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ABSTRACT

Manuka (Leptospermum scoparium) honey is one of the main export products from New
Zealand. The distinctiveness of this honey comes from the floral nectar, which possesses
dihydroxyacetone, a carbohydrate with UV protection capabilities, which converts to
methylglyoxal, usually during the honey maturation process. Methylglyoxal gives manuka
honey its biological activity (antimicrobial and antioxidant properties) and is often used as a
quality marker. While it is acknowledged that microorganisms play an important role in plant
ecology, their abundance and impact on nectar chemistry remain understudied.
Microorganisms can arrive in the nectar by pollinator activity or through the phloem and can
change nectar chemical properties. This thesis aims to fill a gap in the knowledge of the
microbial diversity of the nectar; the impact of pollinators in the microbial nectar community,
and the effect of bacteria on dihydroxyacetone production and sugar content in manuka
nectar. To achieve this aim, a combination of metagenomics, bacterial cultivation, chemical
analyses, and biological in vivo and in vitro assays was conducted. The results show that
manuka nectar bacterial communities were dominated by Pseudomonadales, followed by
Rhizobiales, = Sphingomonadales, Corynebacteriales, Baccillales, Enterobacteriales,
Xanthomonadales, Clostridiales, and Lactobacillales, while nectar fungi communities were
dominated by Microbotryomycetes, Dothideomycetes, Malasseziomycetes, Sordariomycetes,
and Ustilaginomycetes. When comparing bagged (pollinator restricted) and unbagged (with
pollinator access) flowers, a bioinformatic and statistical analysis showed the bacterial
community did not differ in community composition. In contrast, the fungal community was
affected by pollinator visitation, and by plant genotype. The inoculation of an important
functional bacterial Pantoea agglomerans, that previously was identified as a biomarker for
the bacterial community, determined by linear discriminant analysis and network analysis,
showed a significant increase in DHA using natural nectar under the laboratory. However, P.
agglomerans in vivo inoculation did not change the composition of the main nectar sugars,

suggesting that bacterial inoculation can maximize important plant metabolites like DHA,
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with minor disruption to nectar sugar content. The cultivable bacterial community differed
little from the main groups found through metabarcoding, meaning the stability or structure of
a core bacterial community in the nectar can be maintained through cultivation. This thesis
fills an important gap in the knowledge of microbial ecology of manuka plants and provides
insights into how to manipulate key bacteria to increase DHA nectar content.

CHAPTER 1.

GENERAL INTRODUCTION

1.1. INTRODUCTION

Pollination is vital for plant reproductive biology in most terrestrial ecosystems (Kevan &
Viana, 2003). This process involves interactions between the plant and several community
members e.g. insects, birds (Olesen & Valido, 2003), and microorganisms (Rering, Beck,
Hall, McCartney, & Vannette, 2017). Commercial products resulting from these interactions
include honey and other sub-products like beeswax, propolis, and pollen, which are widely
consumed worldwide. The production of honey and related products is an important economic
activity in New Zealand, with nearly 23,000 tonnes of honey produced in 2019, out of which
over 9,000 were exported generating 355 million dollars in 2019 (Ministry for Primary
Industries, 2020). Among the exports, manuka (Leptospermum scoparium) honey is possibly
the most prominent one, since it is native to New Zealand, and its honey has been reported to
have exceptional antioxidant and antimicrobial properties (e.g. ( Carter et al., 2016; Taormina,
Niemira, & Beuchat, 2001; Weston, 2000).

The antimicrobial properties of manuka honey have been linked to the presence of
methylglyoxal (MGO) (N. G. Porter & Wilkins, 1999). Dihydroxyacetone (DHA) in the
nectar is the precursor of MGO. The origin of the DHA remains unclear; it may be plant-
produced, microorganism-derived or a combination of both. Evidence shows that different
manuka genotypes vary in their DHA production, suggesting plant effects (Clearwater et al.,
2018, Noe et al., 2019). However, previous studies show that manuka endophytes affect some

morphological and chemical properties of the plant including DHA production. Recent
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research also shows that some bacteria can produce DHA from glycerol (Lidia & Stanistaw,
2012). Therefore, a closer look at the nectar microorganisms may aid in elucidating the origin
of DHA.

Microorganisms are an essential part of all ecosystems and organisms, having an impact on
different types of hosts and their life processes (McFall-Ngai et al., 2013). Plants evolve by
changing their biochemistry and behaviour to cope with microbes, and these adaptations
shape their microbial communities (Manriquez et al., 2021). Pollinators may change their
preferences based on nectar composition, and transport microbes from one plant to the other,
further shaping plant microbial communities. Therefore, an understanding of the interactions
between pollinators, plants and microorganisms is important if we are to improve production
systems based on apiculture. This thesis aimed to characterise and compare the microbial
diversity in the nectar of different manuka cultivars and clones, establish the role of nectar
microorganisms on DHA production, and explore the influence of pollinator visitation on

microbial communities and nectar composition.

1.2. RESEARCH OBJECTIVES AND THESIS OUTLINE

This thesis has the following objectives:
1. Characterize and compare the microbial communities from manuka flowers in different
cultivars and clones

A) Identify cultivable bacteria in the nectar and select key functional bacteria for manuka

chemistry

B) Describe and compare bacterial diversity and abundance (16S rRNA amplicon

sequencing)
C) Describe and compare fungal diversity and abundance (ITS1/2 amplicon sequencing)

2. Establish the effect of bacterial inoculation on DHA and sugars by comparing DHA and

sugar measures in control and inoculated flowers in situ and in vitro conditions.

3. Establish the effect of pollinator visitation on the microbial community composition and
metabolites (nectar) by comparing the communities in the nectar of open flowers vs.

those enclosed within restriction nets.
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1.3. HYPOTHESES

Following the aims and objectives of this research, relevant hypotheses are as follows:

1) There will be a varied microorganism community in manuka plants, and the
diversity and abundance of bacteria and fungi will differ between clones and
cultivars

2) Microorganisms present in the flowers or nectar will affect nectar chemistry
(mainly DHA and sugar production)

3) Pollinator visitation will have an effect on the microbial and chemical composition

of the nectar

1.4. LITERATURE REVIEW

1.4.1. Manuka generalities and ecology

Leptospermum scoparium (manuka) belongs to the family Myrtaceae. It is a shrub species
that is highly adaptable, being able to survive in different environments across a range of
climate and soil conditions (Harris, 2002) with extensive genotypic variation (Harris, 2002;
Ronghua, Mark, & Wilson, 1984; Stephens, Molan, & Clarkson, 2005). A brief botanical
description from Allan (1961) is as follows: “manuka (Leptospermum scoparium) is a
variable shrub or small tree, usually about 2 metres tall but can also reach 4 metres or more.
Leaves are present along all the branches and vary in both size and shape, ranging from
elliptical to lanceolate. Flowers for wild plants are white or rarely pink or red, and they are
distributed axillary or occasionally terminal on branchlets, usually solitary and sessile.
Flowering occurs in October-February (Stephens et al., 2005). During this time hypanthia are
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usually globous with a distinct pedicel, sepals are deciduous, oblong to broadly deltoid, petals
are suborbicular and slightly clawed, and stamens occur in bunches. The style is inset with a
large stigma and is often reduced or absent Also, the ovary is penta locular, with each ovary
containing about 100 ovules. Finally, fruits are woody persistent with penta valved capsules.

L scoparium is an andromonoecious species” (Allan, 1961).

Flowering is initially activated by a long-day flowering cue, and bud development is
restrained by cool temperatures throughout winter, leading to spring flowering when the
temperature is lifted (Zieslin & Gottesman, 1986). The majority of New Zealand’s insect-
pollinated flora has weakly coloured flowers, which has been historically related to non-
specific insect associations (Godley, 1979; Lloyd, 1985; Wardle, 2008). The small white
flowers of Leptospermum scoparium are classified as open access with a dish/bowl! shape and
they are visited by a range of insect pollinators (Newstrom & Robertson, 2005). The type of
pollinators in L. scoparium were described in the South Island by Primack (1978), where he
described flies from the genus Protohystricia, solitary bees in the genera Lasioglossum
(Halictidae), also Leioproctus (Colletidae) in a lesser frequency. In lower abundance were
syrphid flies and calliphorid flies. The bees were more commonly recorded during mid-
morning periods and bees and flies in the late afternoon. In settled weather, moths (families
Pyralidae, Geometridae, and Noctuidae), and craneflies (Tipulidae) were observed. Also,
nocturnal moth visitation has been reported (Newstrom & Robertson, 2005), and the
introduced honeybee (Apis mellifera) also collects both pollen and nectar (Butz Huryn, 1995).
These observations confirm that a wide variety of pollinators are associated with L.
scoparium. There is variability among the wild populations of L. scoparium, as there are
single white-, pink-, red-flowered specimens, and double white- or pink flowered plants
(Dawson, 1997). The flowering times within a population, among adjacent and geographically
widely separated populations, and between seasons are highly variable (Primack & Lloyd,
1980).

1.4.2. Manuka honey and nectar

The production of honey and related products is an important economic activity in New

Zealand, with nearly 27,000 tonnes of honey produced in 2015, out of which over 10,288
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tonnes exported in 2015 (Ministry for Primary Industries, 2020). Among the exports, manuka
(Leptospermum scoparium) honey is possibly the most prominent one and certainly the most
highly valued, since this plant is native to New Zealand, and its honey has been reported to
have exceptional antioxidant and antimicrobial properties (D. A. Carter et al., 2016; Taormina
et al., 2001; Weston, 2000).

The antimicrobial capabilities of manuka honey have been linked to the presence of
methylglyoxal (MGO) (N. G. Porter & Wilkins, 1999). Dihydroxyacetone (DHA) (a
compound present in the nectar) is the precursor of methylglyoxal. DHA is an intermediate
product of the glycolysis as DHA phosphate and used by aerobic organisms (prokaryotes and
eukaryotes) to release stored energy as it can reversible transform into glyceraldehyde 3-
phosphate (Mavric, Wittmann, Barth, & Henle, 2008). The conversion of DHA to MGO
occurs naturally in the process of honey storage, where conditions relating to temperature and
pressure are Kinetic parameters suitable for this type of reaction (Mavric et al., 2008), the
reaction is described as a non-enzymatic dehydration, and it involves an enediol intermediate
(Fedoronko et al. 1980). This reaction starts in the nectar and will continue in the honey, as a
result DHA is an indicator of quality either in the nectar and in the honey. There are other
antibacterial compounds in manuka honey like peroxide and leptosperin; however, the most
studied compound is MGO Dihydroxyacetone (Kato et al., 2014; Kato et al., 2012). In fact,
the commercial value of manuka honey comes predominantly from the level of MGO and is
expressed in Unique Manuka Factor (UMF) levels (Adams, Manley-Harris, & Molan, 2009).

The properties of honey are largely determined by nectar quality and quantity. The floral
nectar of manuka (Leptospermum scoparium) and some other Leptospermum species is
dominated by fructose and glucose; and contains small and variable amounts (usually <2%
each) of sucrose and DHA (Nickless, Holroyd, Hamilton, Gordon, & Wargent, 2016; Norton,
McKenzie, Brooks, & Pappalardo, 2015).

Surveys of nectar composition from wild and cultivated manuka have revealed significant
variations in the nectar composition of sugars and DHA per New Zealand location, and
sometimes between individual plants (Nickless, Anderson, Hamilton, Stephens, & Wargent,
2017; S. Williams et al., 2014). In a recent study examining the influence of genotypes, the
flower stage and induced water stress on the nectar composition, researchers found an effect
of the genotype, water stress and flowering stage on nectar sugar content (Clearwater, Revell,
Noe, & Manley-Harris, 2018). However, only the genotype influenced DHA content, and
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specific flower stages or water stress had no significant effect on DHA content. The sugars
(hexoses) are known to be under strong environmental control, hence, Clearwater concluded

that DHA production is somehow separated from the hexoses.

