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Abstract

:

The New Zealand native plant mānuka (Leptospermum scoparium) is representative of the country’s North and South Islands flora. This species is essential to the growing community of honey producers due to its honey’s antimicrobial and antioxidant properties, attributed to the presence of methylglyoxal (MGO), derived from dihydroxyacetone (DHA) in the nectar. Several clones and cultivars have been selected to optimize DHA production. Still, nothing is known about the volatile emissions of these artificially selected plants. Volatile organic compounds (VOCs) can influence their interactions with the environment, such as pollinator foraging decisions, which may subsequently affect the plants’ products. This study explored the aboveground volatile organic compounds (VOCs) emitted by eight different mānuka genotypes (six clones and two wild cultivars) under field conditions during the spring season. Volatiles were collected using the “push–pull” headspace sampling technique and analyzed using gas chromatography-mass spectrometry (GC-MS). Our results show that mānuka plants emit large amounts of terpenoids, with sesquiterpenes and monoterpenoids being the most abundant groups of compounds. The results also show variation in the total green leaf volatiles, total sesquiterpenes, and specific compounds between genotypes and suggest that artificially selected plants have a significant variation in their chemical profiles. The potential impacts of these results on the plant’s defence, pollinator attraction and bee products are discussed.






Keywords:


plant genotype; plant secondary metabolites; artificial selection; plant volatiles; green leaf volatiles; terpenoids; honey; propolis












1. Introduction


Plants emit volatile organic compounds (VOCs) that mediate communication with other organisms (such as pollinators or nearby plants) and responses to biotic and abiotic stress (such as herbivory or UV radiation), making them essential elements in plant ecology [1,2,3,4]. VOC emission is species-specific but can vary between plant populations, cultivars, and genotypes [5,6,7,8]. These specificities in plant volatile emissions could be relevant to plants’ ecological relationships and their responses to the environment [7,9].



Mānuka (Leptospermum scoparium) is a New Zealand native woody perennial species. This shrub commonly occurs on the North and South Islands, where it persists in harsh environments, such as areas with low soil fertility, drought, waterlogged and frost [10,11,12]. Mānuka is highly polymorphic, linked to environmental and genetic determinants, which is maintained in cultivation [13]. This species varies in size and form, ranging from medium-sized, prostrate and dwarf-form shrub to trees [13] and has been described as an andromonoecious species [14]. Mānuka is of economic importance to honey producers due to the antimicrobial and antioxidant properties of its honey, attributed to the compound methylglyoxal (MGO) [15], which is derived from dihydroxyacetone (DHA) in the nectar [16,17]. However, the levels of DHA differ between mānuka plants [18], leading to the investigation of the genetic and environmental factors influencing nectar composition and yield. Previous studies have confirmed a genetic component associated with DHA production, prompting the selection of DHA-rich clones for commercial use [19,20,21,22]. However, whether pollinators are attracted to high DHA-producing clones is a different matter.



The attraction of beneficial organisms such as pollinators to plants is a combination of multiple factors, including floral visual displays, flower density, nectar traits, and plant scents [1,23,24]. While most of these factors have been extensively characterized for different clones of mānuka [19,20,21,22], their volatile emission has not been explored. Knowledge of mānuka volatile emissions, in general, is limited, and only recently was the scent of wild mānuka plants under field conditions reported [25].



This study aims to characterize the volatile organic compounds (VOCs) emitted by different mānuka genotypes and discuss the potential roles of the results in relation to defence, pollinator attraction and bee products. This information could be important for plant breeders in selecting quality traits (VOCs) vital for the plant’s ecology and maximizing the richness of its products, including the mānuka honey. To achieve this, we measured the aboveground volatile emissions of eight New Zealand originated mānuka genotypes in a common garden setting in spring 2017. VOCs were measured under natural conditions without manipulating any variable. Based on previous studies on the tested mānuka genotypes, reporting significant variation in floral display and nectar chemistry [21,26], we expect to encounter significant diferences in their volatile profiles.




