additive. Although iron and molybdenum deficiency 

interrupted plant growth and oil biosynthesis, nitrogen fertilisers supported 

increased harvested biomass, plant height and stem width as reported in 

technical reports 8-2. Further study is needed to optimise the fertiliser 
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management of kunzea for essential oil using low pH soil and reduced 

concentration of N and P. 

Chapter 6 investigated the influence of storage temperature, light, and shelf-

life on the colour and chemical profile of kunzea essential oil. Kunzea 

essential oil stored for eight months in a freezer or refrigerator was the most 

stable and consistent in colour and chemical profile. Some components may 

be oxidized when exposed to light with negative consequences for oil colour 

and quality. In particular, considerable changes in the chemical constituents 

of kunzea essential oil stored under the light for more than three months 

might result in the oil having limited use for antimicrobial or antifungal 

purposes, owing to significantly reduced amounts of bicyclogermacrene, 

though this loss in bioactivity may be counteracted by the generation of 

geraniol and α-terpineol over time. However, aged oils retain their pleasant 

fragrance and can continue to be used in aromatherapy and in household 

products. The results from technical reports 8-4 showed that kunzea 

essential oil had significant antimicrobial activity, indicating its potential in 

pharmaceutical treatment. Further, kunzea essential oil with relatively high 

concentrations of terpinen-4-ol, 1,8-cineole, bicyclogermacrene, and 

viridiflorol, may show yet stronger antimicrobial activity. 

 

Currently, kunzea essential oil production is moving from wild-harvested to 

orchardised stands yet there have been no studies to establish the agronomic 

management for commercial production. The global essential oils market 

requires consistent, high quality products with reliability of supply at 

competitive prices. It is important to develop the commercial production 
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with new technologies and that would need to be applied to production, 

extraction, and marketing for rapid expansion to full commercial production 

of kunzea. This research has highlighted the importance of agronomic 

aspects of kunzea essential oil production, increasing the volume of 

production together with enhanced quality. These findings will contribute to 

the development of management techniques for reliable and sustainable 

kunzea essential oil production as well as other essential oil production. 

Further, developing new commercial essential oils provides the potential for 

expanding the portfolio of distinctive products unique to the Australian 

market. 
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Chapter 8. Pilot trials 

Technical report 8.1. Summary of pilot studies 

Given that Kunzea is a new crop for cultivation, four preliminary studies 

were conducted during the course of this thesis to inform basic 

requirements for propagation, nutrition, extraction, and the efficacy of the 

oil as an antimicrobial agent. The sections are; 

 

8.1.1. Investigation of heat shock and smoke on seed germination and 

development of K. ambiuga  

8.1.2. Plant growth, yield, and essential oil content of K. ambigua in 

response to nitrogen and phosphorus fertilisation  

8.1.3. Comparative study of essential oil obtained from K. ambigua from 

steam distillation and hydro-distillation 

8.1.4. Chemical composition, antimicrobial, and antioxidant properties of 

kunzea essential oil 

 

Technical reports 8.1.1. Investigation of heat shock and smoke on seed 

germination and development of K. ambiuga  

 
Background 

Germination and release of seed dormancy are controlled by various 

environmental factors such as light, temperature, oxygen levels, water, and 

the duration of seed storage (Bewley, 1997). Dixon et al. (1995) discovered 
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that smoke is a vital factor for breaking seed dormancy in a wide variety of 

native Australian species. Specifically, butanolide is a main contributor to 

the germination-promoting activity of smoke and understanding the 

dynamics of the relationship between smoke and germination could provide 

benefits for horticulture and agriculture (Flematti et al. 2004). Roche et al. 

(1997) and Bell (1999) reported that release of dormancy and germination 

was enhanced by smoke in more than 170 Australian species from 37 

families, and probably evolved in response to high frequency of bushfires. 

The response of seeds from fire-prone vegetation to heat shock and smoke 

can increase the rate of germination. Fire-related cues can be associated 

with increased nutrient levels (Thanos and Rundel, 1995), change to soil 

temperature regimes (Brits, 1986), and removal of allelopathic substances 

(Preston et al., 2002). Several studies of the combined effects of heat and 

smoke on germination have found a range of responses: no effect, 

independent, additive, and synergistic, according to species (Kim et al., 

1997; Gilmour et al., 2000; Kenny, 2000).  

K. ambigua is a woodland species native to southern Australia and 

Tasmania (Elliot and Jones, 1990; Wrigley and Fagg, 2003). Benson and 

Howell (1998) explained that K. ambigua regenerates from seed after 

bushfires. Thomas et al. (2003) investigated the interactive effects of heat 

and smoke on the germination of K. ambigua seeds using a final 

germination percentage as a germination parameter, although this approach 

did not capture rapidity or germination pattern (Timson, 1965). Owing to 

the small size of seeds, scanning electron microscope (SEM) has been used 

to study seed germination development and seed morphology, (Juan et al., 
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1994; Yildiz, 2002). Currently, there is no research on the stages of 

germination using the SEM technique in K. ambigua. Therefore, this study 

investigated the effects of heat shock and smoke on germination and 

seedling development of K. ambigua seed using SEM. 

 

Aim 

To investigate dormancy breaking, germination, and seedling development 

of Tasmanian native K. ambigua seeds with view to optimising the 

germination conditions using heat shocks and smoke.  

 

Materials and Methods 

Seed material 

Tasmanian native K. ambigua seeds were purchased from Wild seed 

Tasmania, Australia. The surface of the seed was sterilized with 1% sodium 

hypochlorite for 10 minutes, then rinsed with distilled water. 

Experimental design and treatment 

Seeds were treated with factorial combinations of heat shock (50°C and 

70°C) and smoke exposure (10 mins) to investigate how these factors affect 

germination. Heat treatments were 50°C for 5 min or 70°C for 5 min; 

smoke treatments were implemented for 10 min. Further, seeds were 

exposed to a combination of heat shock and smoke exposure. A group of 

untreated seed was used as a control. Four replicates of 20 K. ambigua 

seeds were used for each treatment. 

To apply the heat, each group of seeds were placed on open petri dishes in a 

fan-forced oven. Seeds were smoked on an opened petri dish in a closed 
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box, one replicate at a time. Smoke was produced using a bee-keepers 

burner by burning dry, fine fuel litter from a Eucalyptus forest. In the 

experiments to determine interactive effects, heat was applied to seeds prior 

to being exposed to smoke. After receiving heat and smoke treatments, 

seeds were placed on single-layer Whatman no.1 filter paper. Distilled 

water was added to achieve the appropriate degree of wetness on the paper 

surface and the seeds were incubated at 25°C. The petri dishes were double 

wrapped using paraffin film and covered in aluminium foil. The 

germination was monitored every day (Drewes et al., 1995). 

Assessment of germination 

When a seed formed a radicle it was scored as a germinant and removed 

(Mott and Groves, 1981). The five different germination parameters were 

assessed. 

1. First day of germination (FDG): Day on which the first germination 

event occurred. 

2. Last day of germination (LDG): Day on which the last germination event 

occurred. 

3. Time to 50% (T50) of germination and emergence were evaluated 

according to the formula suggested by Coolbear et al. (1984) 

 

 

 

Where, N is the final number of emergence and ni, nj cumulative 

number of seeds germinated by adjacent counts at times ti and tj, 

respectively when ni < N / 2 < nj. 
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4. Germination rate index (GRI): GRI describes the germination 

percentage/speed relationship. 

GRI=G1/1+G2/2+……Gn/N; where G1 is the germination percentage on 

day 1, G2 is the germination percentage at day 2; and so on. 

5. Final germination percentage (FGP): FGP was calculated with the 

following formula: 

 FGP (%) = n/N ×100 

 Where n is the number of germinated seeds and N is the number of total 

seeds. 

Scanning electron microscopy (SEM) 

Seeds that were at different stages of germination were freeze-dried, fixed 

on the specimen holder with aluminium tape, and then splattered with gold. 

All the samples were examined by Mineral Liberation Analysis (MLA) 650 

(FEI company, USA), under vacuum and with an electron accelerating 

voltage of 10kV, with a spot size 4 and a working distance of 11.3mm. 

Statistical analysis 

Data were represented as means ± SD (n=4). Statistical analyses were 

performed using SAS software (SAS Institute INC., Cary, NC, USA). 

Differences between germination parameters were evaluated for 

significance using one-way analysis of variance (ANOVA) followed by 

post-hoc Duncan’s multiple range tests (p< 0.05).   