The exact origin of DHA remains unclear. It is possible that DHA originates from the nectar
parenchyma and enters the nectar independently of the sucrose efflux pathway named
SWEET9 (Lin et al., 2014). Alternatively, DHA can be produced by microbial enzymatic

activity in the nectar or via the combined interaction between the plant and microorganisms.

1.4.3. Chemical properties of nectar and microbial establishment

Floral nectar is a sugar-rich habitat for microbes across different environments. Other sugar-
rich habitats include plant phloem, plant exudates, non-floral nectar, honeydew and the
haemolymph of insects (Bové & Garnier, 2003; J. P. Williams & Hallsworth, 2009). Despite
being an energy-rich source, nectar presents multiple challenges to microbial establishment;

(Bartlewicz, Lievens, Honnay, & Jacquemyn, 2016).

It is necessary for bacterial and fungal cells to maintain the turgor pressure of their
membranes to retain the integrity and activity of their organelles (Brown, 1990). In addition,
their macromolecular systems require water for tertiary and quaternary structure, both at the
level of hydrophilic and hydrophobic interactions that maintain the cell functions (Cray et al.,
2013). The physicochemical conditions of nectar are challenging to microorganisms as nectar
has a high osmotic potential due to low water activity, and contains secondary metabolites
from plants and bacteria, and alcohols such as ethanol and glycerol. These conditions cause
the nectar media to be very stressful and with generally low richness of microbial

communities (M. I. Pozo, Herrera, & Bazaga, 2011; Pozo, Lachance, & Herrera, 2012).

Secondary metabolites in nectar can have antimicrobial properties, presenting an additional
challenge to microbial establishment, and plants can regulate secondary metabolite
concentration in specific tissues (Stevenson, Nicolson, & Wright, 2017). For instance, broad-
activity antibiotics such as streptomycin, ampicillin and kanamycin have been isolated from
banana (Musa paridasiaca) and rubber (Ficus elastica) nectar (Solomon, Santhi, & Jayaraj,
2006). There are also antifungal compounds such as chitinases and glucanases that have been
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identified in the extra-floral nectar of acacias (Acacia spp.) (Gonzélez - Teuber, Eilmus,

Muck, Svatos, & Heil, 2009). These compounds defend plants and insects from pathogen
attack (Manson, Otterstatter, & Thomson, 2010) but may make nectar a challenging

environment for more generalised microorganisms.

In addition to the nectar’s chemical properties, interaction with UV light might facilitate the
presence of free radicals such as hydrogen peroxide (H202), which will prevent toxin build up
and reduce the breakdown of sugars and membrane proteins by altering protein structure and
redox cycle (C. Carter et al., 2007; C. Carter & Thornburg, 2004). Furthermore, proteins
called nectarines have been found in the nectar of Tobacco plants with the capability of
producing hydrogen peroxide via the nectar redox cycle (Park & Thornburg, 2009). Other
proteins have been found in various plants with the same function (Hillwig et al., 2011) and
non-protein amino acids could play a similar role (Nepi, 2014). Despite the challenges
presented by the nectar environment it has been shown to contain a large diversity of
microbial inhabitants (Vannette & Fukami, 2016; Vannette, Gauthier, & Fukami, 2013).
However, the challenges and variations that the environment produces on the plants might
have an impact on the nectar microbial communities, for example environmental changes

related to urbanization may impact microbial communities (Bartlewicz et al., 2016).

1.4.4. Microbial diversity in nectar and its effects on nectar
chemistry

The relationships between plant and microorganisms are complex and dynamic, and can vary
from beneficial to pathogenic (Newton et al., 2010). Plants are colonized on their exterior
with microbes (epiphytes) as well as their interior (endophytes). Both types are known to
interact with the host plant in a way that complements metabolic or defence functions
(Turner, James, & Poole, 2013). In reproductive organs of plants like flowers,
microorganisms play important biological and ecological roles. For instance, they can change
flower smell and nectar properties (Aleklett, Hart, & Shade, 2014). There are several bacteria
and fungi that modify nectar metabolite compositions (Vannette & Fukami, 2016; Vannette et
al., 2013). For example, the bacteria Gluconobacter spp. alters nectar’s chemistry by reducing

the hydrogen peroxide concentration by about 80%, making the nectar a more habitable
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environment for other microorganisms. Gluconobacter spp. also had a significant impact on
both pH (reduced by 5 units) and sucrose (reduced by 35%), whereas M. reukaufii had a
smaller impact (2 pH units and 17% in sucrose reduction). There were also modifications in
the concentrations of other sugars. For instance, Gluconobacter spp. increased glucose
concentration and reduced sucrose concentration. In contrast, M. reukaufii did not show an
effect on these sugars. Therefore, these differences in sugar composition in flowers containing
Gluconobacter spp. and M. reukaufii, might be a driving force for pollinators to choose plants

that are inoculated by these organisms. (Good, Gauthier, Vannette, & Fukami, 2014).

Gluconobacter spp. also has the metabolic capability of producing DHA from glycerol (Jani,
Seely, Peabody, Jayaraman, & Manson, 2017; X.-j. Zheng, Jin, Zhang, Wang, & Liu, 2016; Z.
Zheng, Luo, Yu, Wang, & Ji, 2012) but the production is dependent on nectar pH. Low pH (in
the range of 4.0 to 5.5) favour its production (Hu, Zheng, & Shen, 2011). Therefore,
Gluconobacter spp. is a candidate bacterium to analyse if the presence of relative high values
of DHA in manuka nectar is a consequence of the activity of this bacteria or other species e.g.

yeast or Acetobacter spp. (Mamlouk & Gullo, 2013).

Interactions between products of bacteria metabolism are likely to happen in the nectar
(Noutsos, Perera, Nikolau, Seaver, & Ware, 2015) since the products of the metabolic process
of one bacterium can be reactive to the metabolic pathways of other bacteria in the nectar, and
as a result, metabolic dependencies can be driving species co-occurrence in nectar microbial
communities (Zelezniak et al., 2015). For this reason, it is important to identify the
composition of the microorganisms present in the nectar to better understand their impacts on
nectar properties.

Fungi are also common inhabitants of nectar, in particular, yeasts which have been shown to
be very active in changing nectar sugar composition (A. Canto & Herrera, 2012; Schaeffer,
Vannette, & Irwin, 2015). The yeasts found in different research studies in Europe and in
tropical areas belong to two phyla: Ascomycota and Basidiomycota (A. Canto & Herrera,
2012; M. 1. Pozo et al., 2011). Mutualism between bumblebees and plants in Germany was
studied in successional years and species in the Metschnikowia clade, the Starmarella clade
and two genera Debaryomyces and Zygosaccharomyces were identified, the attractiveness of
the flowers to the bumblebees was increased in correlation with the yeast diversity, as a result
of the interaction the insect provides pollinations services to the flowers while they have a

nutrition source from the yeast (Brysch-Herzberg, 2004). Moreover, Brysch-Herzberg and
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Seidel (2015) found that physical and chemical properties of nectar had a limited influence on
the abundance of nectar yeasts; by contrast, flower-visiting insects appear to have a greater

impact on the yeast composition in the nectar of different plant species.

Yeasts can attract pollinators by producing volatiles or other secondary metabolite products of
fermentation (M. J. Pozo, de Vega, Canto, & Herrera, 2009). Moreover, it has been shown
that because of their metabolic activity through fermentation processes, there is an increase in
nectar temperature (Herrera & Pozo, 2010). The increase of nectar temperature can be a direct
stimulus for honeybees’ preference as shown in Nicolson, de Veer, Kéhler, and Pirk (2013).
This study shows that warm nectar is more attractive for honeybees because of its reduced
viscosity, which seems to be a more important aspect than sugar concentration. This research

evidence the importance of yeasts for nectar ecology and plant fitness.

1.4.5. Nectar properties and pollinator visitation

Nectar chemical components are a vital element shaping plant-pollinator interactions as they
constitute a main source of nutrition and may influence pollinator health and behaviour
(Prasifka et al., 2018). Amino acids are the most abundant nectar solutes after sugars, and all
twenty protein amino acids have been found in nectar (Nicolson and Thornburg 2007). Plants
harbour also other important secondary metabolites as non-protein amino acids (NPAAS) that
affect plant-pollinator interactions through the direct effect on the nervous system, by
regulating phagostimulant, and by increasing flight muscle activity (Nepi, 2014). Examples of
NPAAs include molecules such as GABA (y-amino butyric acid), B-alanine, ornithine, taurine
(Vranova et al., 2011). For bumblebees, a positive effect on longevity was observed for B.
terrestris workers that fed on GABA (y-amino butyric acid), by contrast this was not found
for A. mellifera showing that NPAAs can have species-specific effects (Bogo et al., 2018).

The memory for pollinators can be also enhanced by association of nutritional rewards with
other compounds commonly present in the nectar of certain plant species e.g., caffeine in
coffee plants (Wright et al., 2013). Plant secondary metabolites can strongly influence
pollinator preference for or avoidance of certain plants. Compounds in the nectar that
typically attract pollinators are hexoses, sucrose, and amino acids. Honeybees are attracted to

different type of amino acids as they are key requirements for some metabolic functions, and
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as a result, the choice behaviour of foraging bees is influenced, for instance by phenylalanine
and glycine (Hendriksma et al., 2014). On the other hand, other compounds such as phenols
and alkaloids can reduce attractiveness for pollinators, with the effect depending on
concentration and amount consumed, as well as on pollinator sensitivity (Barachi et al., 2017;
Llamsa et al., 2018). Other molecules, such as iridoid glycoside compounds, could influence
pollinator preference due to their observed health benefits, e.g., by reducing parasite loads
(Stevenson et al., 2017).

1.4.6. Pollinator visitation and microbial diversity

Aizenberg-Gershtein, Izhaki, and Halpern (2013) described different bacteria communities in
nectar and found that the visitation of honeybees was a factor affecting bacterial diversity.
Another study carried out in three different arid regions of Israel by Samuni-Blank et al.
(2014) examined the treatments of bagged and open flowers, across three different sites and
they found significant variation in OTUs among sites but no significant variation in OTUs

among treatments (bagged, unbagged flowers)

In contrast, another study conducted in central Texas (U.S.A.) by McFrederick et al. (2017)
showed that flowers work as hubs for bacteria and that, even in absence of aerial pollinators,
all flowers shared similar types of bacteria whether in open or bagged situations. The
presence of bacteria in pollinator-restricted flowers suggests that these bacteria may also be
transmitted to flowers via plant surfaces, air or other minute vectors and supports the
hypothesis that flowers may provide habitats for metapopulations of easily dispersed
microbes, as has been found in other systems that contain free-living microbes (Finlay, 2004).

Nectar seems to be an interface between honeybees and bacteria with more frequent
horizontal transmission of microbes than expected (Anderson et al., 2013). Different plants
may also harbour different bacterial communities, as shown in a study conducted by
Aizenberg-Gershtein et al. (2013) on Amygdalus communis (Almond) and Citrus paradise
(grapefruit). They found different dominant bacteria in each type of plant pollinated by
honeybees (A. mellifera) across an area of 20 km?. In Belgium, a study with cultivable
bacteria of the forest herb Pulmonaria officinalis found a large variation in community

structure of microorganisms among plant populations. Their findings concluded that the
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assembly of the nectar microbiota is context-dependant (Jacquemyn, Lenaerts, Tyteca, &
Lievens, 2013). These results indicate that pollinators may introduce microorganisms into the
nectar but that other sources such as the air can act as carriers too, and that plants may have
their own microbiomes. Flowers have been found to increase their microbial communities
after anthesis, both in flowers exposed and unexposed to pollinators for bacteria, while fungi
increased in abundance with pollinator visitation (von Arx, Moore, Davidowitz, & Arnold,
2019). Therefore, exploring the impacts of pollinator visitation and plant genotype is critical
to understand the factors shaping nectar microbial communities and their effects on nectar

properties.