2. Materials and Methods


2.1. Study Site and Biological Material


The study was conducted in spring 2017 at the Pasture and Crop Research Unit (Moginie block, Long. 175.61155—Lat. -40.387483), Massey University, Palmerston North, New Zealand (Figure 1). Eight mānuka genotypes that were pot-grown clones and propagated from cuttings of elite mānuka cultivars provided by Comvita New Zealand Limited as part of the breeding programme for their DHA content were transplanted on this farm in 2011, with 1.5 m spacing between plants. For easy identification, Comvita assigned colour codes: blue, lime green, mint green, orange, pink, and yellow to the six clones and CVT2 and CVT4 to the cultivars. Table 1 shows the parentage, growth form and flower appearance of the clones used in this study. Previous studies by Bohórquez Rodríguez de Medina [21] and Sheridan [26] provide detailed information on the different clones including environmental and genetic influences on flowering and nectar production, nectar DHA and sugar content, and pollinator visitation.



We measured the aboveground volatile emissions of the eight mānuka genotypes using the “push–pull” headspace sampling technique. The volatile collection was done following the same protocol described by [9]. In summary, a portion of foliage with flowers was enclosed in a new multi-purpose oven bag. Using a portable volatile collection system (PVAS22; Volatile Assay Systems, Rensselaer, NY, USA) connected with PTFE tubes, air was simultaneously pushed into and pulled out of the bag through a volatile collection trap containing 30 mg HayeSep Q adsorbent (Volatile Assay Systems, Rensselaer, NY, USA). Volatiles were collected for 2 h per plant, after which the enclosed foliage was excised and oven-dried at 60 °C until constant weight to estimate emission per dry weight. All volatile collections were done in three days (21–23 November 2017) under similar environmental conditions (sunny and dry days), with 26 °C and 0.0 mm average maximum air temperature and rainfall, respectively. Volatiles were collected from five plants of each genotype. All plants were flowering and looked healthy and lush at the time of sampling.



The volatile collection traps were eluted using 200 µL of 95% hexane (Sigma Aldrich) containing 10 ng/mL nonyl acetate (C11H22O2) (Sigma Aldrich) as an internal standard in the laboratory. The samples were then analyzed using gas chromatography coupled to mass spectrometry (Shimadzu technologies), which had a 30 m × 250 µm × 0.25 µm TG-5MS column and helium as a carrier gas. The operation conditions of the gas chromatography-mass spectrometry and identification of compounds followed the same protocol as in [9]. The oven temperature was 50 °C, held for 3 min, increased to 95 °C at 5 °C/min, then ramped up to 230 °C. Compounds were identified by comparing target spectra to the National Institute of Standards library and confirmed by commercial standards when available. Blank samples were collected and analyzed as described, and compounds identified were excluded from the analysis.




2.2. Data Analysis


Statistical analyses were performed using R v.4.1.0 [27]. All volatile compounds identified from mānuka plants were grouped into their respective chemical classes, and their proportions were compared between the eight plant genotypes using generalized linear models with Gamma distribution (link = log). The “relevel” function was used to construct a set of level contrast for the plant genotypes [9,28].



The composition of volatile blends produced by plants was investigated using sparse partial least square discriminant analysis (sPLS-DA) [29]. Before performing sPLS-DA, the data was normalized by log transformation (log10x + 1) and autoscaled. sPLS-DA was performed using the package “mixOmics” [30]. The “tune.splsda” with 5-fold cross-validation, over 200 repeats, was first used to select the optimal number of components and variables to keep in the model. VOCs with variable importance in projection (VIP) coefficient ≥ 1.0 were considered as compounds contributing to discriminating genotypes. Using this threshold, some compounds were selected and compared between the eight mānuka genotypes using generalized linear models (GLMs), assuming Gamma distributed errors (link = log) and the “relevel” function was used to construct sets of level contrast between genotypes. For all the GLMs performed, a small constant (0.001) was added to the response variables (either chemical class or individual VOC) to avoid zeros, as described in [9].