 

Results and Discussion 

The dried K. ambigua seed had a small, ovate shape, and a dark brown 

colour. The size of K. ambigua seed was 0.101mm × 0.236 mm (Figure 8-
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1). The weight of K. ambigua seed was approximately 39µg (Thomas et al., 

2010c). Toole et al. (1956) explained that gemination starts with the uptake 

of water by the quiescent dry seed and terminates with the elongation of the 

embryonic axis. The visible signs of germination are the penetration of the 

structures surrounding the embryo by the radicle (Bewley, 1997). The post-

germination developmental stages of K. ambigua seed using the SEM 

image were captured (Figure 8-2). 

 

Figure 8-1. K. ambigua seed. (A) Light microscopy image (B) SEM of 

whole seed (C) SEM of seed cut in half. 

There was radicle emergence through the micropyle on the fifth to sixth day 

after seed imbibition (Figure 8-2, C). On the eighth day, germinated seeds 

with an emerged coleoptile were observed and root hairs started to develop 

(Figure 8-2, D). Cotyledons started to unfold and the embryo was fully 

germinated at the eleventh and twelfth day (Figure 8-2, E). 
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Figure 8-2. SEM of seed germination and subsequent development (A and 

B: 0 days, C: 5-6 days, D: 8 days and E:11-12 days) in K. ambiuga.  

Scale bars - 300µm for (A) and (B), 400µm for (c), 500µm for (D) and 1 
mm for (E). 
 

GRI and FGP were significantly affected by the different treatments, while 

the FDG, LDG, and T50 were not affected by treatments (Table 8-1). 

Table 8-1. Germination parameters for K. ambigua seeds following 

combinations of heat and smoke treatments. 

 FDG (Day) LDG (Day) T50 (Days) GRI (%/day) FGP (%) 

Control 4.50 + 1.00NS 15.00 + 1.82NS 8.55 + 0.77NS 46.07 + 3.56bc 64.07 + 6.01ab 

Heat 50°C 5.00 + 0.81 15.25 + 1.25 8.11 + 0.96 40.83 + 4.48c 60.63 + 4.78b 

Heat 70°C 4.25 + 0.50 15.00 + 2.16 7.83 + 0.72 46.21 + 7.84bc 66.88 + 4.58ab 

smoke 4.00 + 0.00 15.25 + 1.25 6.60 + 1.43 65.46 + 5.24a 74.17 + 3.22a 

Heat 50°C 

 + smoke 4.25 + 0.50 15.25 + 1.25 7.66 + 1.36 54.15 + 7.37abc 71.38 + 1.66ab 

Heat 70°C  

+ smoke 4.00 + 0.00 16.75 + 0.50 7.14 + 0.16 63.62 + 9.10ab 73.90 + 2.74a 

 
FDG (First day of germination), LDG (Last day of germination), T50 (Time to 50%) GRI 
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(Germination rate index) and FGP (Final germination percentage). Each value is expressed as mean 
± SD (n=4). Values with different letters are significantly different at p < 0.05 as analysed by 
Duncan’s multiple range test. 

Kunzea seeds started to germinate approximately 4 to 5 days after 

imbibition and finished after 15-16 days, regardless of the treatments. The 

smoke-only treatment showed the highest GRI values (65.46 ± 5.24%/day) 

compared to other treatments (range 40.83 ± 4.48 to 63.62 ± 9.10%/day). 

Likewise, the FGP for applications of smoke-only was highest at 74.17 ± 

3.22%, yet there was no significant difference in FGP for other treatments, 

except for seeds exposed to heat (50°C) without smoke. Egerton-Warburton 

(1998) found that smoke treated seeds had altered permeability of the 

subtest cuticle, accelerating the nutrient uptake process, and eventually 

breaking seed dormancy. Moreover, the adsorption of germination 

promoting compounds from smoke onto charcoal during or immediately 

after the fire, and the subsequent leeching of active compounds into the soil 

by rainwater, might be an explanation for how the germination 

enhancements occur in a natural scenario (Keeley et al., 1985; Keeley and 

Pizzorno, 1986).  

Heat treatment at temperatures of 50°C had the lowest FGP, which was 

60.63 ± 4.78%. This has shown that exclusive heat treatment (50°C) is not 

an effective germination trigger. However, the FGP following a 70°C heat 

treatment increased with the inclusion of smoke treatment indicating that 

there is a synergistic effect. Generally, heat has been reported to promote 

seed germination in Australian species (Roberts, 1965; Warcup, 1980). 

However, several fire responsive taxa do not react to only heat, suggesting 

that multiple mechanisms are needed to break seed dormancy (Hilton, 

1984). Thomas et al. (2003) studied the interactive effect of heat shock (25, 
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50, 75, and 100°C) and smoke (0, 5, 10, and 20 min) on germination of K. 

ambigua within the Sydney region. An interaction was found with the 

highest germination rate for K. ambigua being moderate heat shock of 50°C 

which, when combined with exposure to smoke, further increased the 

breaking of dormancy. The different response to heat treatment reported in 

previous studies could be due to several reasons such as differences in 

methods, cultivars, and pre-treatment of seeds. Baskin and Baskin (1998) 

emphasised that cultivars might show different germination characteristics, 

owing to differences in the environmental factors acting on the evolution of 

populations from different regions.  

  

Conclusions 

The germination of K. ambigua is favoured by smoke-only or both 70°C 

heat and smoke, where germination rate was more rapid, revealing that heat 

and smoke have an additive effect. 

 

Technical reports 8.1.2. Plant growth, yield, and essential oil content of 

K. ambigua in response to nitrogen and phosphorus fertilisation 

 

Background 

The aromatic and morphological characters determined by genotype, are 

highly influenced by environmental conditions and agronomic techniques 

including nutrient management (Piccaglia et al., 1991; Randhawa et al., 

1994; Patra and Anwar, 1997). Among many plant growth factors, the 

nutritional requirements of crops are considered one of the most important 



172  

factors (Singh et al., 1989a). 

Nitrogen (N) and phosphorus (P) fertilisers play key roles in increasing crop 

yield. High N and P fertilisers have effects of increasing leaf area 

development, overall crop assimilation, and seed yield (Bhardwaj and 

Kaushal, 1989). Omidbaigi and Arjmandi (2001) investigated the effect of N 

and P supply on the growth of thyme (Thymus vulgaris L.). Treatments of up 

to 200kg/ha N and 150kg/ha P showed the highest biomass yield (750g/plot) 

while the highest essential oil content (1.1ml/100g) accumulated in the herb 

of the plants receiving 100kg/ha N fertiliser, only. However, there was no 

change in thymol content in response to different N and P fertiliser 

treatments. For new crops, it is fundamental to investigate cultivation 

techniques under different environments (Lawrence, 1985). 

Australian soils are generally deficient in nutrients, in particular, N and P. 

Australia has a high proportion of soils derived from sedimentary rocks, 

which are low in phosphate content, and P and other nutrients have been 

further depleted by weathering and leaching processes that have occurred 

over millions of years (Williams and Raupach, 1983; Handreck, 1997). 

Hence, Australian native plants are well adapted to the low-nutrient soils on 

which they grow (Handreck, 1997; Thomson and Leishman, 2004).  

However, there is currently no study of the effect of N and P fertiliser 

concentrations on plant growth and chemical constituents of essential oil of 

native Australian K. ambigua.  

Therefore, this study aims to evaluate plant growth, oil yield, and 

composition of two different cultivars of K. ambigua in response to different 

rates of N and P fertilisers.  
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Aim 

To explore how N and P fertiliser application affect plant growth and oil yield 

and quality, in two different cultivars of K. ambigua 

 

Materials and Methods 

Plant materials 

The K, ambigua plant (Coll) was propagated from plant growing in a 

landscaped garden at a college in Dynnyrne, Southern Tasmania. The other 

cultivar (Rwn) was purchased from Plants of Tasmania Nursery, Ridgeway, 

Tasmania. Neither specimen was endemic to the area from which they were 

sourced. These two cultivars were grown in 200mm pots with a thin top layer 

of crushed basalt aggregate over premium, unfertilized potting mix.  