1.4.7. Metagenomics and its use to explore microbial communities

Microbial communities can be explored as to their bacterial and fungal components with
amplification of molecular markers and high throughput sequencing (T. M. Porter &
Hajibabaei, 2018). Metagenomics is the study of nucleic acids, mostly DNA, that are
extracted from environmental samples. When the genetic material refers to amplification of a
certain barcode region that is used to identify microorganisms, we use the term
metabarcoding. Amplification of the 16S rRNA unit has been applied to identify bacteria, and
more specifically, the hypervariable subregion V4 has been used to study nectar microbiota
(Vannette et al., 2017) since it has the advantage of recovering archaea as well as eubacteria
(Willis, Desai, & LaRoche, 2019). This technique is ideal for characterising the diversity of
microbial communities, which are composed of active cultivable and non-cultivable cells, and
of dormant cells. Dormancy is a common strategy that allows microbial species to contend
with temporal variability in environmental conditions, and dormant cells represent up to a half
of the total cells of a certain community (Lennon & Jones, 2011). The active microbial
community has metabolic traits that determine different bacteria phenotypes, and niche theory
suggests that similar microbial phenotypes should share habitat affinities. The perspective that
microorganisms are competing for limited resources arises from the principle of competitive
exclusion that considers communities as open, non-equilibrium assemblages of ecologically
microbial similar species, whose abundance are governed by random speciation and
extinction, dispersal, and ecological drift (Gilbert & Levine, 2017). Metabarcoding has given

insights to test these theories and to understand bacterial population genetics (Rocha, 2018).
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1.4.8. History of metabarcoding

The foundations of molecular phylogeny studies of bacteria began once a consensus was
formed on using the 16S rRNA sequence as a prokaryotic marker (Woese & Fox, 1977,
Woese et al., 1975), and posterior use in sequence analysis for establishing relationships
among nucleotide sequences in the definition of bacterial species (Stackebrandt et al., 2002)
and is useful for a first phylogenetic affiliation and posterior use of other techniques for an
accurate classification of bacteria (Rossello-Mora & Amann, 2001). This gene encodes the
small ribosomal subunit that is present in all prokaryotic cells. The gene that codes for this
protein has characteristics that make it suitable as a taxonomic marker: 1) the 16S rRNA gene
is found in all bacteria and archaea (Roy, 2014), 2) the small size 1500 bp and degree of
conservation amongst prokaryotes (Goodwin, McPherson, & McCombie, 2016), 3) the
presence of variable regions within the 16S rRNA gene as a result of diverse rates of
evolution among species, which can be used to distinguish different bacterial groups
(Clarridge, 2004), and 4) the existence of highly conserved regions in the gene sequence,
which can be used to design universal primers flanking different hypervariable regions
defined from V1 to V9 (Gray, Sankoff, & Cedergren, 1984). However, despite these
advantages, the use of 16S rRNA for bacterial identification has limitations. First, the number
of copies varies in bacterial genomes from one to 15 in bacteria species to hundreds in
eukaryotic species (Kembel, Wu, Eisen, & Green, 2012). Second, there is low taxonomic
resolution at the species level for some bacterial groups (Poretsky, Rodriguez-R, Luo,
Tsementzi, & Konstantinidis, 2014), and third, the choice of the sub variable region within

the gene can produce different results (Bukin et al., 2019).

The typical metabarcoding sequencing strategy has evolved in order to get longer fragments
with good depth of coverage (Pollock, Glendinning, Wisedchanwet, & Watson, 2018). The
first methods, developed by Sanger introduced significantly enhanced the study of microbial
ecology since it enabled the assessment of microbial biodiversity through the construction of
clone libraries that provided better phylogenetic resolution due to the longer reads (Leigh,
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Taylor, & Neufeld, 2010). However, it had the limitation of requiring cloning of fragments,
which requires in a very time-consuming, expensive process with limitations due to variation
in efficiency of the cloning of amplicon fragments (Pace, 1997). More recently, people have
turned to next-generation, Illumina sequencing, which is now very widely used because of its
efficiency and cost-effectiveness and depth in the sequencing. For bacterial work, the
fragments used are mostly the regions V1-V2 or V3-V4 of 16S rRNA using paired-end
libraries (Bukin et al., 2019) and libraries of about 300bp in length are finally sequenced on
the Illumina platform, though this level of resolution is generally limited to genus taxonomic
identification (Kono & Arakawa, 2019).

1.4.9. Bioinformatic processing of the sequences

Illumina sequencing produces a large amount of sequence data, which has required the
development of new algorithms for analysis (Bartlewicz et al., 2016). Filtering of the data is
mainly done by pairwise sequence alignments performed by a vectorized implementation of
the Needleman-Wunsch algorithm with ends-free gapping. A heuristic k-mer distance screen
is applied before alignment, with a threshold applied to the k-mer distance based on an error
model on the transition probability between aligned nucleotides that depends on the original
nucleotide, substituting nucleotide and associated quality score (Needleman & Wunsch,
1970). These concatenated stages are typically implemented with the open-source package
DADA2 (Callahan et al., 2016). This implementation to the output of the Illumina data
allows chimera elimination and the assembly of both forward- and reverse-sequences to better
identify more real variants and results in fewer spurious sequences, giving more biological
meaning to the obtained data, and consequently more accuracy to the analysis of ecological
metrics (Callahan, McMurdie, & Holmes, 2017). There are other algorithms to generate
OTUs like USEARCH or UCLUST, though, they produce high number of spurious sequences
and as a consequences inflated diversity measure (Edgar, 2017). The package DADA2 was
preferred here as first choice, because it uses a parametric model to infer true biological
sequences from reads. The model relies on input read abundances and distances. As a result, it

reflects with more accuracy the sequences, and provides highest possible biological resolution
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(Prodan et al., 2019). Joining and assembly forward and reverse sequences helps to obtain a
straightforward contrast with the databases for either bacteria or fungi sequences. The output
in amplicon sequence variants is useful for future comparisons with other works, as it is the
more accepted form to conduct upstream statistical analysis. To consider the compositional
nature of metagenomic data, all the variations of comparative methods were used and are

explained in the next sections.

1.4.10. Approaches to the analysis of the 16S rRNA gene
sequences

Here, | provide a brief summary of the typical approaches used in the molecular studies of

microbial ecology and in the current application to nectar microbiomes.

1.4.11. Diversity indexes

In microbiome studies, the term diversity principally refers to either alpha (within-sample) or
beta (across-sample) diversity obtained by the analysis of the 16S rRNA sequences (Walters
& Martiny, 2020).

Alpha diversity

The diversity of an individual microbiome can be approached by estimating the number of
different organisms, termed richness, supplemented by how evenly distributed their
abundances are, termed evenness. The most direct measure of alpha diversity is the number of
unique OTUs (operational taxonomic units) observed in a sample (Shannon, 1948). More
advanced approaches consider the evenness in the microbiomes using diversity indices, e.g.

Shannon index (Shannon, 1948); as richness can also be studied by other diversity indices,
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e.g. Chaol (Chao & Jost, 2015), that quantify richness considering the proportion of rare

organisms in the sample.

Beta diversity

Beta diversity in microbiome research refers to the overlap or similarity of two microbiomes
in terms of their microbial complement. Various metrics can be used to assess the similarity
(or dissimilarity) of two microbiomes. Most simply, beta diversity can be quantified by
counting the number of shared and unique OTUs between samples (the Jaccard index) or can
use more complex metrics that consider the relative abundances of each organism in each
microbiome (Lozupone & Knight, 2005). Calculating beta diversity between all the samples
in a study generates a distance matrix representing the compositional similarity between
samples. These outputs can be used in analyses such as PERMANOVA, to identify
associations between phenotypes and wide-scale microbiota composition, or principal co-
ordinates analysis, which reduces the dimensionality of the OTU data enabling visualisation
of the clustering of samples by microbiota composition (Goodrich et al., 2014) . Although
these analysis are typically limited by using a rarefaction cut in the microbiome data to make
the samples more comparable, and, different library sizes can result in apparent differences in
the compositional data, as a consequence rarefying can end in high rate of false discovery, and

has limitations to be applied to microbiome studies and analysis (Weiss et al., 2015).

There are several indices and measures for both alpha and beta diversity, however, most do
not consider the taxonomic similarity between the OTUs. Phylogenetic diversity provides a
measure of taxonomic alpha diversity (Faith & Baker, 2007) and the UniFrac distance was
developed to incorporate phylogenetic distances between communities in order to quantify

taxonomic similarity between microbiome profiles (Lozupone & Knight 2005).

1.4.12. Differential proportional analysis

Whether the bioinformatic pipeline uses amplicon sequence variants (ASVs) or operational
taxonomic units (OTUs), the analysis is based on compositional data, therefore does not

represent the number of occurrences in the sample but the number of times that OTU was
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observed relative to all the other counts observed (McMurdie & Holmes, 2014). To analyse
microbiome data taking into consideration its compositional nature, several normalization
approaches have been proposed (McMurdie & Holmes, 2014; S. Weiss et al., 2017).
Rarefying microbiomes at even depth by sub-sampling of the ASVs or OTUs without
replacement ends in a loss of information, reducing discriminatory power in further steps of
the analysis, and when library sizes are different, loss of information is inevitable, with counts
proportions that vary more than expected. Several new approaches have been proposed for

normalization and data comparison.

When analysing results from metagenome studies, thousands of hypothesis tests are
conducted simultaneously. As a result, several numbers of tests are performed and a
correction for multiple tests is included to avoid inflation of type I errors (Haynes, 2013). The
correction is the False Discovery Rate implemented by (Benjamini & Hochberg, 1995). There
are new methods that apply the control for the false discovery rate (FDR) as a way to identify
as many significant features as possible correction, and in addition they implemented
Bayesian approaches in part of the analysis. These new approaches are called EDGES
methods and are now available in software packages such as edgeR, and DESeq2 (Tang, Sun,
Shimizu, & Kadota, 2015). The edgeR method uses TMM normalization which stands for
trimmed mean of M-values normalization (M. D. Robinson & Oshlack, 2010); edgeR
estimates a common or trended dispersion for all features and then applies an empirical Bayes
strategy for squeezing the tag-wise dispersions toward the common or trended dispersion
(Mark D. Robinson & Smyth, 2007), and is now available in software packages.

Another method of proportional differential analysis is DESeq2, which uses a median of
ratios to normalized counts, and similar to edgeR assumes non differential proportion to
analyse the overall counts; this is useful to detect outliers and reduce their impact (Love,
Huber, & Anders, 2014).

DESeq2 was developed for comparing differential gene expression but is equally applicable
to analysis of metabarcoding data. DESeq?2 provides a new statistical fitting routine to account
for the variance heterogeneity often observed in sequence data; it uses the negative binomial
distribution as an error distribution to compare abundance of each OTU between groups of
samples in the framework of generalised linear modelling. The method also incorporates an

empirical Bayesian approach.
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1.4.13. Network Analysis

1.4.13.1. Microbial interactions

Inter-microbial interactions and host-microbe interactions shape the microbiome composition
of a certain habitat. Several types of interaction between microbes can occur (Faust & Raes,
2012). A positive interaction for one microbe with a negative outcome for the other microbe
may be the result of parasitism or predation. A neutral interaction for one microbe and
negative interaction for the other is a result of an amensalism. An interaction that is negative
for one microbe and negative for the other is a result of a competitive interaction. An
interaction that is neutral for one microbe and positive for the other is a result of a
commensalism. Finally, when the interaction is positive for both microbes the type of

interaction is called mutualism.