3. Results


Thirty-four compounds were identified in the headspace collections of mānuka plants, and these were grouped into their respective chemical classes. Most of the identified compounds were sesquiterpenes (14), followed by monoterpenes (11), other aldehydes (4), green leaf volatiles (3), and two other volatile compounds (isoamyl acetate and α-ionone) (Supplementary Table S1). The emission rates of monoterpenes were relatively high, followed by sesquiterpenes (Figure 2).



The proportions of respective chemical classes were compared between the eight plant genotypes (Figure 2, Supplementary Table S2). The results show a significant reduction in total monoterpenoids in the mint green clone than the blue (t = 3.35, p = 0.002), lime green (t = 2.62, p = 0.013), orange (t = 2.83, p = 0.008), pink (t = 2.72, p = 0.011), yellow (t = 3.13, p = 0.004), and the CVT4 cultivar (t = 2.97, p = 0.006). Green leaf volatiles were significantly high in lime green clone compared to mint green (t = −3.16, p = 0.003), orange (t = −2.09, p = 0.045), CVT2 (t = −3.19, p = 0.003), and CVT4 (t = −3.32, p = 0.002), whereas the proportion of other volatiles was significantly high in the mint green clone than blue (t = −2.48, p = 0.019), orange (t = −2.95, p = 0.006), pink (t = −3.56, p = 0.001), and CVT2 (t = −2.49, p = 0.018). Monoterpenoids, other aldehydes, and the total volatile emissions did not differ between genotypes (Figure 2, Supplementary Table S2).



The sparse partial least square discriminant analysis based on the individual volatile compounds identified from mānuka plants clearly separates some genotypes. For example, the first two components, which accounted for over 35% of the total variance, show a separation of the yellow clone from others, while the lime green and pink clones highly overlap. There was also a separation between the two cultivars (CVT2 and CVT4) and some clones (Figure 3).



Using a threshold of VIP coefficient ≥ 1, twenty-three volatile compounds were selected as the most contributory compounds in discriminating the eight plant genotypes (Supplementary Table S1 and Figure S1). The proportions of selected compounds, including green leaf volatiles, monoterpenoids, sesquiterpenes, and other compounds, were compared between plant genotypes. The results show significant differences in all selected green leaf volatiles (Figure 4, Supplementary Table S3).



Emission of (Z)-3-hexenol was significantly higher in the lime green clone than mint green (t = −2.26, p = 0.031), orange (t = −2.07, p = 0.046), CVT2 (t = −7.17, p < 0.001), and CVT4 (t = −2.67, p = 0.012). Similarly, (Z)-3-hexenyl acetate was significantly higher in the lime green clone compared to mint green (t = −3.46, p = 0.002), orange (t = −2.13, p = 0.041), CVT2 (t = −3.11, p = 0.004), and CVT4 (t = −3.40, p = 0.002), while a significantly low amount of hexanol was identified in the lime green clone and the CVT4 cultivar (Figure 4, Supplementary Table S3). The proportions of isoamyl acetate and α-ionene also differed significantly between genotypes. The emission of isoamyl acetate was significantly higher in the mint green clone than the blue (t = −2.84, p = 0.008), pink (t = −5.29, p < 0.001), and CVT2 (t = −3.47, p = 0.002), while the compound was not identified in lime green, orange, yellow, and CVT4. α-ionene, on the other hand, was not identified in the blue and mint green clones (Figure 4, Supplementary Table S3).