Experimental site and design 

The trial was performed at the Horticulture Research Centre at the University 

of Tasmania, Hobart. The experimental design was a randomized complete 

block, and factorial combinations of three levels of N (5mM, 10mM, and 

20mM – referred as N1, N2, and N3) and P (0.5mM, 1mM, and 2mM – 

referred to as P1, P2, and P3) were arranged in four blocks. Plants were 

watered with drip irrigation into individual pots. Treatments were applied 

weekly for 46 weeks, with essential plant nutrients based on a Hoagland 

solution but without  N and P. (Hoagland and Arnon, 1950). N was added as 

NaNO3 and P as NaH2PO4•2H2O. Calcium chloride (Cacl2•2H2O) was used 

to balance Ca levels in treatments with low levels of calcium nitrate 

(Ca(NO3)2•4H2O) or without elevated levels of monocalcium phosphate. As 

a result of yellowing leaves, 13 weeks from the commencement of the trial, 
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chelated iron (2.5g/L) and molybdenum (2.5g/L) were applied via foliar 

spray every month from 24 weeks to the end of the trial. 

Plant growth parameters 

Before starting the trial, total leaf size was measured using a Leaf Area Meter 

(LICOR LI-3000C, Lincoln, Nebraska). Throughout the experiment, plant 

height, total leaf area, and stem width were recorded every two weeks. The 

total leaf area (cm2) was estimated using the threshold-based pixel count 

method with Image J software, an image processing and analysis program, 

based on photo images (Easlon and Bloom, 2014).  

Plant nutrition analysis 

To test for the presence of nitrate using a diphenylamine based test, fresh 

crushed leaf segments (0.5g) were placed in a petri dish, and a drop of 1% 

diphenylamine solution in sulfuric acid was added. This test is an indicator 

of the presence of high nitrate concentrations and is not quantitative (Khanal1 

et al., 2008). A blue violet indicates the presence of cellulose nitrate. No 

colour change, or the appearance of other colours such as orange, yellow, 

brown, or green is a negative result, indicating that cellulose nitrate is absent 

(Mulliken, 1916; Tomicek, 1951).  

Isolation of oils 

Kunzea essential oil was obtained by steam distillation of leaves and twigs 

(up to 5mm in diameter) for five hours on a Clevenger-type apparatus. 

Approximately 120g of fresh plant material was weighed into 20L stainless 

steel boilers connected to glass condensers, and essential oil was collected in 

the Florentine part of the apparatus. The essential oil was collected and dried 

over anhydrous sodium sulfate. Essential oils were weighed and calculated 
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as grams of oil per weight of dry plant material (oil content: g oil/g DW). 

Essential oil yield (g oil/plant) was calculated using the formula 

 Essential oil yield (g oil/plant) = oil distilled (g)
plant material distilled (g)

 × DW g material 

harvested/plant 

The oils were stored at 4°C prior to gas chromatography (GC) analyses. 

Gas chromatography 

Quantitative analyses were performed by gas chromatography (GC) analysis 

of the kunzea essential oil using a Hewlett Packard, USA 5890 series ll GC 

equipped with a flame ionisation detector (FID) and HP-1 crosslinked methyl 

siloxane column (30mm×0.32mm, film thickness 0.25µm). Injector and 

detector temperatures were set at 220°C and 300°C, respectively. Oven 

temperature was increased from 60°C to 210°C at 6°C /min and to 280°C at 

25°C /min. Total analysis time was 28mins. Octadecane was used as the 

internal standard. Each oil sample (20µL) was dissolved in 1mL hexane of 

which 2µL was injected at a split ratio of 50:1. Peak areas and retention times 

were measured by electronic integration, and quantitation was obtained by 

peak normalisation of GC/FID data.  

The amount of each component in the kunzea essential oil was calculated 

assuming a 1:1 response ratio of the component to the internal standard;  

mg of component in kunzea oil = area of peak
area of ocatadecane

 × mg of octadecane 

Percentage of chemical components in kunzea oil was calculated as follows; 

% in component in kunzea oil = mg of component in kunzea oil
mg of kunzea oil

 × 100 

Qualitative analyses of the kunzea essential oil were carried out by combined 

GC-MS using a Brucker-300 triple quadrupole benchtop GC/MS (Bruker 
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Corporation, Billerica, USA). The same column was used with similar 

experimental conditions to those described above except that the carrier gas 

was helium at a flow rate of 1.2mL/min. The ion source temperature was 

220°C and the transfer line was held at 290°C. The range from m/z 35 to 350 

was scanned three times every second. The identification of individual peaks 

was done using their Kovats Indices (KI) (Davies, 1990a; Thomas et al., 

2010a), and mass spectral data were compared to those for standard 

compounds in the MS database of National Institute of Standards and 

Technology (NIST).  

Statistical analysis 

Data are represented as means ± SE (n=4, one sample from each block), 

except for the oil data where, due to inadequate biomass for steam 

distillation, samples were pooled from blocks 1&2 and blocks 3&4 so to 

produce two replicates (these results are presented as means and SE only with 

no further analysis). Statistical analyses were performed using SPSS 

(Version 18, SPSS Inc., Chicago, IL, USA) and SAS software (Version 9.4, 

SAS Institute INC., Cary, NC, USA). To characterize the chemotypes of two 

cultivars, independent sample t-tests were performed using SPSS (Table 8-

2). Plant growth parameters (plant height, total leaf area, stem width, and 

harvested biomass (Table 8-3) were subjected to two-way Analysis of 

Variance (ANOVA) (fertiliser × cultivar) followed by post-hoc Duncan’s 

multiple range tests. 

 
 
Results and Discussion 

The Coll and Rwn cultivars differed in morphological characteristics such as 
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leaf colour and oil content. The leaf colour of Coll cultivar was green, while 

Rwn cultivar were yellow green. However, there was no significant 

difference in leaf size between Coll and Rwn cultivars.  

The oil content of Coll (1.40 ± 0.09% DW) was 1.25 times higher compared 

to Rwn (1.12 ± 0.10% DW), and the oils differed in major chemical 

compositions between the two cultivars (Table 8-2). Oils from the Coll 

cultivar were higher in viridiflorol (37.95 ± 1.49%) but lower in α-pinene 

(8.13 ± 1.17%) whereas oil from the Rwn cultivar was higher in α-pinene 

(23.38 ± 0.34%) and lower in viridiflorol (0.48 ± 0.02%). 1,8-Cineole, 

terpinen-4-ol, and ledol were significantly higher in oils from the Coll 

cultivar, relative to Rwn cultivar whilst bicylcogermacrene was two times 

higher in the Rwn cultivar at 7.83 ± 2.96% compared to that in Coll (3.93 ± 

0.68%). It is known that different cultivars of essential oil-producing crop 

species have genetic diversity producing extracts with very distinct chemical 

profiles (Avetisyan et al., 2017). For example, key chemical components of 

basil oil are 1,8-cineole, methyl cinnamate, methyl chavicol, and linalool 

(Klimankova et al., 2008), but these differ across cultivars with a high 

content of linalool originating from European chemotypes (Marotti et al. 

(1996). 

Table 8-2. The difference in oil yield (A) and the major chemical 

composition (%) (B) of kunzea essential oil from two cultivars. 

(A) 

 Coll Rwn 

Oil content (% DW) 1.40 ± 0.09* 1.12 ± 0.10 



178  

(B) 

Key components 

(% in kunzea oil) 

Retention 

time (RT) 

Kovats 

Index 

(KI) 

Coll Rwn 

α-pinene 3.822 938 8.13 ± 1.17 28.38 ± 0.34* 

1,8-cineole 5.203 1036 5.69 ± 0.51* 2.58 ± 0.09 

terpinen-4-ol 8.243 1170 1.18 ± 0.09* 0.63 ± 0.04 

α-terpineol 9.127 1197 1.20 ± 0.07 1.88 ± 0.13* 

bicyclogermacrene 15.122 1501 3.93 ± 0.68 7.83 ± 2.96* 

globulol 16.670 1594 0.73 ± 0.02 11.29 ± 1.49* 

viridiflorol 17.052 1603 37.95 ± 1.49* 0.48 ± 0.02 

ledol 17.203 1613 4.71 ± 0.16* 0.41 ± 0.04 

Values are presented as means ± SE (n=3). Values with symbol (*) are 
significantly different at p < 0.05 as analysed by Independent samples t-test 
(Coll vs Rwn). 