Interspecies interactions can be used to predict the relative taxonomic composition of
microbial communities (Friedman & Alm, 2012) and these interactions are important to
maintain community structure and ultimately resilience against stressors (Mandakovic et al.,
2018). Interactions within members of the microbial community can also lead to the
stimulation of host metabolism. For instance, the import of host nutrients or exporting
metabolic by-products can end up in competition for resources or cooperative interactions as

metabolic cross-feeding (Sung et al., 2017).

1.4.14.2. Methods to evaluate co-occurrence networks
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MENA (Microbial Ecology Network Analysis) uses classical Pearson correlation coefficients,
with a threshold above which interactions are considered important. The important, threshold
is determined using a random matrix theory (RMT) approach (Deng et al., 2012) and selected
where the eigenvalues of the matrix transition from fitting a Gaussian distribution to a Poisson
distribution (Luo et al. 2006).

SparCC analysis, is a novel quantification of co-occurrence and was designed specifically for
compositional OTU data. It utilises the log-ratio transformation, that is used in compositional
analyses. Data that is described as proportions or probabilities, or with a constant or irrelevant
sum, is referred to as compositional data (Gloor, Macklaim, Pawlowsky-Glahn, & Egozcue,
2017).

It is important to note that SparCC, like any method that employs log transformations,
requires some pre-processing to eliminate zero values (Aitchison, 1982). SparCC employs a
variation of the well-known pseudo-count method, which assigns a small fraction to OTUs
that were not detected in a sample. This approach implicitly assumes that all components are
in fact present in the sample, and that all zero values result from finite detection resolution,
and utilises the ratio variance between two OTUs to infer the coefficient of their association
(Friedman & Alm, 2012).

The graphical output of these algorithms are networks, and microbial communities can be
identified within networks, although clearly defined structures are not always found (Faust &
Raes, 2012). When all units fall within one connected graph, it is still possible to identify
natural partitions within a nodes structure. More densely connected areas interlinked by more
sparse connections could represent communities (Newman, 2006). When nodes within a
network can be assigned to different communities we can define a modularity on a certain
network (Newman & Girvan, 2004). Community partitioning is the number of edges found
between communities. The best partitions would be expected to minimise the number of
edges between communities. Modularity provides a measure of how well community
partitions fit a network structure, but also an indication that there is more community structure

than would be expected by stochastic effects (Newman 2006).

Networks are also used in nectar microbiomes and the approach has given insights into the
biological importance of structuring within nectar microbial communities (Zemenick,
Vannette, & Rosenheim, 2019).
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1.4.15 Thesis aims

The purpose of this thesis is to identify the microbial community in the nectar of different
manuka genotypes that differ in their flower phenotypes and dihydroxyacetone content and
evaluate the effect of pollinator visitation on the nectar microbial community. To accomplish
these objectives, DNA extraction and bioinformatic analyses will be applied to assess the
diversity of the microbial community (fungi and bacteria) and identity key functional
microorganisms that might interact to determine the DHA levels in manuka plants. Classical
and new approaches in statistics that combine Bayesian and network analysis will be used to
identify the microbial community structure and differences between plant genotypes and

treatments.
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CHAPTER 2.

Microbial diversity analysis of manuka
(Leptospermum scoparium) nectar

ABSTRACT

Microorganisms in plants play important ecological roles. Bacteria and fungi in the nectar can
modify its chemistry and the interactions with pollinators. Pollinators can also act as vectors,
transporting microorganisms from one flower to another. To understand plant-pollinator-
microorganism interactions in the nectar of manuka plants (Leptospermum scoparium), |
bagged branches, restricting the access of aerial pollinators to flowers from six different
manuka cultivated genotypes and one wild cultivar, and then compared the results to those of
unbagged plants. | used a metabarcoding next generation sequencing approach to identify
bacterial and fungal nectar communities and HPLC analysis to estimate sugar (glucose,
fructose, and sucrose) and DHA (dihydroxyacetone) content in the nectar. Bacterial
community composition of the nectar was not modified by restricting pollinators although
there was differential abundance of taxa comparing unbagged (control) versus bagged
flowers. Some bacteria were present in all the genotypes but in varying abundance. Unlike
bacteria, fungal communities were correlated with aerial pollinators as changes in alpha and
beta diversity in fungal communities were detected as a treatment effect. Differences in the
DHA content was found among genotypes but not between bagged and unbagged flowers,
suggesting that DHA production is not related to the microorganisms associated with aerial
pollinators. These results highlight the importance of microbial communities in the

physiology and ecology of manuka plants.
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2.1. INTRODUCTION

Microorganisms are an essential part of several systems, having an impact on their hosts and
their life processes (McFall-Ngai et al., 2013). In ecological processes such as pollination,
there are multiple interactions between plants, pollinators, and microorganisms. Notably,
pollinators are able to transport bacteria and fungi between flowers (Ushio et al., 2015), this
can affect the composition of nectar (Wright et al., 2013).

Bacteria and yeast can change the nectar sugar ratios (Herrera et al., 2008), which in turn can
alter amino acid content and concentration (Kevan et al., 1988, Peay et al., 2012). Both of
these traits can influence foraging decisions by pollinators (Alm et al., 1990; Dyer et al.,
2006). Moreover, bacteria are known to affect floral smell and thus pollinator attraction (Del
Giudice et al., 2008), and floral volatiles can also affect interactions between bacteria and
fungi (Effmert, Kalderas, Warnke, & Piechulla, 2012).

The diversity of bacteria and fungi in flowers and nectar is intriguing due to their adaptations
to the chemistry and physical environment of nectar. The nectar contains sugars and amino
acids that are very suitable for microorganisms. However, the presence of antimicrobial
proteins and reactive oxygen species, such as hydrogen peroxide (H202), can influence the
type and amount of nectar microbiota (Carter et al. 2007; Heil, 2011).

Several scientific reports have addressed the diversity of fungi and bacteria in plants of
Northern latitudes. For example, Pozo et al. (2011) described the diversity of yeasts in
Mediterranean plants and Shaeffer et al. (2015) studied the effect of nectar yeasts on the
quality of nectar in Colorado plants. Furthermore, a recent study by Canto, Herrera, and
Rodriguez (2017) investigated the imprint of nectar yeast species in nectar sugar composition
and concentration in tropical plants from Yucatan-Mexico. However, no reports exist for the

Southern hemisphere.

The techniques for identification and characterization of floral bacterial communities have
extensively improved in the last decade. For instance, Junker and Keller (2015) studied the

bacterial communities on flowers and leaves of Metrosideros polymorpha (Myrtaceae) and
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found differences in community composition within the microhabitats of the flowers and
leaves. Their findings showed that these differences strongly exceeded the influence of
environmental variables such as precipitation, altitude, and geographic distance. In other
research, Zarraonaindia et al. (2015) examined vine-associated bacteria across different
grapevine organs (leaves, flowers, grapes, and roots) and found that the soil serves as a key

source of vine-associated bacteria.

Manuka nectar is known and valued for its dihydroxyacetone (DHA) content, a precursor of
methylglyoxal, one of the quality markers for manuka honey (Adams et al., 2009). In New
Zealand, different manuka clones and cultivars have been developed that have different
flower morphologies and levels of DHA in their nectar (Clearwater et al., 2017), suggesting
that there is a plant genetic component to DHA production. However, microorganisms also
have the capability to either produce DHA by themselves (Z. Zheng et al., 2012) or to
dephosphorylate DHAP to DHA (Wang, Meng, Li, Li, & You, 2019) that can then be used as
an intermediate metabolite in several plant organelles, especially in chloroplasts (Chen &
Thelen, 2010). Manuka flowers possess photosynthetically active nectaries. Therefore, the

interface of nectar-nectaries is a potential place for microbial DHA production.

Therefore, based on the ecological and economical characteristics of manuka plants, the first
aim of this study is to investigate the microbial diversity (bacterial and fungal) in six
cultivated manuka genotypes and one wild cultivar and to analyse sugars (glucose, fructose,
and sucrose) and the DHA content in the nectar. A second objective is to determine the
impact of aerial pollinators on the microbial community, DHA, and sugar content in the
nectar. | predicted that there would be a varied microbial community in the genotypes studied
and that there would be differences in the microorganisms within the plant genotypes. | also
hypothesized that pollinators would influence the fungal and bacterial communities and nectar

chemistry in the plant genotypes studied.

2.2. MATERIALS AND METHODS

2.2.1. Manuka plants
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This study involves manuka plants growing at Massey University’s experimental plots in
Palmerston North, where different clones and wild cultivars are grown in patches of 10 plants
(Fig.SF1), replicated four times per clone/cultivar, with only clover plants surrounding them.
These particular manuka plants consist of hyperproductive DHA manuka clones bred and
crossed from different regions of New Zealand and maintained by cuttings, and wild cultivars
from Northland and Waikato that were planted from seeds at the field. A honeybee (Apis
mellifera) hive was located nearby the manuka clones and cultivars to ensure pollinator

visitation.

The manuka cultivars were colour coded: B blue, MG mint green, G green, O orange, P pink,
Y Yellow and Cv cultivar (Fig.S2.7.1, Fig.S2.7.2a, and Fig.S2.7.2b). These cultivars had
different rates of DHA concentration according to a previous two-year study (2014 and 2015),
Y had the lowest DHA concentration in both years, while O and P produce the highest DHA
concentration in 2014 and MG the highest in 2015 (Bohorquez Rodriguez de Medina, 2018)

2.2.2. Nectar sampling

Two treatments were applied to 10 manuka plants from six clones and one cultivar: one set of
plants was exposed to pollinators (unbagged) and the other set was pollinator restricted
(bagged). For the bagged treatment, a branch with flowers was bagged at the budding stage
and flowers were allowed to develop inside a breathable mesh (17 x 22 c¢cm) up to the adult
stage with 6 days of flower development, when they were picked. Four sides of each manuka
plant were bagged and branches marked. flowers were collected and stored at -20 °C.
Additional flowers at the same stage of development were collected in a similar manner from

unbagged plants.

For each plant, 20 flowers from naive or exposed flowers were studied. Nectar was removed
from each flower by rinsing the receptacle with 10 pl of sterile MilliQ water. A total volume
of 200 pl diluted nectar was removed from each type of plant per treatment. From this
volume, 150 pl of the nectar solution was used for DNA extraction of the total community

and the remainder for DHA and sugar analyses.
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2.2.3. DNA extraction and PCR amplification

The volume of nectar separated for total community studies (150 pl) was filtered through a
nitrocellulose membrane of 0.2 um and the membrane was used for DNA extraction with a
power soil kit (Qiagen). The metacommunity DNA after extraction was stored at —20 °C for

amplification procedures.

PCR was carried out by amplifying the V4 region of the 16S rRNA gene using the primers
515F (5-GTGCCAGCMGCCGCGGTA-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-
3") (Caporaso et al., 2011) (Degenerate primers R=AG;Y=C,T;,M=AC, W=AT;H=
A,C,T; V=A,C,G)or the ITS1 region of the 18S rRNA gene using the primers ITS1_KYO1
(5'-TAGAGGAAGTAAAAGTCGTAA-3) and ITS2 KYO2 (5'-
TTYRCTRCGTTCTTCATC-3') (Toju, Tanabe, Yamamoto, & Sato, 2012) to assess for
prokaryotic and fungal communities, respectively. Full primer constructs used also included
attached Illumina adaptors at the 5’ ends of each primer for library preparation (forward
primer adapter 5-(TCGTCGGCAGCGTCAGATGTATAAGAGACAG); reverse primer
adapter, 5-(GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG).