The proportions of the selected monoterpenoids varied significantly between genotypes (Figure 5, Supplementary Table S4). For instance, the yellow clone emitted significantly higher amount of eucalyptol than the orange (t = −2.05, p = 0.049), pink (t = −2.46, p = 0.019), and CVT4 (t = −2.47, p = 0.019). Similary, sabinene’s emission was significantly higher in the yellow clone compared to the mint green (t = −2.48, p = 0.019), orange (t = −2.59, p = 0.015), and pink clones (t = −2.16, p = 0.039), while β-myrcene was significantly higher in CVT2 than the blue (t = −3.05, p = 0.005), lime green (t = −3.96, p < 0.001), mint green (t = −2.81, p = 0.008), and yellow clones (t = −3.58, p = 0.001). Eucalyptol, α-phellandrene, sabinene, and o-cymene were not identified in the lime green clone and CVT2 cultivar, while the emission of nerol and perillene also varied between genotypes (Figure 5). A summary of all the comparisons is available in Supplementary Table S4.



The emission rates of selected sesquiterpenes also differed significantly between manuka genotypes. For instance, the yellow clone emitted a significantly high amount of (E)-α-bergamotene compared to blue (t = −7.95, p < 0.001), lime green (t = −3.54, p = 0.001), mint green (t = −7.95, p < 0.001), orange (t = −3.30, p = 0.002), pink (t = −3.26, p = 0.003), CVT2 (t = −7.95, p < 0.001), and CVT4 (t = −7.95, p < 0.001). A significant amount of isoledene, ylangene, γ-cadinene, and β-elemene was also released by the yellow clone (Figure 6, Supplementary Table S2). The blue clone also emitted a higher amount of isoledene, ylangene, α-amorphene, and β-selinene than the mint green clone and the two cultivars (Figure 6, Supplementary Table S5).




4. Discussion


Mānuka plants are prolific VOC emitters, with terpenoids being very abundant in the blend, as reported earlier [25]. Therefore, it is not surprising that several terpenoids and compounds belonging to other classes differ between clones, giving them a distinct scent. The multivariate analysis shows that some clones are clearly distinguishable from others based on their VOC profile (e.g., the yellow clone is well separated from others), while other profiles have a high overlap (e.g., lime green and pink clones). The patterns in the plants chemical profiles may be strongly shaped by their genetic composition. For instance, the yellow clone originates from a field selection of L. scoparium var. scoparium, whereas both the lime green and pinks clones were obtained by crossing L. scoparium var. scoparium selection and L. rotundifolium cultivar (Table 1).



Green leaf volatiles (GLVs) were found, as a group, to differ significantly between clones, with the pink and lime green clones producing more GLVs than the remaining clones. This trend can also be observed when looking at individual compounds (Z)-3-hexenol and (Z)-3-hexenyl acetate. GLVs are typically foliar volatiles emitted upon mechanical damage such as that caused by herbivory, and are well known to be involved in plant defences against herbivores and pathogens by acting as insect repellents or deterrents, natural enemy (parasitoid and predator) attractants, microbial growth inhibitors, and by directly eliciting or priming plants defence responses [31,32]. For example, (Z)-3-hexenol, a ubiquitous wound-induced compound, can repel herbivores, attract predators and parasitoids, and is involved in priming [33]. Other GLVs that differed between clones such as (Z)-3-hexenyl acetate and hexanol also mediate direct and indirect plant defences [34,35]. Therefore, selecting plant clones rich in GLVs could be useful to take advantage of plants’ natural defences, especially under the increased pressure of introduced pests and pathogens due to global commerce, human mobility, and climate change.



GLVs are also used by plants to attract other beneficial community members, such as pollinators. For instance, plants can use GLVs, including (Z)-3-hexenol and (Z)-3-hexenyl acetate, to recruit non-specific pollinators like wasps, which are typically attracted to prey-related plant scents [36]. Pollinators may also use the foliage scent as a background to identify the right host. A study by Karpati and colleagues [37] showed that hawkmoths (Manduca sexta) are more attracted to floral scents when these are presented against the right background (i.e., host plant foliage) than to floral scents alone or presented simultaneously with non-host foliage.