There was no interaction effect (fertiliser × cultivar) on all plant growth 

parameters. Fertiliser affected all plant growth parameters, such as plant 

height, total leaf, stem width, and harvested biomass while the cultivar 

affected the stem width and harvested biomass (Table 8-3). N3 treatment 

plants showed a significant increase of 11-16% in height and 13-24% in 

stem width, relative to N2 and N1 treatments. Yet, there was no significant 

difference in plant height and stem width among the different 

concentrations of P. Elevated rates of N, P and K fertiliser application have 

been shown to increase the leaf area of Australian native plants such as 

Melaleuca armilleris (bracelet honey myrtle), Casuarina glauca (swamp 

sheoak) (Worrall et al., 1987), and Eucalyptus marginata (Jarrah) 

(Stoneman et al., 1995).
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Table 8-3. Effect of cultivar and fertiliser on plant height (cm), total leaf area (cm2), stem width (mm), and harvested biomass 

(DW g/plant) after 46 weeks from the commencement of the trial.  

Fertiliser 

(F) 

Cultivar 

(C) 

Plant height 

(cm) 

Total leaf area (cm2) Stem width 

(mm) 

Harvested biomass 
(DW g/plant) 

N1 Coll 47.45 ± 0.99b 468.70 ± 13.76b 9.35 ± 0.44c/x 29.51 ± 0.67x/c 

Rwn 48.16 ± 2.24b 431.95 ± 18.63b 8.18 ± 0.58c/y 23.46 ± 3.58y/c 

N2 Coll 51.16 ± 2.62ab 481.00 ± 13.82ab 10.23 ± 0.57bc/x 40.22 ± 4.02x/bc 

Rwn 54.39 ± 1.79ab 466.58 ± 16.09ab 8.75 ± 0.46bc/y 33.36 ± 2.38y/bc 

N3 Coll 56.35 ± 2.40a 490.13 ± 4.73ab 11.53 ± 0.77a/x 75.62 ± 3.74x/a 

Rwn 54.14 ± 3.29a 494.68 ± 23.18ab 9.68 ± 0.16a/y 51.21 ± 2.99y/a 

P1 Coll 51.58 ± 5.30ab 540.63 ± 66.50a 10.39 ± 0.29bc/x 49.30 ± 14.09x/b 

Rwn 54.33 ± 4.50ab 495.82 ± 57.54a 8.60 ± 0.74bc/y 36.22 ± 13.28y/b 

P2 Coll 52.53 ± 2.07ab 500.47 ± 34.29ab 10.82 ± 0.09ab/x 47.26 ± 2.20x/bc 

Rwn 51.99 ± 3.51ab 520.68 ± 38.74ab 9.32 ± 0.09ab/y 36.58 ± 7.73y/bc 

P3 Coll 50.84 ± 3.14ab 538.21 ± 36.30a 9.92 ± 0.52bc/x 48.79 ± 15.16x/b 

Rwn 50.38 ± 0.91ab 525.25 ± 41.12a 8.69 ± 0.66bc/y 35.23 ± 3.78y/b 

F  * *** *** ** 

C  NS NS *** *** 

F × C  NS NS NS NS 
 
Values are presented as means ± SE (n = 4).  Mean values designated by a different letter are significantly different between groups (*** p < 0.0001, ** p < 0.001, * p < 
0.05, NS = not significant), according to two-way ANOVA test with fertiliser (F) and cultivar (C) as variability factors: fertiliser (F) for a, b, c and cultivar (C) for x and 
y using lowercase letters, and fertiliser (F) × cultivar (C) interaction for capital letters. 
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Harvested biomass was significantly higher in the Coll cultivar compared to 

that measured in Rwn. N treatments increased biomass at harvest, with the 

N3 treatment yielding1.54 to 2.57 times more vegetative material than N2 

and N1 treatment, but no differences were observed among the different 

levels of P. However, many native Australian plants thrive under low-levels 

of P due to long term adaptation and evolution to P impoverished soils 

(Handreck, 1997). Some Australian native plants, many of which are 

adapted to soils of low fertility, do not respond to fertiliser (Wrigley, 1979; 

Lord and Willis, 1982). This is consistent with the results of this study of K. 

ambigua, which is adapted to low P sandy and infertile soils (Myerscough, 

1998), showing no differences in plant height, total leaf area,  stem width, 

or harvested biomass in response to different application rates of P 

fertiliser.  

Leaves were observed to become chlorotic under N3 and P3 treatments 

from 13 weeks from the commencement of trial (Figure 8-3). 

 

Figure 8-3. Chlorotic leaves in K. ambiuga (left: healthy plant and right: 

leaves turning yellow) after 13 weeks of fertiliser treatments. 
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Figure 8-4. The colour reaction on the crushed leaves of K. ambigua when 

exposed to diphenylamine.  

The test for the presence of nitrate using diphenylamine found that the leaves 

of plants from N1 and N2 treatment groups changed to a red colour whilst 

N3 material changed to blue (Figure 8-4). The blue colour in crushed K. 

ambigua leaves indicated that nitrates were still present in the leaves, and 

that nitrate reduction was not effective (Kolthoff and Noponen, 1933).  

Nitrates needs to be reduced within plants to produce nitrites by nitrate 

reductase, prior to being converted into organic forms for the biosynthesis of 

amino acids (Cruz et al., 2020). High levels of several minerals (Ca, P, N, 

Mn, and Cu) in soil can contribute to iron chlorosis presumably as they are 

involved in the interaction with iron nutrition, although iron deficiency might 

inhibit the absorption of some elements (Madero et al., 1993). An important 

enzyme, molybdoenzyme, catalyzes nitrate reductase and can be the rate-

limiting step of nitrate assimilation (Beevers and Hageman, 1969). 

Molybdenum deficiency leads to inhibition of nitrate reductase and nitrate 

reduction(Yu et al., 1999) which is characterized by symptoms of chlorosis 

and necrosis. In grain, Mo deficiency resulted in crops with a scorched 

papery appearance with dryness in apical parts of matured leaves and this 

severely affected grain yields (Wang et al., 1997). However, in this study Mo 

supply was adequate and yet, the symptoms of chlorosis and dryness in the 

apical parts of kunzea leaves were consistent with a Mo deficiency. In 

addition to the levels of nutrients available in soils, the soil pH plays an 

important role in nutrient availability and elemental toxicity (Uchida, 2000). 
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High levels of N and P might contribute to iron and molybdenum deficiency, 

leading to leaf chlorosis. In particular, the nitrate presence test indicated that 

nitrate reductase is not converting in leaves of K. ambigua receiving N3 

fertiliser. Further, the soil used in this trial (pH 7) might affect the nutrition 

uptake in the kunzea plants which are adapted to acidic soils of low fertility 

(Myerscough, 1998).  

Table 8-4. Effect of cultivar and fertiliser on oil content (% DW), and 

essential oil yield (g DW/plant). 

Fertiliser (F) Cultivar (C) Oil content (% DW) Essential oil yield 
(g DW/plant) 

N1 Coll 1.02 ± 0.20 0.30 ± 0.07 

Rwn 0.71 ± 0.09 0.17 ± 0.05 

N2 Coll 1.24 ± 0.13 0.50 ± 0.05 

Rwn 0.66 ± 0.07 0.22 ± 0.03 

N3 Coll 1.17 ± 0.12 0.88 ± 0.04 

Rwn 0.68 ± 0.01 0.34 ± 0.02 

P1 Coll 0.96 ± 0.07 0.49 ± 0.17 

Rwn 0.59 ± 0.03 0.21 ± 0.08 

P2 Coll 1.16 ± 0.20 0.57 ± 0.18 

Rwn 0.66 ± 0.02 0.25 ± 0.06 

P3 Coll 1.31 ± 0.07 0.62 ± 0.17 

Rwn 0.80 ± 0.07 0.28 ± 0.01 
Values are presented as means ± SE (n = 2).  

Due to inadequate biomass for steam distillation, samples were pooled from 

blocks 1&2 and blocks 3&4 so that n=2 for the analysis of essential oils and 

these results are presented as means and SE only with no further analysis 

undertaken. The oil content and essential oil yield were higher in the Coll 

cultivar relative to Rwn (Table 8-4). Especially, N treatments affected 

essential oil yield, with the N3 treatment having 1.55 to 2.94 times more oil 
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content than N2 and N1 treatments, but no differences were observed among 

the different levels of P. Sangwan et al. (2001) explained that the increase in 

essential oil accumulated in herb receiving N fertiliser is influenced by the 

increase in leaf biomass and leaf essential oil concentration, presumably 

indicating an enhancement in oil biosynthesis. 

The component of viridiflorol (highly desired by the market) had a different 

response according to cultivar. The Coll cultivar showed no differences in 

the concentration of viridiflorol in response to increasing levels of N while 

Rwn cultivar had higher levels in the N3 and P1 treatments (Table 8-5). 