Reactions were prepared to a total of 25 pl with nuclease-free water as follows: For 168,
reactions contained 200 mM of each dNTP, 0.2 uM of each primer, 1.5 mM MgCl>, 0.8X
Platinum Taq HiFi buffer, 4 ul of GC enrich buffer (Invitrogen, MA, USA), 1 U Platinum
Taq HiFi polymerase (Invitrogen, MA, USA), and 10 ng of template. Thermal cycling was
carried out using a Mastercycler (Roche, USA), using the following conditions: For 16S, an
initial 95°C for 2 min, followed by 26 cycles of 95°C for 45 s, 52°C for 30 sec and 72°C for 1
min followed by a final extension at 72°C for 10 min. For ITS, an initial 95°C for 10 min,
followed by 26 cycles of 95°C for 30 seconds 47°C for 30 seconds and 72°C for 1 minutes,
followed by a final extension of 72°C for 10 minutes. All PCR reactions for each primer set
per sample were carried out in duplicate for bacteria to minimize stochastic PCR effects, and
in triplicate for the ITS.
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2.2.4. Bioinformatic Analysis

Samples comprised of 100% single run on the Illumina Miseq Platform. The adapters and
primer sequences were removed from raw reads using SolexaQA++DynamicTrim (Cox,

Peterson, & Biggs, 2010) for quality trimming at p<0.001 (equivalent Phred=20).

Paired-end reads were imported into Qiime2 (Bolyen et al. 2019). For merging of the forward
and reverse sequence reads, VSEARCH was used and DADA2 was used for denoising.
Taxonomic classification using Bayesian classifier against the SILVA SSU non-redundant
database version 119 as reference alignment (Yilmaz et al., 2013) was performed with
QIIME2. Fungal trimmed sequences were denoised with DADAZ2 optimizing trunc and trim
to improve sequence length for identification. Taxonomic classification was performed with

Bayesian trained classifier format of the UNITE version 8-99 database (Nilsson et al., 2018).

2.2.5. Sugars and DHA Analyses

2.2.5.1.) HPLC quantification of DHA and normalization

To perform the separation of the sample and analysis, High-performance liquid
chromatography (HPLC) system requires two phases. The phase A was a solution of nanopure
water combined with acetonitrile (ACN) at ratio of 70:30 (v/v). The phase B was 100% ACN.
Reaction solutions were hidroxyacetone (HA) (3.01 mg/ml) with a 0O-(2,3,4,5,6-
Pentaflurobenzyl) hydroxylamine (PFBHA) as a derivatising reagent (19.8 mg/ml in citrate
buffer of 0.1 M adjusted to pH 4 with sodium hydroxide (NaOH) 4M). Six DHA standard
aliquots (100, 75, 60, 50, 25, 0 ul) were taken from a stock solution of DHA (3.88 mg/ml). To
analyse samples, 20 ul of nectar or standard sample was pipetted and added to a tube (4 ml).
25 pl of HA were added to every sample and samples were then mixed and shaken on a
rotator table for one hour. A derivatizing reagent (PFBHA) was added, and samples were set
to rest one hour. Finally, 1.5 ml ACN and 0.5 pl deionised Milli-Q water was added to the
samples and filtered (new filter of 0.22 pum) before being measured by HPLC with a UV
Diode array detector (A=263 nm, UVD340U) using a Synergy Fusion column (size 4.6x7.5

mm, 4 um particle size). The column was kept at 30 °C to assure stable conditions.
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The DHA was normalized with the levels of total sugars (Tsugars) per sample
(DHA/Tsugars), results were then multiplied by the dilution factor to obtain the final volume
(mg/mL).

2.2.5.2.) HPLC quantification of fructose, glucose, and sucrose in nectar

To analyse the sugars, sucrose, glucose, and fructose, were separated in a column Sugar-Pak |
(Waters, size 6.5x300mm). This column was kept at 75 °C. The single mobile phase solution
was prepared by dissolving ethylenediaminetetraacetic acid (50mg/L) in deionised Milli-Q
water and run using an isocratic elution system and a constant flow rate of 0.6 ml per minute.

Samples were run at a volume of 20 pl using a RI detector (Shodex R1-101).

For each sugar, a 1% stock solution was made, and from that, five standards were prepared at
different concentrations from 0.0025% to 0.5%.

2.2.6. Statistical Analyses

Amplicon sequence variants (ASVs) for fungi were filtered in 10% abundance and variance
(for any feature to be retained a minimum in counts and in variance was set as a cut-off),
normalization total sum scaling (TTS) (divides the number of reads that cluster within the
same OTU by the total number of reads in each sample), and the a-diversity for fungi was
explored by computing Shannon and evenness indices using qiime2 plugin and
MicrobiomeAnalyst, while B-diversity was compared with PERMANOVA, and ANOSIM
tests for Bray-Curtis and weighted UniFrac distances (Lozupone & Knight, 2005). The a-
diversity was calculated using the number of observed amplicon sequence variants. The
Kruskal-Wallis (pairwise) test was used to test for differences among plant type groups

(clones and cultivar, p<0.05).
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To estimate the fungi normalized abundance in a compositional form across all the clones
studied, the ASVs were filtered at a prevalence of 20%, and a relative abundance of 0.01%

data at species level was plotted through a heatmap.

Algorithms designed to determine features that are differentially abundant between two or
more groups were used to evaluate differential abundance. Between the control (unbagged)
and (bagged) treatment, DESeqg2 (Li & Andrade, 2017) was used to normalize the bacterial
ASVs and to detect significantly differential relative abundance between the two groups. To
identify consistent trends observed across all samples, the differential expression (DE)
analysis filtering criteria was based on p-value < 0.05, and estimated fold change <1/4, taxa
units were considered significantly abundant between 2 of the examined classes. A multi-
factor analysis with interaction between genotype and treatment was also applied using the

same parameters.

Differential abundance for fungi and bacteria between bagged and unbagged plants was
tested with edgeR (Li & Andrade, 2017), using Benjamini and Hochberg false-discovery rate
(FDR) adjusted p-value (<0.05). For bacterial and fungal comparisons between genotypes, the
LEfSe analysis tool was used after normalization and filtering the ASVs from
MicrobiomeAnalyst (Chong et al., 2020). LEfSe is an algorithm for high-dimensional
biomarker discovery and explanation that identifies and characterize the differences between
two or more groups. It first applies a non-parametric factorial Kruskal-Wallis (KW) sum-rank
test to detect features with significant differential abundance with respect to the variable of
interest. Biological significance is subsequently investigated using a set or pairwise tests
among subclasses using (unpaired) Wilcoxon rank-sum test. The last step is Linear
Discriminant Analysis to estimate the effect size of each differentially abundant feature and to

perform dimension reduction.

For nectar DHA and sugar content, comparisons between genotypes and treatment were
completed using SPSS (IBM) using a general linear model with genotypes and treatment as

factors. Sugars were analysed with a Kruskal-Wallis non-parametric test.
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2.3. RESULTS

2.3.1. Sequencing analysis

For all plant genotypes high quality sequences were obtained, and after denoising and
filtering, 370382 ASVs were obtained for bacteria (TableS2.8.1). For Fungi, 133620 ASVs
were obtained after denoising and filtering (TableS2.8.2). All samples rarefied with the
sampling effort done suggesting the availability of enough reads to represent each

microbiome from the community (Fig.S2.9.1, Fig.S2.9.2).

2.3.2. Microorganism diversity

The microbial taxonomic composition of manuka nectar encompasses representatives in
Eubacteria, Archaea, and Fungi. The majority of Bacteria and Archaea were represented by
just a few orders including Pseudomonadales 43%, Rhizobiales 20%, Sphingomonadales 7%,
Enterobacteriales 7%, Xanthomonadales 4%, Baccillales 4%, Corynebacteriales 4%. Fungal
community was mostly comprised of classes of Microbotryomycetes 37.3%,
Dothideomycetes  4.30%, Malasseziomycetes 17.49%, Sordariomycetes 10.80%,
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Ustilaginomycetes 7.41%, Tremellomycetes 3.46%, Agaricomycetes 1.90%, and
Cystobasidiomycetes 1.0%.

A core microbiome composition refers to the set of taxa that are detected at a certain
abundance threshold in a population. To produce a core microbiome, the count data was
transformed to compositional (relative) abundances and a heatmap produced that represents
the overall community composition at a certain taxonomic level. A core microbiome at genus

level is shown in Figure 2.1.
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Figure 2.1. Heatmap of the core manuka nectar microbiome at a genus level. The count data is

transformed to compositional (relative) abundances, sample prevalence at a threshold of 10 and

relative abundance 0.01%.
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2.3.3. Bacterial Community composition

Manuka nectar bacterial communities were dominated by Pseudomonadales, followed by
Rhizobiales, Sphingomonadales, Corynebacteriales, Baccillales, Enterobacteriales,
Xanthomonadales, Clostridiales, Lactobacillales and other taxa in smaller proportions (Fig.
2.2). Bacteria community composition per sample and genotype are shown in supplementary
figures (Fig.S2.10.1- S2.10.5)
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Figure 2.2. Composition of manuka nectar bacterial community at order level across all samples.

Bacterial o diversity (species richness and evenness) did not differ among the genotypes
studied (Mann-Whitney/Kruskal-Wallis, Shannon, P=0.3) (Fig. 2.3., Panel A) or between
treatments (bagged and unbagged) (Mann-Whitney/Kruskal-Wallis, Shannon, P=0.6).
However, B diversity (differences between community composition) was significantly
different (dissimilarity distances between samples) (PERMANOVA, Bray-Curtis dissimilarity
index, P =0.01) (Fig. 2.3. panel B).
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Figure 2.3. Panel A: Plot for a diversity per plant genotype, Shannon diversity index compared at
class taxonomy level. Panel B Principal Coordinates Analysis (PCoA) ordination plot of bacterial 3
diversity across all genotypes studied, PERMANOVA, Bray-Curtis distances, species level, p< 0.05).

The analysis with PCoA with Bray-Curtis shows clustering of genotypes indicated by spatial
clustering under the PC1(36.1%), PC2 (15.4%) and PC3 (11.1%) axis. Bacterial genera with
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the most counts across genotypes expressed in relative abundance were: Pseudomonas,
Methylobacterium, Sphingomonas, Staphylococcus and Pantoea (Fig. S2.10.1-S2.10.5).

2.3.4. Genotype effect on bacteria biomarkers

Linear discriminant analysis effect size (LEfSe) analysis was performed to identify specific
taxa that varied in abundance consistently among plant genotypes and thus could be used as
biomarkers. In total, five bacterial and seven fungal biomarkers with LDA scores > 3.5 were
determined (Fig. 2.4.).
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Figure 2.4. LEfSe analysis showing the highest LDA (Lineal Discriminant Analysis) ranks scores at
bacteria genera level between all the genotypes with P value cut-off < 0.05 and Log LDA score of 2.0
as threshold.