Total sesquiterpenoids and individual monoterpenes eucalyptol, α-phellandrene, β-myrcene, sabinene, o-cymene nerol, perillene, and 11 sesquiterpenes also differed between clones (Figure 5 and Figure 6). Terpenoids have been associated with differential pollinator attraction in other systems. For instance, myrcene, along with two other monoterpenes, was found to be a strong determinant of bumble bee visitation in monkeyflowers [38] and are involved in distinguishing the bouquet of six different species in the family Apiaceae visited by different pollinators [39], while bergamotene was found to drive pollinator preferences independently from pollen rewards in seep monkeyflower [40] and have a dual role in pollinator attraction and anti-herbivore defence in wild tobacco (Nicotiana attenuata) [41]. These studies suggest that specific terpenoids can mediate pollinator preference. In this case, compounds, including both β-myrcene and (E)-α-bergamotene, show more differences in emission between clones and would be interesting candidates for further exploration.



Given that VOCs change in response to biotic and abiotic stress, changes in their emission can be an honest signal of plant quality to the pollinator. A study by Burkle and Runyon [42] manipulated drought and herbivory for four forb species to determine their individual and combined effects on visual plant traits, plant scents, and pollinator visitation. The authors found VOCs, but not visual traits, to be highly responsive to drought and herbivory and closely correlated with pollinator visitation, suggesting that VOCs, rather than visual cues, provide information on plant quality to pollinators. Another study showed that ozone exposure of Brassica nigra degrades floral scents and changes the ratios of compounds, leading to reduced pollinator attractiveness [43]. These studies highlight the importance of VOCs as plant quality indicators, especially under changing environmental conditions.



A previous study using the same mānuka plants to investigate pollinator visitation found the pink and lime green clones to be the most visited plants by honey bees in 2014 [21]. The two clones emit higher quantities of GLVs, suggesting that these compounds could be involved in honey bee attraction. The same study showed that sugar content (µg) per flower was a better predictor of bee visitation than visual cues such as flower density; and that the amount of DHA (the molecule of interest for honey producers) was not significantly correlated with pollinator visitation, showing that high DHA-producing plants are not necessarily more attractive to honey bees. Therefore, it would be interesting to explore the relationship between VOCs and sugar content.



Mānuka honey has high recognition globally as a rich and essential food. Like other bee products, mānuka honey contains many secondary metabolites, including VOCs. Volatile compounds in honey are diverse and include terpenes, fatty acid-derived compounds, ketones, and aldehydes, among others [44,45]. Measuring plant volatiles and the presence of these compounds in honey may contribute to characterizing the aroma of honey (volatile markers) and increase our understanding of their botanical and geographical origins. Besides, mānuka honey has high antimicrobial properties [15], and it would be interesting to explore whether plant-derived volatiles contribute to this and other known properties of honey and other bee products such as propolis [46].



This study only comprises data from a single year, season and plants tested under similar environmental conditions. However, VOCs are highly dynamic in response to internal and external changes experienced by plants, such as phenological stage and environmental factors [3]. A study on wild mānuka plants conducted on the Central Plateau of North Island (New Zealand) showed that factors such as season, herbivore damage, soil properties, and the vicinity of invasive plant species have a substantial impact on VOC emissions [25]. Therefore, further studies need to explore the VOC emissions of different mānuka clones in their cultivation areas and how internal and external factors influence these emissions. Moreover, further bee visitation tests need to be conducted, integrating plant scent as a variable, and the relationship between other plant traits and VOC emissions must be further explored. Finally, bees’ use of plant scent as an indicator of plant quality in mānuka promises to be an exciting area for new research.