Nutrient interaction in crop plants is complex and influenced by various 

factors such as concentration of fertiliser, plant species, and cultivars 

(Fageria, 2001). Further, the chemical composition of secondary metabolites 

in plants is affected by both genetics and environmental factors (Gorelick and 

Bernstein, 2017). Essential oil yield and chemical composition can be 

significantly dependent on the rate of nitrogen and the rate of potassium as 

well as on the interaction between these minerals (Nurzyńska-Wierdak, 

2013). However, a limitation of this study is not being able to statistically 

analyse the oils, owing to insufficient biomass availability limiting oil 

samples (n=2).  
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Table 8-5. The effect of fertilisers on the major chemical components (%) of K. ambigua in relation to two different cultivars (A: Coll and 

B: Rwn, respectively). 

(A) 

Chemical constituents (%) N1 N2 N3 P1 P2 P3 
α-pinene 7.11 ± 1.05 12.73 ± 2.70 7.23 ± 1.62 9.44 ± 2.77 12.50 ± 3.69 9.31 ± 3.40 

1,8-cineole 6.47 ± 0.65 5.49 ± 0.46 6.40 ± 0.49 5.64 ± 0.25 6.99 ± 0.40 5.72 ± 0.61 
terpinene-4-ol 0.43 ± 0.03 0.34 ± 0.04 0.41 ± 0.01 0.40 ± 0.03 0.43 ± 0.03 0.36 ± 0.05 

α-terpineol 1.54 ± 0.10 1.35 ± 0.13 1.60 ± 0.03 1.50 ± 0.10 1.62 ± 0.05 1.37 ± 0.13 
bicyclogermcrene 4.33 ± 0.39 3.84 ± 0.51 4.30 ± 0.43 4.18 ± 0.36 4.88 ± 0.04 3.42 ± 0.12 

globulol 0.96 ± 0.02 5.11 ± 1.57 0.39 ± 0.01 2.2 ± 0.00 0.40 ± 0.02 0.36 ± 0.10 
viridiflorol 29.53 ± 3.84 29.78 ± 4.14 34.71 ± 1.47 31.59 ±2.40 30.74 ± 4.72 31.69 ± 3.78 

ledol 3.54 ± 0.49 3.64 ± 0.51 4.23 ± 0.13 3.89 ± 0.26 3.73 ± 0.61 3.79 ± 0.45 
(B) 

Chemical constituents (%) N1 N2 N3 P1 P2 P3 
α-pinene 25.95 ± 1.82 24.61± 3.79 24.40 ± 2.49 22.56 ± 3.21 24.27 ± 4.38 24.66 ± 2.20 

1,8-cineole 4.49 ± 1.08 3.33 ± 0.27 3.30 ± 0.10 3.47 ± 0.24 3.35 ± 0.24 4.29 ± 1.16 
terpinene-4-ol 0.30 ± 0.06 0.22 ± 0.03 0.23 ± 0.01 0.23 ± 0.03 0.25 ± 0.04 0.28 ± 0.05 

α-terpineol 1.28 ± 0.20 1.02 ± 0.07 1.06 ± 0.05 1.02 ± 0.08 1.15 ± 0.18 1.19 ± 0.15 
bicyclogermcrene 5.10 ± 0.51 4.20 ± 0.19 4.28 ± 0.20 4.65 ± 0.26 4.69 ± 0.64 4.24 ± 0.21 

globulol 15.98 ± 1.69 16.96 ± 0.07 18.11 ± 1.27 16.94 ± 0.59 16.52 ± 0.30 17.01 ± 1.94 
viridiflorol 0.98 ± 0.35 0.33 ± 0.03 1.22 ± 0.35 1.57 ± 0.48 0.33 ± 0.03 0.54 ± 0.21 

ledol 0.46 ± 0.12 0.31± 0.09 0.46 ± 0.05 0.37 ± 0.12 0.30 ± 0.09 0.44 ± 0.05 
Values are presented as means ± SE (n = 2). 
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Conclusions 

High levels of N and P fertiliser, in addition to high pH growth media, may 

have contributed to iron and molybdenum deficiency (inferred from the 

positive response to foliar sprays of Fe and Mo) and leaf chlorosis. In 

particular, the nitrate presence test indicated that nitrate reductase was not 

converting nitrate to nitrite in leaves of K. ambigua receiving N3 fertiliser, a 

fundamental step in the assimilation of nitrogen in plants. Further, K. 

ambigua did not respond to P fertiliser in plant height, total leaf area, stem 

width, or harvested biomass. 

Although iron and molybdenum deficiency interrupted plant growth and oil 

biosynthesis, N fertiliser supported increased harvested biomass, plant height 

and stem width. Further study is needed to optimise the fertiliser management 

of kunzea for essential oil using low pH soil and reduced concentration of N 

and P. 

 

Technical reports 8.1.3. Comparative study of essential oil obtained 

from K. ambigua from steam distillation and hydro-distillation 

  

Background 

Extraction technology is a fundamental element to improve the overall yield 

and quality of essential oils (Wang and Weller, 2006; Rassem et al., 2016). 

Different conditions used for the distillation process can affect the yield and 

quality of the essential oils (Cassel et al., 2009). The most common methods 

of commercial production of essential oils are steam distillation and hydro-
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distillation (Van de Braak and Leijten, 1999). To extract the essential oils by 

steam distillation, the vegetative material is suspended above the water in the 

boiling flask, normally supported by a metal mesh and the steam from the 

boiling water carries the volatiles to a condenser. After condensation, the oil 

is separated from water by decantation. The extraction of essential oil by 

hydro-distillation is performed under the same conditions as the steam 

distillation, with the only difference being that the vegetative material is 

immersed in the water during the boiling process required to produce steam. 

The vapour mixture of water-oil produced in the flask then passes to the 

condenser (Boutekedjiret et al., 2003). Abdellatif and Hassani (2015) found 

that the oil yields of lemon balm oil (Melissa officinalis) extracted by steam 

distillation (0.42 %, w/w) were two times higher than those produced by 

hydro-distillation (0.24%, w/w). However, the component of citronella was 

significantly higher in oil extracted by hydro-distillation (15.29%), relative 

to oil extracted by steam distillation (0.44%). Currently, it is not known 

which is the optimal method for increasing the oil yield of kunzea. Therefore, 

this study compared the quality and quantity of kunzea essential oil obtained 

by steam distillation and hydro-distillation. 

 

Aim 

To compare the extraction efficiency of steam distillation with hydro-

distillation 

 

Materials and Methods 

Plant collection 



187  

Native K. ambigua was collected in Hobart, Tasmania, Australia. The 

samples were weighed and packed in plastic bags and stored at -18 °C in a 

freezer until extraction. The samples were examined and identified by 

Tasmanian Herbarium (HO), Hobart, Tasmania. 

Isolation of oils 

Kunzea essential oil was obtained by steam and hydro-distillation of the 

aerial parts of plant material following five hours distillation time on a 

Clevenger-type apparatus using approximately 200g of thawed material. To 

extract kunzea essential oil by steam distillation, steam was diffused through 

vegetative matter that had been placed on a porous mesh above boiling water. 

However, in the case of hydro-distillation, the botanical material was 

immersed in the water. The amount of essential oil was measured on an 

analytical scale, and the essential oil yield was calculated as grams of oil per 

weight of dry plant material. The kunzea essential oils were dried over 

anhydrous sodium sulfate. Each experiment was done in triplicate. The oils 

were stored at 4°C prior to analysis by GC FID. 

Gas chromatography 

Essential oils were analysed using a Hewlett Packard, USA 5890 series ll GC 

equipped with a flame ionisation detector (FID) and a HP-1 crosslinked 

methyl siloxane column (30mm × 0.32mm, film thickness 0.25µm). Injector 

and detector temperatures were set at 220°C and 300°C, respectively. Oven 

temperature was increased from 60°C to 210°C at 6°C /min and to 280°C at 

25°C /min. Total analysing time was 28mins. Octadecane was used as the 

internal standard. A 20µL aliquot of each oil was dissolved in hexane and the 

injection volume was 2µL at a split ratio of 50:1. 
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GC-MS was also conducted with a Brucker-300triple quadrupole benchtop 

gas chromatograph/mass spectrometer (Bruker Corporation, Billerica, USA). 