2.3.5. Effect of the treatment on the flowers on bacteria diversity

Bagged and unbagged flowers, showed no differences in community composition, o diversity
(Kruskal-Wallis test, Shannon diversity P=0.43) or B diversity in the PERMANOVA, Bray-
Curtis, P=0.20). Nevertheless, analysing the community at genus level and with proportional
statistical methods, differences between treatments of bacteria genus arise. Differences in the
abundance for Acinetobacter, Curtobacterium, Paraburkholderia spp. and Deinococcus for

control (unbagged) and treatment plants were found using edgeR (Fig. 2.5.).
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Figure 2.5. Plots of bacteria for control and treatment edgeR, A) Acinetobacter (P=1.120 E-5, False
Discovery Rate (FDR) = 4.48 E-4), B) Curtobacterium (P=1.5703E-4 , FDR = 0.0030471), C)

Paraburkholderia spp.

0.009052).

(P=8.8312e-4, FDR=0.009052), D) Deinococcus  (P=8.8312E-4, FDR =
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2.3.6. Interaction effect of the bagging treatment on the plant
genotypes on bacteria abundance.

A Multi-Factor edgeR with FDR adjusted-P value shows that bacteria from Orbaceae family
are significantly more abundant in bagged flowers than in unbagged flowers for the pink
clone (P=0.000411; FDR=0.0195). For the same clone there was a significant difference in
the abundance of two bacteria families. A higher abundance of the families
Propionibacteriaceae (P=9.0213e-05; FDR=0.00857) and Xanthomonadaceae (P=0.0007702;
FDR=0.02439) was found in unbagged flowers. The cultivar has bacteria significantly more
abundant in bagged flowers from the family Acidobacteriaceae (P=0.000239; FDR=0.01238)
and the family Acetobacteraceae (P=0.00026; FDR=0.01238).

2.3.7. Fungal community composition

The most abundant fungi species were Curvibasidium cygneicollum, Cladosporium
delicatulum, Malassezia restricta, Farysia acheniorum, Malassezia arunalokei,
Schizophyllum commune, Malassezia globosa, Botrytis caroliniana, Sporobolomyces roseus,
and Vishniacozyma psychrotolerans. A core microbiome analysis at species level shows the
most abundant fungi across all samples (Fig. 2.6.). Fungal community composition per

sample and genotype are shown in supplementary materials (Fig.S2.11).
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Figure 2.6. Heatmap of core fungi at species level. The count data is transformed to compositional

(relative) abundances, sample prevalence 10% and relative abundance 0.01%.

Fungal diversity differs in a diversity between treatments (bagged and unbagged) (Mann-
Whitney/Kruskal-Wallis, observed ASVs and Chaol, P<0.05), and among genotypes (Mann-
Whitney/Kruskal-Wallis, observed ASVs and Chaol, P<0.05) (Fig. 2.7.). Significant
differences were also found in the B diversity (Fig. 2.8.).

Fungi in both bagged and unbagged flowers were less abundant than bacteria and were
difficult to amplify in bagged flowers. As a result, fungal DNA was amplified only in eight
bagged plants. The statistical analysis was based on total sum normalization. This analysis
revealed differences in B diversity both for observed ASVs and Chaol indices (Kruskal-
Wallis test, P<0.05) (Fig. 2.8.).
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Figure 2.7. Plot for fungal o diversity per genotype, diversity Index Observed, normalization TTS.

For B diversity there were differences amongst all the samples for two different distance
statistical methods (PERMANOVA, and analysis of group similarities (ANOSIM), P<0.05)
(Fig. 2.8.).
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Figure 2.8. Principal Coordinates Analysis (PCoA) ordination plot of fungal B diversity across all
genotypes studied, PERMANOVA, Bray-Curtis distance, species level, P<0.05.

Analysis with PCoA with Bray-Curtis shows clustering of genotypes indicated by spatial
clustering under the PC1(44.9%), PC2 (20.7%) and PC3 (11.4%) axis.
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2.3.8. Genotype effect on fungal biomarkers

LEfSe analysis was performed with the pooled data to find significant differences in fungi
across manuka plant genotypes (Fig. 2.9.). The fungi species found to be biomarkers for each
clone were Farysia acheniorum, Schizophyllum commune, Vishniacozyma victoriae, and

Sporobolomyces. Their lineal discriminant analysis scores can be seen at Figure 2.9.
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Figure 2.9. LEfSe analysis showing the highest LDA (Lineal Discriminant Analysis) ranks scores at
fungal genera level between all the genotypes with P value cut-off < 0.05 and Log LDA score of 2.0 as
thresholds.

2.3.9. Effect of pollinator visitation on Fungal communities

Differential expression analysis with DESeq2 revealed three fungi with significantly lower
abundance in the bagged (treatment flowers) than in the unbagged flowers (control).
Significantly different fungal species based on p-value (p<0.05) and FDR are shown on
Figure 2.10.
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Figure 2.10. Plots of bacteria for Control and Treatment Vishniacozyma victoriae (P= 2.1135E-4;
FDR = 0.0067535), Genolevuria amylolytica (P= 0.0156; FDR = 0.1064), and Capnodiales sp. (P=
0.0014793; FDR = 0.023668). Computational calculation, a Negative Binomial Wald Test using
standard maximum likelihood estimates for coefficients assuming a zero-mean normal prior
distribution, implemented in the binomial Wald Test with MicrobiomeAnalyst.

2.3.10. Quantification of DHA and total sugars by HPLC

Normalized DHA comparisons between genotypes

| found variation in the levels of normalised DHA among clones and cultivars. With green
and pink clones showing a higher DHA production, followed by mint-green and orange, while
the blue and yellow clone, and the wild cultivar had the lowest DHA production for the
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season sampled in October 2017 (GLM, P<0.05). However, there were no significant
differences between the treatment (bagged flowers) and control flowers, for each genotype
(GLM, P<0.05) (Fig 2.11. and supplementary materials Table S2.12).

Total sugars (TS) that accounts for fructose, glucose and sucrose were not significant between
treatments or genotypes (Kruskal-Wallis, P<0.05).
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Figure 2.11. Mean nectar normalized DHA values for manuka plants. Five plants per treatment and
genotype, 20 flowers for control and treatment. Colour code clones each one refers to different
genotype and a cultivar originated from Northland (NZ): from left to right: green, pink, mint green,
yellow, orange, cultivar and blue.
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2.4. DISCUSSION

Bacterial diversity

The most abundant bacteria in the nectar microbiome were Pseudomonas. These are known to
play a major role in plants, with implications in the secretion of secondary metabolites for
defence or glycerol uptake (Mithani, Hein, & Preston, 2010). Interconnections between
glycerol metabolism and biofilm production may be a key factor that contributes to
Pseudomonas having persistence in different environments by promoting adaptation and
colonization to the environment as described for P. aeruginosa (Scoffield, Duan, Zhu, & Wau,
2017). Furthermore, Pseudomonas fluorescens are able to utilize fructose by glycolysis with

thermodynamic and Kinetics constraints (Lien, Niedenfuhr, Sletta, N6h, & Bruheim, 2015).

Rhizobiaceae was the second most abundant bacteria. It has nitrogen-fixing capabilities that
are encoded in a symbiotic plasmid that is the main genetic determinant of nitrogen-fixing
symbiosis, is mobilisable by horizontal gene transfer (Yang et al., 2020), and plays an
interesting role in the biochemical process of adaptation to the plant (Brencic et al., 2005).
Methylobacterium was found in high abundance and may stimulate plant development
through phytohormone production (Kutschera, 2007). The enrichment in taxa belonging to
the Rhizobiales order, such as Bradyrhizobium spp. could also result in antibiotic production

and nitrogen fixation (Naamala, Jaiswal, & Dakora, 2016).

Enterobacteriaceae is the third important group; important plant bacteria belong to this family.
They are able to colonize the plant through the roots or glandular trichomes (Kim, 2019).
Interactions between plant metabolites and enterobacteria have been shown in the plant genus

Arugula, which has health properties (Cernava et al., 2019).

Acetobacteraceae were in high relative abundance. They are also described as diazotrophic,
and this capability could be of ecological relevance in conjunction with other bacteria
belonging to the order Rhizobiales and genus Bradyrhizobium (Yoneyama, Terakado-
Tonooka, Bao, & Minamisawa, 2019). | found differences for bacteria in beta diversity,
suggesting that the genotype might cause differences in the type of bacteria adapted to the
nectar by random or selection process, as seen in the microbiomes of Brassica napus seeds
(Rochefort et al., 2019).
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Fungal diversity

Regarding fungal diversity, | found a characteristic community of fungi species in the manuka
nectar. Some species have been found in extreme environments like Vishniacozyma (Buzzini
et al., 2018) that could have biochemical properties that enhance their adaptation to the nectar

environment in manuka plants.

Vishniacozyma is detected in relative high abundance in all the clones studied and was also
reported in the nectar of Gossypium hirsutum (Malvaceae) in Mexico (Canto et al., 2017).
Besides this, there are differences in its abundance on each type of clone; Curvibasidium and
Cladosporium were also detected in high relative abundance and they can be transmitted by
air and pollen;- the capability of these fungi spores to become airborne (Pavan & Manjunath,
2014) could explain their presence in the nectar of bagged and unbagged flowers. From the
differential abundance analysis between bagged and unbagged flowers the fungi
Vishniacozyma victoriae, Genolevuria amylolytica, and Capnodiales were found in bagged
flowers in significantly higher abundance. Vishniacozyma victoriae is an Ascomycetes yeast
that has been found to be endophytic in leaf galls (Glushakova & Kachalkin, 2017), could be
in a close relationship with aerial pollinators and also could have other ways to colonise to
manuka nectaries. Genolevuria amylolytica is a Basidiomycetous yeast described from leaves
that can be in a close relationship with manuka plants. Members of this group of fungi have
the capability to assimilate ethylamine gas (Landell, Inacio, Fonseca, Vainstein, & Valente,
2009), and, in epiphytic leaves, D-glucuronic acid (Inécio, Portugal, Spencer-Martins, &
Fonseca, 2005), that could be generated from glucose in the nectar (Seo et al., 2013), and a
substrate for Genolevuria amylolytica. Fungi rely on dispersal agents like pollinators as
opposed to bacteria that have several ways to reach the nectar (Vannette et al., 2020).
Capnodiales belongs to the Dothideomycetes and are epiphytes fungus associated with
honeydew of insects including ants (Crous et al., 2009).

Manuka flowers form an enclosed tube adnate to the corolla but not an enclosed tube; this is
another important anatomical factor that shapes fungal communities in the Leptospermum
genus. Plants in which Saccharomyces are found in high abundance typically possess a
corolla that provides protection for this type of fungi (Klaps et al., 2020). In contrast, manuka

plants’ flowers are devoid of an enclosed tube adnate to the corolla and as a result their nectar
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is totally exposed, and it might be one of the reasons for finding Saccharomyces yeast in low

abundance.

The effect of pollinator visitation on nectar microbial composition

The differences observed in fungal (but not bacterial) composition between unbagged and
bagged plants suggests that pollinators are important fungal vectors, but that other factors may
contribute to the diversity of bacterial communities in nectar. This means that fungi may be
linked to a certain type of pollinator, and thus appear in different numbers across different
types of plants due to an unequal number of visits from pollinators, or a different adaptation
process of the fungi to the plant. The basis of these differences might be due to different
shapes and colours of flowers that may lead to different relationships with pollinators
(Chalcoff, Aizen, & Galetto, 2006). Other studies also suggest that pollinators act as
microbial vectors (Sugiura & Masuya, 2010), and fungi related to a social bee that is in a

symbiosis with Scaptotrigona depilis (Menezes et al., 2015).