5. Conclusions


The market’s interest in honey with high bioactive compounds, such as MGO, has driven the selection of mānuka clones based on the DHA content (the MGO precursor) in their nectar. However, a high DHA content does not secure high honey bee visitation. Floral scents are key to pollinator attraction and preference. Therefore, a better understanding of the role of plant volatiles in honey bee visitation to mānuka plants would significantly contribute to the honey industry seeking to balance high DHA nectar contents with successful pollinator visitation to enhance honey production. This study shows that eight mānuka genotypes (six clones and two wild varieties) differ significantly in their VOC emissions. The lime green and pink clones emitted more GLVs, while the production of terpenoids was mainly compound-dependent and invites further research to elucidate their relationship with pollinator attraction and preference and to explore the role of VOCs in the chemical composition and properties of bee products (honey and propolis) and plant defence.
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Figure 1. (a) Google earth image indicating study area inside the red square. (b) Layout of mānuka plants in the area, with colours indicating different genotypes. CVT2 and CVT4 were in a separate plot within the study area. Plants were spaced 1.5 m within plots, and five samples per genotype were collected using non-adjacent plants at the edge of each plot for convenience when placing equipment and to avoid damaging nearby plants. 
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Figure 2. The proportion of major chemical classes from eight mānuka genotypes (n = 5). A set of level contrasts was constructed using the “relevel” function in R. Bars show mean ± SE emissions, and different letters indicate significant differences between genotypes. 
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Figure 3. Sparse partial least square discriminant analysis scores plot based on the thirty-four volatile compounds identified from the headspace of eight mānuka genotypes (n = 5). The plot shows the first two latent variables (components 1 and 2), which explained about 35% of the total variance. 
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Figure 4. Comparison of selected green leaf volatiles and other compounds (α-ionene and isoamyl acetate) between genotypes (n = 5). Compounds were selected based on their VIP coefficients (≥1). A set of level contrasts was constructed using the “relevel” function in R. Bars show mean ± SE emissions, and different letters indicate significant differences between genotypes. 
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Figure 5. Emission rates for selected monoterpenoids by different genotypes (n = 5). Compounds were selected based on their VIP coefficients (≥1). A set of level contrasts was constructed using the “relevel” function in R. Bars show mean ± SE emissions, and different letters show significant differences between genotypes. 
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Figure 6. Emission rates for selected sesquiterpenes by different genotypes (n = 5). Compounds were selected based on their VIP coefficients (≥1). A set of level contrasts was constructed using the “relevel” function in R. Bars show mean ± SE emissions, and different letters show significant differences between genotypes. 






Figure 6. Emission rates for selected sesquiterpenes by different genotypes (n = 5). Compounds were selected based on their VIP coefficients (≥1). A set of level contrasts was constructed using the “relevel” function in R. Bars show mean ± SE emissions, and different letters show significant differences between genotypes.



[image: Agronomy 12 00169 g006]







[image: Table] 





Table 1. Characteristics of the mānuka clonal genotypes used in this study. Photo credit: Julia Bohórquez Rodríguez de Medina.
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	Genotype
	Parentage
	Growth Form
	Image of Flower





	Blue
	L. scoparium var. scoparium selection × L. scoparium var incanum selection
	Shrub
	 [image: Agronomy 12 00169 i001]



	Lime green
	L. scoparium var. scoparium selection × L. rotundifolium cultivar
	Tree
	 [image: Agronomy 12 00169 i002]



	Mint green
	L. scoparium var. incanum selection × L. scoparium var incanum cultivar
	Shrub
	 [image: Agronomy 12 00169 i003]



	Orange
	L. scoparium ‘Nnicolsonii’ cultivar × L. scoparium var. scoparium selection
	Shrub
	 [image: Agronomy 12 00169 i004]



	Pink
	L. scoparium var. scoparium selection × L. rotundifolium cultivar
	Tree
	 [image: Agronomy 12 00169 i005]



	Yellow
	L. scoparium var. scoparium field selection
	Tree
	 [image: Agronomy 12 00169 i006]
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