The identification of individual peaks was done using their Kovats Indicies 

(KI) (Davies, 1990a; Thomas et al., 2010a), and mass spectral data were 

compared to those for standard compounds in the MS database of the 

National Institute of Standards and Technology (NIST). To confirm the peak 

identification, qualitative analyses of the oils were performed by combined 

GC/MS using a Varian 3800 GC connected to a Varian 1200 triple quadruple 

mass spectrometer. The GC column was a VF5-ms (30m × 0.25 mm, 0.25 

µm film thickness). The carrier gas was Helium at a flow rate of 1.2mL/min. 

The ion source temperature was 220°C and the transfer line was held at 

290°C. The m/z range was 35 to 350 and was scanned three times every 

second.  

Statistical analysis 

Data are represented as means ± SD (n=3). Statistical comparison of oil yield 

and chemical components of kunzea essential oil was analyzed by 

independent sample t-test using SPSS-24 statistical software (SPSS Inc., 

Chicago, IL, USA). The results were considered as statistically significant 

when p < 0.05. 

 
 
Results and Discussion 

The yield of kunzea essential oils extracted by steam and hydro-distillation 

was 2.87 ± 0.06% and 2.71 ± 0.07%, respectively, and there was no 

significant difference between the two extraction methods (Figure 8-5). 

Currently, kunzea essential oil is commercially produced by steam 
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distillation of wild harvested material.  

 

Figure 8-5. The oil yield of kunzea essential oil extracted by steam 

distillation (SD) and hydro-distillation (HY) for five hours.  

Data are represented as means ± SD (n=3).  

A total of 20 compounds were identified in kunzea essential oil extracted by 

both steam distillation (SD) and hydro-distillation (HY) (Table 8-6). Kunzea 

essential oil extracted by SD and HY were characterized by the presence of 

monoterpene hydrocarbons, oxygenated monoterpenes, and sesquiterpenes. 

The components were similar between extraction methods; however, 

quantitative differences were observed in the proportions of some 

components depending on the extraction methods. Hydrocarbon terpenoids 

were higher in SD than in HD, in which oxygenated terpenoids were the 

major fraction. In particular, the bioactive components of α-pinene and 

bicyclogermacrene were extracted in significantly higher levels in SD oils, 

relative to HY oils. Boutekedjiret et al. (2003) explained that HD led to 

chemical conversions due to the material being immersed in the hot water, 
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resulting in the generation of alcohol moieties to produce monoterpenols. 

Lastly, there were notable distinctions in the amounts of calamenene, 

globulol, and terpinen-4-ol. In SD oil, the amounts of calamenene were six 

times higher than in HY oil. On the other hand, the amount of terpinen-4-ol 

obtained with HY was about 1.3 fold higher than the values found with SD. 

Also of note is the poor recovery of sesquiterpene hydrocarbons in the hydro-

distilled product. These findings are consistent with a previous study (Pistelli 

et al., 2016) where cinnamon oil (Cinnamomum verum J. Presl) extracted by 

hydro-distillation almost exclusively consisted of phenylpropanoids, 

accompanied by small amounts of oxygenated monoterpenes and 

sesquiterpenes hydrocarbons. Further, Casearia sylvestris essential oil 

extract by hydro-distillation resulted in decreased sesquiterpene 

hydrocarbons and increased oxygenated sesquiterpenes, possibly due to the 

oxidation of bicyclogermacrene and (E)-caryophyllene during the extraction, 

to generate spathulenol and caryophyllene oxide, respectively.  

Table 8-6. Chemical composition of kunzea essential oil extracted by steam 

distillation (SD) and hydro-distillation (HY).  

No 
RT 

(min) 
Essential oil 
constituents KI 

Relative peak area (%) 

SD HY 

1 3.605 α-pinene 941 22.37 ± 0.16* 21.37 ± 0.00 

2 4.072 sabinene 966 0.58 ± 0.00* 0.24 ± 0.00 

3 4.137 β-pinene 970 0.30 ± 0.00* 0.25 ± 0.00 

4 4.325 myrcene 983 0.27± 0.00* 0.22 ± 0.00  

5 4.566 α-terpinene 999 0.03± 0.00 NS 0.03 ± 0.00 

6 4.751 p-cymene 1004 0.12 ± 0.00* 0.15 ± 0.00 

7 4.802 limonene 1005 0.29 ± 0.00 NS 0.32 ± 0.03 



191  

Summed monoterpene hydrocarbons 23.96 ± 0.16* 22.58 ± 0.03 

8 4.938 1,8 cineole 1009 11.00 ± 0.08 NS 11.06 ± 0.28 

9 5.272 trans-beta-ocimene 1017 0.18 ± 0.00 NS 0.18 ± 0.00 

10 5.461 ϒ-terpinene 1022 0.25 ± 0.00 0.32 ± 0.00* 

11 6.266 isoamyl isovalerate 1042 0.37 ± 0.00 NS 0.38 ± 0.01 

12 7.695 terpinen-4-ol 1078 0.54 ± 0.01 0.72 ± 0.03* 

13 7.942 α-terpineol 1085 2.18 ± 0.01 NS 2.45 ± 0.14 

14 9.373 citronellol 1218 0.27 ± 0.00 NS 0.25 ± 0.04 

Summed oxygenated monoterpenes 14.79 ± 0.10 NS 15.36 ± 0.50 

15 14.759 bicyclogermacrene 1443 2.90 ± 0.18* 1.36 ± 0.07 

16 15.17 calamenene 1453 1.33 ± 0.04* 0.22 ± 0.01 

17 16.239 spathulenol 1479 0.86 ± 0.00 1.02 ± 0.00* 

Summed sesquiterpene hydrocarbons 5.09 ± 0.22* 2.60 ± 0.08 

18 16.497 globulol 1485 18.84 ± 1.75 23.22 ± 0.87* 

19 16.65 viridiflorol 1489 12.86 ± 2.10 NS 12.08 ± 1.54 

20 16.817 ledol 1493 1.99 ± 0.23 NS 2.03 ± 0.19 

Summed oxygenated sesquiterpenes 33.69 ± 4.08 37.33 ± 2.60* 

Total 77.53 ± 4.53 NS 77.87 ± 3.21 

*RT: Retension time, KI: Kovats index, SD: Steam distillaiton, HY: Hydro-
distillation 
*KI reference : Davies (1990b), Thomas et al. (2010a) 
Each value is expressed as mean ± SD (n=3). Means with symbol (*) are 
significantly different (independent sample t-test, p < 0.05) between two 
groups (SD vs HD). NS not significant 
 

Conclusions 

Although both techniques achieved similar oil yield there were notable 

differences in the major chemical composition (% in chemical components) 

of kunzea essential oils extracted by steam distillation and hydro-distillation. 

The extraction method used could be selected based on the targeted chemical 

constituents of kunzea essential oil. If the aim was to obtain high content of 

globulol, the hydro-distillation method would be ideal. Whereas if the aim 
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was to achieve high content of bicyclogermacrene steam distillation would 

be the preferred approach. 

Technical reports 8.1.4. Chemical composition, antimicrobial, and 

antioxidant properties of kunzea essential oil 

Background 

Essential oils of herbs and their component products from the secondary 

metabolism of plants have many applications in folk medicine, food 

flavoring, and preservation as well as in the fragrance and pharmaceutical 

industries (Alma et al., 2003). Specifically, the market for essential oils and 

suitably formulated cosmetic, pharmaceutical and medical products are in 

demand, owing to increased interest in complementary therapies and 

natural alternatives (Sadgrove and Jones, 2015). Historically, many plant 

oils and extracts such as tea tree (Melaleuca alternifolia), myrrh 

(Commiphora myrrha), and clove (Eugenia caryophyllata) have been used 

as topical antiseptics, owing to their antimicrobial properties (Hoffman, 

1987; Lawless, 1995). In particular, there is antimicrobial activity of 

medicinally important Myrtaceous oils including cajuput oil from 

Melaleuca cajuputi, kanuka oil from Kunzea ericoides, and manuka oil 

from Leptospermum scoparium (Harkenthal et al., 1999). However, there is 

limited research regarding the biological activity of kunzea essential oil. To 

date, there have been studies on insect repellent properties of Kunzea 

ambigua (Sm.) Druce extract and kunzea essential oil (Thomas et al., 

2009b; Silva et al., 2010). Further, kunzea essential oil was shown to be 

potentially effective in, not only relieving psoriasis, but also in eliminating 
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head lice (Thomas et al., 2015; Williams et al., 2016a). To further the 

studies into bioactivity of the extracts of K. ambigua, this study investigated 

the chemical composition, antioxidant, and antimicrobial properties of 

kunzea essential oil. 