Bacteria in nectar can be also acquired through pollinators, but other processes such as
airborne fixation or mobility through the phloem flow from internal plant circulation are also
common, as described in other plants (Bové & Garnier, 2003; Eichmeier et al., 2019),
Bacteria can also be carried on very small insects (thrips) (Fig.S2.7.3 and Fig.S2.7.4) that can
pass a breathable mesh and were also found on manuka flowers. In this study, few individual
bacteria differed between treatments, suggesting a relationship with pollinator visitation, for
example Deinococcus, Acinetobacter and Curtobacterium. Deinococcus is a bacterium with
free radical protection systems (Jin et al., 2019) that should be an advantage in the extreme
nectar chemistry environment. Acinetobacter is also differentially abundant between control
and treatment plants and is a pollinator-related bacterium (Alvarez-Pérez, Lievens,
Jacquemyn, & Herrera, 2013). Curtobacterium is also in greater proportions in control and
treatment plants and have also been reported as a nectar-related bacterium with functions in
substrate degradation and nitrogen fixation (Ruiz-Gonzalez et al., 2019). Curtobacterium spp.
have also been detected in the nectar of orchid flowers exposed to pollinators (Jacquemyn et
al., 2013).
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Microorganisms and DHA production

Bacteria revealed by LEfSe analysis as potential biomarkers of each genotype may have
biochemical capabilities to modify DHA content in the nectar. Pantoea was the highest LDA
rank (Fig. 2.4.) and was found in high abundance in high DHA producing clones (green and
pink). This bacterium has been used industrially to metabolize glycerol or other sugars (Zhou
et al., 2013), and it is reported as an endophyte in plants (Marag & Suman, 2018). | found no
evidence of marker fungi being related to elevated DHA production, suggesting that fungi do

not impact DHA production.

The results of normalized DHA show that clones (pink and green) with the highest values also
showed high LDA scores of the dominant bacteria (Pantoea-Enterobacteriales), that might be
relevant in DHA production in the nectaries. These clones also have been reported to be more
visited than other varieties (Bohoérquez Rodriguez de Medina, 2018), although, there are no
statistical differences in the normalized DHA between bagged and control flowers, which
means pollinators should not be the only source of bacteria involved in DHA production. The
importance of DHA in the nectar of these plants could be a key aspect for the stages of seed
development. Bacteria-plant interactions could play a role in DHA production in nectar along

plant development stages.

2.5. CONCLUSION

Manuka plants possess an interesting diversity of fungi and bacteria where fungi are related to
pollinator activity while the bacterial community structure is quite independent of pollinators.
DHA content is a characteristic of Leptospermum scoparium independent of pollinator

interaction and it varies with plant genotype. Bacteria and fungi with different metabolic
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capabilities also change their abundance among plant genotypes. However, bacterial taxa with
versatile metabolic capabilities, such as Pseudomonas and Pantoea, could determine DHA
production through their own metabolic pathways or by enzymatic action on secondary
metabolites. As predicted, | found a varied community of microorganism in the nectar of
manuka plants. However, | only partially confirmed our hypothesis regarding the effect of
pollinators in the nectar microbial community and chemistry. The effect of pollinators is
evident in the fungal community, while the bacteria community seems to be present
independently of pollinator presence, possibly due to alternative pathways for bacteria to
reach the nectar. Restricting pollinators did not have a significant effect on the nectar
chemical parameters measured, but the DHA content (but not sugars) differed among plant

clones.

These results highlight the importance of plant phenotypic characteristics in determining
nectar microbial diversity, and potentially open the question whether bacteria could change
the chemical phenotype of plants through biochemical reactions. These multiple possibilities
have implications for tri-trophic interactions (plant-pollinators-microorganisms) and their

ecosystem services.
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2.7. SUPPLEMENTARY MATERIALS - MANUKA PLANT
MATERIAL

Fig.S2.7.1. Manuka genotypes planted in lines of six plants corresponding to each genotype, and in
blocks, Palmerston North
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Fig.S2.7.2a. Manuka genotypes in the field at the end of the flowering season. Flowers and capsules
are present in each plant. From left to right: blue, pink and yellow

Fig.S2.7.2b. Manuka genotypes at the end of the flowering season. Flowers and capsules, from left to
right orange, green and mint-green.

76



Fig.S2.7.3. Manuka flower showing all the components and insects (thrips) on top left, next to the
pollen grains orange genotype. Stereo microscope Olympus SZX7, camera Olympus SC100,
magnification 1X.
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Fig. S2.7.4. Pollen grain in the manuka flower showing thrips next to the pollen grains, reference bar
of the scale is shown at the bottom. Stereo microscope Olympus SZX7, camera Olympus SC100, scale
is at the left bottom of the picture
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2.8. SUPPLEMENTARY MATERIALS - TABLES

Table S2.8.1 Sequencing and bioinformatic filtering with denoising for bacterial samples
Plant genotypes: b (blue), Cv (cultivar), O (orange), P (pink), G (green), Mg (mint-
green), Y (yellow); the letter c stands for a covered plant.

Sample | After Initial Sample | After Initial

Denoising Counts Denoising | Counts

b1l 26664 87549
gl 11090 50650

blic 23672 92667
g10 10000 51020

b12 26883 75482
g10c 38911 91148

bl2c 35021 136644
glc 6424 37628

b2 9259 30744
g2 39556 164173
b2c 172 36595 g2c 41338 141476

b4 19019 90535
g6 10058 47689
bac 21124 80041 g6c 12671 43153
b5 37815 169371 98 15664 59107

b5c 22604 113408
g8c 41400 151431

Cvl 14733 75311
mg1l 11471 45535

Cv10 14939 94825
mgll 19765 84942

Cv10c 172 16645
mglic 21876 79309

Cvlc 31297 150247
mg12 15691 47679

Cv2 8420 61451
mgl2c 14370 65915

Cv2c 45691 147496
mglc 13611 51980

Cv8 41047 117723
mg5 9412 50322

Cv8c 21711 72153
mg5c 13367 60706

Cv9 37282 127710
mg7 17271 84942

Cv9c 25135 85372
mg7c 10736 30312
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. After Initial
After | Initial Sample | Denoising | Counts

Sample Denoising | Counts
Y10 10647 38840

02 3515 49465
Y10c 11282 51949

02c 18143 83734
Y11 14068 58257

03 15499 46910
Y1ic 8702 47758

03c 20975 81672
Y3 33177 130719

05 16735 49311
Y3c 11690 58184

05¢ 14074 54843
Y6 6424 37628

06 10046 60706
Y6 6424 35520

06¢c 15123 54959
Y7 74546 217797

09 11550 63777
Y7c 19390 63038

09c 8603 39400

P1 17889 86934

P11 10000 61688

Plic 10780 52942

P12 83775 357420

P12¢ 25707 114182

Plc 11496 62977

P4 46582 134963

P4c 24798 84644

P6 9079 51976

P6c 17707 83787




TableS2.8.2 Sequencing and bioinformatic filtering with denoising for
fungal samples

Table: Indicates fungal samples ASVs counts after denoising algorithm applied. Sample-b is
for blue, Sample-bc is for blue covered, Sample-cv is for cultivar, Sample-g: green, Sample-
gc: green cover, Sample-mg: mint-green, Sample-mgc: mint-green covered, Sample-o:
orange, Sample-oc: orange covered, Sample-p: pink, Sample-y: yellow.

After Initial

Sample Denoising counts

Blue 208 39732
Blue 2149 53751
Blue 3194 80213
Blue 3053 172641
Blue 479 50016
Blue covered 202 60154
Sample-bc 6188 142601
Sample-cv 995 56848
Sample-cv 3713 90606
Sample-cv 8380 167024
Sample-cv 941 80112
Sample-cvc 3859 43787
Sample-cvc 1932 70708
Sample-g 3695 160493
Sample-g 445 36420
Sample-g 1352 86168
Sample-gc 1438 9294
Sample-gc 23323 173884
Sample-mg 11513 95332
Sample-mg 2788 61966
Sample-mg 4505 128576
Sample-mg 3269 118358
Sample-mgc 1804 59046
Sample-o 2486 135663
Sample-o 1177 57300
Sample-o 2759 49560
Sample-o 2483 53950
Sample-oc 3097 50763
Sample-p 3225 68318
Sample-p 4224 192519
Sample-p 1588 48059
Sample-p 1839 63078
Sample-y 5040 187730
Sample-y 8806 127504
Sample-y 2268 81780
Sample-y 2743 63140
Sample-y 2574 56032
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2.9.1. Rarefaction curves. Bacterial amplicon sequence variants grouped by
genotype.
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Fig.S.2.9.1. Rarefaction curves for bacterial samples separated per sample and genotype as blue, mint-
green, yellow, green, pink, cultivar and orange. At the y axis is indicated species richness and at the x
axis is indicated sequence sample size
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2.9.2 Rarefaction curves for fungal amplicon sequence variants
grouped by genotype.
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Fig S2.9.2 Rarefaction curves describing the observed fungal richness for amplicon sequence variants.
Sequence sample size is on the x axis, and on the y axis the species richness.
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2.10. SUPPLEMENTARY MATERIALS BAR PLOTS FOR
BACTERIA PER SAMPLE AND GENOTYPE
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Fig. S2.10.1. Relative abundance for samples grouped by blue genotype on the left and cultivar

on the right

. D_5__Pseudomonas . D_5__Streptococcus . D_5__Mesterenkonia D_5__Paracoccus . D_5__Bradyrhizobium

. Ambiguous_taxa . D_5__Anaerococcus . D_5__Micrococeus D_5__Curtobacterium D_5__Kineosporia
D_5__Methylobacterium . D_5__Propionibacterium . D_5__Haemophilus D_5__Veillonella D_5__Enterococcus
_ [ b_5_Hymenobacter || D_5_Candidaws_Phyloplasma | D_5_Rhodanobacter D5 _Gemella

Genus D_5_Sphingomonas || D_5_ Novosphingobium | D_5_unculured | D_5_Acinesbacter D_5_Massilia

D_5_Staphylococeus [ D_5_ Bombus_temestris_buff_tailed | b5 _vor i [ b_5_Neisseria

| D.5_Pantea || b_5_Peptoniphilus | D_5_Finegoldia [ b.s_Escherichia_shigella

| D.5_Stenoirophomonas || D_5_Marinomonas D_5_Bur ¥ ia | D.5_D

|| D.5_Coynebacterium 1 | D_5_ Spirosoma D_5__endosymbints3 | D_5_Corynebacterium

Fig. S2.10.5. Reference heatmap colours for genus taxonomic resolution for each sample
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Fig. S2.10.2. Relative abundance for samples grouped by green on the left and mint-green on the

right, individual samples ordered for each genotype

. D_5__Pseudomonas . D_5__Streptococcus . D_5__Nesterenkonia . D_5__Paracoccus . D_5__Bradyrhizobium
. Ambiguous_taxa . D_5__Anaerococcus . D_5__Micrococcus . D_5__Curtobacterium D_5__Kineosporia
 D_5_Methylobacterium ||| D_5_Propionibacterium | D_5_Haemophilus . D_5_veilonelia D_5__Enterococcus
_ || b_5_Hymenobacter | D_5_Candidaws Phyloplasma | D_5_ Rhodanobacter D_5_Gemella
Genus D_5_ Sphingomonas ||| D_5__Novosphingobium | D_5_unculred | D_5_Acinetobacter D_5_ Massilia
D_5_ Staphylococcus ||| D_5__Bombus_terestris_buff_tailed_bumblebee.  D_S_ Yonghaparkia [ D_5_neisseria
| D.5_Pantea [ D_5_Peptoniphilus | D_5_Finegoldia [ p_s_Escherichia_shigella
. D_5__Stenotrophomanas . D_5_ Marinomonas ~ D_5_8u ¥ ia . D5 D
|| D_5_Coynebacterium 1 || D_5_Spirosoma © D_5_endosymbionts3 | D.5_Corynebacterium