Aim 

To evaluate the chemical composition, antioxidant, and antimicrobial 

activity of kunzea essential oil 

 

Materials and Methods 

Materials 

Kunzea essential oil was obtained from a commercial producer in North 

East Tasmania, Australia. The internal standards, octadecane, and C7-C40 

saturated alkanes standard mix and 2,2’-di-phenyl-1-picrylhydrazyl 

(DPPH), ascorbic acid, and resazurin were purchased from Sigma, USA. 

All incidental chemicals and other reagents used were of analytical grade. 

Gas chromatography 

Essential oils were analysed using a Hewlett Packard, USA 5890 series ll GC 

equipped with a FID and HP-1 crosslinked methyl siloxane column (30mm 

× 0.32mm, film thickness 0.25µm). Injector and detector temperatures were 

set at 220°C and 300°C, respectively. Oven temperature was increased from 

60°C to 210°C at 6°C /min and to 280°C at 25°C /min. Total analysing time 

was 28mins. Octadecane was used as the internal standard. A 20µL aliquot 

of each oil was dissolved in hexane and the injection volume was 2µL at a 

split ratio of 50:1. 

Peak ID was established a Brucker-300 triple quadrupole benchtop GC MS 
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(Bruker Corporation, Billerica, USA). The identification of individual peaks 

was done using their Kovats Indices (KI) (Davies, 1990a; Thomas et al., 

2010a), and mass spectral data were compared to those for standard 

compounds in the MS database of National Institute of Standards and 

Technology (NIST). The column used was a VF5-ms (30m × 0.25 mm, 0.25 

µm film thickness). The carrier gas was helium at a flow rate of 1.2mL/min. 

The ion source temperature was 220°C and the transfer line was held at 

290°C. The m/z 35 to 350 range was scanned three times every second.  

Determination of antioxidant activity with 2,2’-di-phenyl-1-picrylhydrazyl 

(DPPH) radical scavenging method 

The scavenging activity of kunzea essential oil on the DPPH radical was 

investigated, employing the modified methods described by Yamaguchi et 

al. (1998); Singh et al. (2009). Different concentrations (50-1000µg/mL) of 

the kunzea essential oil in ethanol were added to 1.5 mL of DPPH solution 

(0.1 mM, in 95% ethanol). The reaction mixture was shaken well and left to 

stand in a dark room for 30 min. The absorbance of the reaction mixture was 

measured at 540 nm by a spectrophotometer. Three replicates were 

undertaken for a kunzea sample with various concentration (50, 100, 200, 

500, and 1000µg/mL) Ascorbic acid was used as the positive control. IC50 

(Inhibitory concentration 50%) was calculated as the concentration of the 

sample required to cause a 50% decrease in initial DPPH concentration. Free 

radical scavenging capacity (%) was calculated using the following formula: 

Free radical scavenging capacity (%) = 100 (A Blank-A Sample /A Blank), where 

A Sample represents the absorbance of the sample, and A Blank is the absorbance 

of the reaction solution without the test material included. 
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Determination of Minimum Inhibitory Concentration (MIC) and Minimum 

Bactericidal Concentration (MBC) 

MIC are defined as the lowest concentration of an anti-microbial that will 

inhibit the visible growth of a microorganism after overnight incubation, and 

MBC as the lowest concentration of antimicrobial that will prevent the 

growth of an organism after subculture on to antibiotic-free media. MIC is 

considered the ‘gold standard’ for determining the susceptibility of organism 

to antimicrobials (Andrews, 2001).  

Broth micro-dilution assays were performed to determine the MIC and MBC 

for kunzea essential oil, according to the Clinical and Laboratories Standards 

Institute (CLSI) protocol M7-A8 with some modifications. Growth 

inhibitory activity of essential oil was tested against 4 bacteria  

• Staphylococcus aureus 

• Escherichia coli 

• Staphylococcus epidermidis 

• Pseudomonas aeruginosa 

These microorganisms were sourced from the Laboratory Culture Collection 

at the microbiological laboratories at the Tasmanian Institute of Agriculture 

(TIA), University of Tasmania, Australia. Resazurin solution was used as an 

indicator of growth for the microbial assays. 

Preparation of the bacterial suspension 

The bacterial suspensions were inoculated on nutrient agar plates and 

incubated at 37°C for 24 hours. For the preparation of the bacterial 

suspensions, the inoculum was suspended into sterile normal saline solution 

(0.90% w/v of NaCl). The turbidity of the bacterial suspension was compared 
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to 0.5 McFarland standard adjusted with sterile normal saline solution until 

the bacterial suspension matched the McFarland standard as determined 

using spectrometer at 600nm wavelength, and the number of bacteria 

recorded as Colony Forming Units (CFU) was 1.5×108CFU/ml (McFarland, 

1907). From this initial solution, two additional serial dilutions were made to 

acquire a working solution of 1.5×106CFU/ml. 

Resazurin indicator solution 

The resazurin indicator solution was prepared by dissolving 270 mg of 

resazurin powder (Sigma-Aldrich gmbH, Germany) in 40 ml sterile distilled 

water. The solution was agitated using a vortex until the powder was 

completely dissolved. 

Microtiter plate-based assay 

MIC and MBC of each essential oil were determined by using  the Resazurin 

Microtiter Assay Plate method with a slight modification (Rahman et al., 

2004; Sakkas et al., 2016)  

The essential oils were prepared in dimethyl sulfoxide (DMSO). A stock 

solution of the oil to be tested was prepared by diluting 8ml in 100ml of 

DMSO (8% kunzea essential oil v/v). Subsequently, serial double-fold 

dilutions were prepared in 96-well plates containing as standard nutrient 

broth (NB, Oxoid, UK). The final concentrations of each essential oil were 

4, 2, 1, 0.5, 0.25, and 0.125 (v/v). Prepared bacterial inoculum (10µl) was 

transferred to each well containing the serial double-fold dilutions of the 

essential oil, giving a final bacterial concentration of 5 × 105CFU/ml.  

Resazurin indicator solution (10 µl) was added to every well including the 

control well. Each plate was wrapped loosely with cling film to ensure that 
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bacteria did not become dehydrated. The 96-well plates were incubated at 

37°C for 24 hours to obtain MIC. MIC is defined as the lowest concentration 

of the essential oil at which the microbial strain does not show visible growth. 

MBC is defined as the lowest concentration of essential oil which inoculated 

bacteria were completely killed. MBC was determined by serial sub-

cultivation of MIC plates at completion of the MIC trials and further 

incubation for 72 hours. The colour change was assessed visually.  A blue 

coloured solution indicated growth inhibition in the test wells, while a pink 

to colourless solution indicated microbial growth or absence of inhibition 

(Ivanova et al., 2013). 

Statistical analysis 

Data are represented as means ± SD (n=3). The statistical analysis was 

performed using SAS software (SAS Institute INC., Cary, NC, USA). The 

values were evaluated by one-way analysis of variance (ANOVA) followed 

by post-hoc Duncan’s multiple range test. 

Results and Discussion 

As shown in Table 8-7, kunzea essential oil contained 56.19% monoterpenes 

including α-pinene (33.97 ± 1.26%), 1,8-cineole (15.48 ± 1.08%) and α-

terpineol (2.07 ± 0.29%). The sesquiterpenes represented approximately 

29.38% and included viridiflorol (11.41 ± 2.31%) and bicyclogermacrene 

(6.51 ± 0.81%). 

Table 8-7. Identified major chemical composition (% in oil) of commercial 

kunzea essential oil.  

No Essential oil constituents RT (min) Kovats index % in oil 
1 α-pinene 3.90 944.28 33.97 ± 1.26 



198  

2 sabinene 4.39 986.20 0.80 ± 0.00 
3 β-pinene 4.46 989.15 0.40 ± 0.02 
4 p-cymene 5.09 1017.62 0.18 ± 0.00 
5 limonene 5.14 1019.95 0.17 ± 0.00 
6 1,8-cineole 5.30 1027.18 15.48 ± 1.08 
7 (Z)-B-ocimene 5.82 1049.38 0.34 ± 0.01 
8 cis-linalool oxide 6.52 1076.40 0.96 ± 0.00 
9 terpinolene 6.77 1085.37 0.03 ± 0.00 

10 linalool 6.90 1089.89 0.04 ± 0.00 
11 isoamyl isovalerate 7.42 1113.75 0.02 ± 0.00 
12 α-campholenal 7.49 1118.00 0.09 ± 0.00 
13 trans-pinocarveol 7.79 1135.53 0.14 ± 0.00 
14 terpinen-4-ol 8.10 1153.09 0.52 ±0.01 
15 α-terpineol 8.34 1166.37 2.07 ± 0.29 
16 myrtenal 8.91 1196.61 0.03 ± 0.00 
17 verbenone 9.22 1210.25 0.75 ± 0.03 
18 citronellol 9.41 1218.29 0.03 ± 0.00 
19 geraniol 10.16 1248.47 0.03 ± 0.00 
20 α-cubebene 12.56 1342.95 0.01 ± 0.00 
21 α-copaene 12.65 1346.55 0.05 ± 0.02 
22 β-elemene 13.78 1392.31 0.04 ± 0.00 
23 α-gurjunene 13.97 1398.99 0.06 ± 0.01 
24 β-caryophyllene 14.07 1408.38 0.44 ± 0.03 
25 aromadendrene 14.25 1424.62 0.21 ± 0.09 
26 α-humulene 14.48 1445.17 0.75 ± 0.32 
27 allo-aromadendrene 14.74 1467.21 0.32 ± 0.08 
28 germacrene D 14.87 1478.86 0.06 ± 0.00 
29 viridiflorene 15.08 1496.78 0.30 ± 0.00 
30 bicyclogermacrene 15.23 1506.40 6.51 ± 0.84 
31 calamenene 15.62 1527.73 0.63 ± 0.01 
32 cadina-1,4-diene 15.74 1534.20 0.49 ± 0.05 
33 epi-globulol 16.60 1579.81 0.44 ± 0.02 
34 palustrol 16.68 1583.75 0.49 ± 0.08 
35 spathulenol 16.78 1588.85 0.11 ± 0.04 
36 glubulol 16.91 1595.43 5.51 ± 1.02 
37 viridiflorol 17.08 1604.71 11.41 ± 2.31 
38 ledol 17.26 1615.24 1.70 ± 0.08 
 Total   85.57 ± 5.67 

        Each value is expressed as mean ± SD (n=3). 

Kunzea essential oil inhibited radicals in a dose-dependent manner, of 1.6 ± 

0.26%, 5.79 ± 0.75%, 8.32± 1.32%, 11.58 ± 1.13%, and 13.8 ± 3.27% at 

concentrations of 50, 100, 200, 500 and 1000µg/ml (Figure 8-6). Kunzea 

essential oil showed a low ability to reduce the stable radical DPPH with an 
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IC50 value of 4990.24 ± 407.84µg/ml, while IC50 value of ascorbic acid was 

4.81 ± 0.42µg/ml (Table 8-8). 

 

Figure 8-6. The antioxidant activity of kunzea essential oil. 
 
Each value is expressed as mean ± SD (n=3). Values with different letters 
are significantly different at p<0.05 as analysed by Duncan’s multiple range 
test. 
 

Table 8-8. Radical scavenging of kunzea essential oil and ascorbic acid 

with DPPH. 

Antioxidant IC50 (µg/ml) for a 50% 

inhibition 

Kunzea essential oil 4990.25 ± 407.84 

Ascorbic acid 
(positive control) 

4.82 ± 0.42 

Each value is expressed as mean ± SD (n=3).  

Tepe et al. (2005) found that thyme essential oil (Thymus serpyllus) had a 

free radical scavenging activity similar to that of the synthetic butylated 

hydroxytoluene (BHT). The strong antioxidant activity was attributed to the 

high content of the phenolics thymol and carvacrol (20.5% and 58.1%, 
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respectively). Thus, the weak antioxidant activity of kunzea essential oil, 

could be due to the relative absence of these phenolic components. 

However, in addition to phenolic components, monoterpene alcohols, 

ketones, aldehydes, hydro carbons and ethers can also contribute to the 

strong antioxidant activity of some essential oils (Edris, 2007). For 

example, Miguel et al. (2004) found that essential oil from Thymus 

caespititus (250 and 500mg l-1) had a high antioxidant activity (73.0 ± 1.7% 

and 76.3 ± 1.3%, respectively), comparable to, or higher than, that of α-

tocopherol (75.0 ± 1.7% and 74.2 ± 1.3%, respectively). The main 

component of T. caespititus oil was α-terpineol (32.1%), while thymol 

(0.2%) and carvacrol methyl ether (0.5%) were in negligible 

concentrations. This suggests that phenolic compounds are not the only 

components that confer antioxidant activity in essential oils. 

The current study is the first attempt to study the antimicrobial potential of 

kunzea essential oil against four common bacteria strains. It was found that 

kunzea essential oil had a varying degree of antimicrobial activity (MIC 

0.25 to 1% v/v and MBC 0.5% to 2% v/v) (Table 8-9). Kunzea essential oil 

showed the highest antimicrobial activity towards S. aureus with MIC 

values of 0.25%. MIC values for kunzea essential oil against P. aeruginosa 

and S. epidermidis were both recorded at levels of 0.5% v/v. Generally, the 

MBC values were higher than MIC, while MBC value against P. 

aeruginosa was the same as the MIC at 0.5% v/v. 

 

Table 8-9. Range of MIC and MBC values (%, v/v) of kunzea essential oil. 
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Bacterial strains Kunzea essential oil 

MIC MBC 

Gram-negative bacteria   

Escherichia coli 1% 2% 

Pseudomonas aeruginosa 0.5% 0.5% 

Gram-positive bacteria   

Staphylococcus aureus 0.25% 0.5% 

Staphylococcus epidermidis 0.5% 1% 

 

Sakkas et al. (2016) found that MIC values of tea tree oil (Melaleuca 

alternifolia) against E. coli and P. aeruginosa were in the ranges of 0.50 to 

0.75 and 1 to 1.50%, respectively. Compared to tea tree oil, basil oil 

(Ocimum basilicum L.) and origanum oil (Thymus capitatus L.) showed a 

relatively lower antimicrobial against E. coli (ranges 1 to 3 % and 0.37 to 

0.75%, respectively). Further, both oils showed a poor anti-growth effect on 

P. aeruginosa (>4% for basil oil and range 2 to 4 % for origanum oil). 

Kunzea essential oil showed a strong antimicrobial effect against E. coli 

and P. aeruginosa (MIC values 1% and 0.5%, respectively) compared with 

MIC values of tea tree oil (ranges 0.50 to 0.75 and 1 to 1.50%, respectively) 

(Sakkas et al., 2016). The strong antimicrobial activity of tea tree oil is 

attributed mainly to terpinen-4-ol (40%) and 1,8-cineole (5.1%) (Brophy et 

al., 1989; Carson et al., 2006) both of which are lipophilic, enabling 

diffusion into cell membrane structures (bacteria and/or fungal), eventually 

leading to cell death (Sikkema et al., 1995; Cox et al., 1998). Similarly, 

differences in susceptibility between E. coli, S. aureus, and to some degree 
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C. albicans may be explained by differences in the extent of monoterpene-

induced cell membrane damage (Cox et al., 2001b). Most of the essential 

oils from Myrtaceae are characterized by predominance of sesquiterpenes, 

some with important biological properties (Stefanello et al., 2011). Further, 

bicyclogermacrene and viridiflorol have antimicrobial activity (Porter and 

Wilkins, 1999; Santos et al., 2013). Nguyen et al. (2016) stated that the 

inhibitory activity of essential oils results from complex interaction, 

including, but not limited to, synergy, addition, noninteraction, and 

antagonism among the different compounds. For example, different 

terpenoid components of tea tree oil can interact in an aqueous dispersion to 

either reduce or increase the antimicrobial efficacy, according to their 

relative concentrations and target micro-organism. Further, the non-aqueous 

monoterpene hydrocarbon phase reduces the solubility of oxygenated, 

water soluble terpenes, limiting the antagonistic effects by reducing 

interactions of the active components with microbes (Cox et al., 2001a). 

In summary, the strong antimicrobial activity of kunzea essential oil 

observed in this study may be due to the bioactivity of components such as 

terpinen-4-ol, 1,8-cineole, bicyclogermacrene, and viridiflorol. 

  

Conclusions 

Kunzea essential oil showed significant antimicrobial activity, indicating its 

potential in pharmaceutical treatment. Further, kunzea essential oil that has 

relatively high concentrations of terpinen-4-ol, 1,8-cineole, 

bicyclogermacrene, and viridiflorol, may show yet stronger antimicrobial 

activity. Further studies are needed to include more microorganisms and to 
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compare the efficacy with other clinically important essential oils and 

antimicrobial pharmaceutical products which should be used as positive 

controls. These measures would allow for a more rigorous investigation.  
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