Fig. S2.10.5. Reference heatmap colours for genus taxonomic resolution for each sample

87



R N S T S O S S S S S
d’& cP& c.“* cP* d’&) cﬁ&. c.“‘& cP* cP& @é? cf"g} G&g: cr"&‘r c.“‘b L"'& c.ﬁ cf’g} c.“‘b c."&‘r cP*@

Fig. S2.10.3. Relative abundance for orange genotype on the left and pink genotype on the right,
individual samples ordered for each genotype

. D_5__Pseudomonas . D_5__Streptococcus . D_5__Nesterenkonia D_5__Paracoccus . D_5__Bradyrhizobium

. Ambiguous_taxa . D_5__Anaerococcus . D_5__Micrococcus D_5__Curtobacterium D_5__Kineosporia
D_5__Methylobacterium || D_5_Propionibacterium | D_5_Haemophilus  D_5__Veillonella D_5__Enterococcus
_ [ o_s__Hymenabacter | D.5_Candidas_Phytoplasma | D_5_Rhodanobacter D5 Gemela

Genus D_5_sphingomonas || D_5_Novasphingobium | D.5_unculured || D_5_Acinetobacter D_5_ Massilia

D_5_Staphylococcus || D_5_Bombus_temestis_buff_tailed_bumblebee.  D_5_ Yonghaparkia || D5_neisseria

. D.5_Panoea [ o_s_Peptoniphilus | D_5_Finegoidia [ o_s_Escherichia_shigella

| D_5_Stenatrophomonas || D_5_ Marinomonas D_5_ Burkholderia_Paraburkholderia || D_5_ Deinococcus

| D_5_Corynebacterium 1 || D_5_Spirosoma D_5_ endosymblontsa | D_5_Corynebacterium

Fig. S2.10.5. Reference heatmap colours for genus taxonomic resolution for each sample
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Fig. S2.10.4. Relative abundance for yellow genotype (y axis), individual samples
ordered on the x, axis.

. D_5__Pseudomonas . D_5__Streptacoccus . D_5__Nesterenkonia D_5__Paracoccus . D_5__Bradyrhizobium

. Ambiguous_taxa . D_5__Anaeracoccus . D_5__Micrococcus D_5__Curtobacterium D_5__Kineosporia
D_5__Methylobacterium . D_5__Propionibacterium . D_5__Haemophilus . D_5__ Veillonella D_5__Enterococcus
- [ b_s_Hymenobacter | D_5_candidatus_Phytoplasma | D_s_Rhodanobacter D_5__Gemella

Genus D_5__Sphingomonas || D_5__Novosphingobium | D_5_uncultured | D_5_Acinetobacter D_5__Massilia

D_5_Staphylococeus || D_5_Bombus_terrestris_buff_tailed_bumblebee.  D_S_ Yonghaparkia [ D_5_Neisseria

| D.S_Panioea [ o_5_Peptoniphilus | D_5_Finegoldia [ p.s_Escherichia_Shigella

| D_5_stenotrophomonas || D_5_ Marinomonas D_5_| ¥ ia | | Ds5_D s

| D_5_Corynebacterium_1 | D_5_Spirosoma D_5_endosymbionts3 | D_5_Corynebacterium

Fig. S2.10.5. Reference heatmap colours for genus taxonomic resolution for each sample
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2.11.SUPPLEMENTARY MATERIALS BAR PLOTS FOR
FUNGI PER SAMPLE AND GENOTYPE
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k_ Fumgi;p__ Ascomycota;c  Leotiomycetes
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. k__Fungi;p__Basidiomycota;c_ Exobasidiomycetes
k__ Fungi;p_ Basidiomycota;c__Agaricostilbomycetes
k__ Fumgi;p_ Chytridiomycots;c unidentified

. k__Fungi:p__Basidiomycotaic_Pucciniomycetes

. k__Fungi;p__Ascomycota;c__Arthoniomycetes

10% . k__Fungi;p_ Ascomycota;_

. k__ Fumgi;p__ Ascomycota;c_ Orbilomycetes

. k__ Fungi;p__ Chytridiomycots;c__ Spizellomycetes

.- . k__Funmgip__Mucoromycotais_ Mucoromycetes
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k__Fungi;p__Mortierellomycota;e Mortierellomycetes
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PANEL A) PANEL B)

Fig. S2.11. Panel A. Bar plot showing the fungal relative frequency for each sample, and grouped by
type of genotype: blue, cultivar, green, mint-green, orange, pink, yellow. Panel B. Reference colours
for the bar plot with corresponding taxonomy at class level
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2.12. SUPPLEMENTARY MATERIALS - Total Sugars and
DHA per genotype and treatment

Table S2.12 Concentration of TSugars (mg/ml), TSugars mg/flower, DHA (mg/ml) and
Normalized DHA (DHA/TS mg/flower), per clone genotype and treatment concentrated and
per flower

Clone-treatm | TSugars TS mg/flower (concentrated) | DHA mg/ml Norm DHA/TS
mg/ml mg/flower

Green 0.0253 1.2903 0.003 0.002325041
Green 0.0279 1.4229 0.01 0.007027901
Green 0.0291 1.4841 0.0112 0.007546661
Green 0.0487 2.4837 0.0156 0.006280952
Green 0.0813 4.1463 0.0188 0.004534163
green cov 0.0291 1.4841 0.0083 0.005592615
green cov 0.0329 1.6779 0.0116 0.006913404
green cov 0.0345 1.7595 0.0125 0.007104291
green cov 0.0419 2.1369 0.0148 0.006925921
green cov 0.0513 2.6163 0.0252 0.009631923
Pink 0.0159 0.8109 0.0055 0.006782587
Pink 0.0267 1.3617 0.0056 0.004112506
Pink 0.0402 2.0502 0.0104 0.005072676
Pink 0.0587 2.9937 0.0107 0.003574172
Pink 0.0675 3.4425 0.0265 0.007697894
pink cov 0.0345 1.7595 0.008 0.004546746
pink cov 0.0428 2.1828 0.013 0.005955653
pink cov 0.0644 3.2844 0.014 0.004262575
pink cov 0.1013 5.1663 0.0198 0.00383253
pink cov 0.1324 6.7524 0.0749 0.011092352
mint green 0.0145 0.7395 0.0045 0.006085193
mint green 0.0309 1.5759 0.0046 0.002918967
mint green 0.0341 1.7391 0.0056 0.003220056
mint green 0.0453 2.3103 0.0114 0.004934424
mint green 0.0534 2.7234 0.0179 0.006572667
mint green cov | 0.0254 1.2954 0.0067 0.005172148
mint green cov | 0.042 2.142 0.0073 0.00340803
mint green cov | 0.0534 2.7234 0.0088 0.003231255
mint green cov | 0.0544 2.7744 0.0161 0.005803057
mint green cov | 0.0552 2.8152 0.0191 0.006784598
Yellow 0.019 0.969 0.0042 0.004334365
Yellow 0.0504 2.5704 0.0058 0.002256458
Yellow 0.0515 2.6265 0.0091 0.003464687
Yellow 0.0545 2.7795 0.0139 0.005000899
Yellow 0.1156 5.8956 0.0142 0.002408576
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yellow cov 0.0235 1.1985 0.0048 0.004005006
yellow cov 0.0449 2.2899 0.0053 0.002314512
yellow cov 0.0497 2.5347 0.0055 0.002169882
yellow cov 0.0498 2.5398 0.0117 0.004606662
yellow cov 0.0772 3.9372 0.0161 0.0040892
Orange 0.0401 2.0451 0.0065 0.003178329
Orange 0.0435 2.2185 0.0088 0.003966644
orange 0.046 2.346 0.01 0.004262575
orange 0.0499 2.5449 0.0133 0.005226139
orange 0.1374 7.0074 0.0439 0.006264806
orange cov 0.0493 2.5143 0.0087 0.003460208
orange cov 0.0497 2.5347 0.0119 0.004694836
orange cov 0.0558 2.8458 0.0193 0.006781924
orange cov 0.0765 3.9015 0.0218 0.005587595
orange cov 0.1024 5.2224 0.0233 0.00446155
cultivar 0.0248 1.2648 0.0038 0.003004428
cultivar 0.0405 2.0655 0.0063 0.003050109
cultivar 0.0534 2.7234 0.0065 0.002386722
cultivar 0.0644 3.2844 0.0127 0.003866764
cultivar 0.0716 3.6516 0.0148 0.004053018
cultivar cov 0.0676 3.4476 0.0096 0.002784546
cultivar cov 0.0716 3.6516 0.0125 0.003423157
cultivar cov 0.083 4.233 0.0161 0.003803449
cultivar cov 0.0805 4.1055 0.0193 0.004701011
cultivar cov 0.1324 6.7524 0.0225 0.003332149
blue 0.0337 1.7187 0.0138 0.008029324
blue 0.0466 2.3766 0.0079 0.003324076
blue 0.0581 2.9631 0.0129 0.004353549
blue 0.0615 3.1365 0.0081 0.002582496
blue 0.0977 4.9827 0.0028 0.000561944
blue cov 0.0402 2.0502 0.0034 0.001658375
blue cov 0.0407 2.0757 0.004 0.001927061
blue cov 0.0553 2.8203 0.0142 0.005034925
blue cov 0.0729 3.7179 0.0224 0.006024907
blue cov 0.1413 7.2063 0.0321 0.004454436
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CHAPTER 3.

The role of bacteria in dihydroxyacetone
production in manuka plants

ABSTRACT

In manuka plants the production of dihydroxyacetone (DHA) in nectar is related to
methylglyoxal (MGO), the compound commonly associated with the antioxidant and
antibacterial properties of manuka honey. The nectar is inhabited by bacterial communities
that can impact metabolite production; however, little is known about these communities and
whether they influence DHA production. High throughput sequencing of microbial
communities is a commonly used method to identify interactions between community
members followed by co-occurrence network analysis. In this chapter, the bacterial networks
for six manuka clones and one cultivar were analysed to identify highly connected ‘hub’
bacteria that might have functional importance in the bacterial network and DHA production.
Network topology and connectivity revealed the Pantoea genus as one of the important
connector nodes. To analyse DHA production from the Pantoea spp. in vitro and in vivo
conditions, Pantoea agglomerans was cultivated on natural nectar and selective media and
inoculated on manuka flowers in the field. Flowers inoculated with P. agglomerans were
found to have elevated DHA compared with the control flowers (no inoculation). The network
central distances between bacteria at the genus level reveals similar co-occurrence values and
with positive values between both Phytoplasma and Corynebacterium with Pantoea,
suggesting that species of these genera may occur together in the nectar. Corynebacterium
spp. is known to produce DHA from dihydroxyacetone phosphate (DHAP) or glycerol. In the
nectar, an acidic environment facilitates these conversions by enabling optimal enzyme
function, and, also, chemical stability of newly formed DHA. Together, these results highlight
the importance of the nectar bacterial community in DHA production in manuka plants and
could explain the observed variability in DHA content among plant genotypes and between

New Zealand regions.
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3.1. INTRODUCTION

Manuka plants, native to New Zealand, are valued for their honey. Dihydroxyacetone (DHA)
in the nectar of these plants is converted to methylglyoxal (MO) in honey, which is one of the
quality markers for manuka honey (Adams et al., 2009). Methylglyoxal has an antimicrobial
effect and therefore increases the value of manuka honey (Lu et al., 2014). In addition, other
molecules such as glycosides are under study due to their antimicrobial properties (Alvarez-
Suarez et al. 2014).

Plants can produce DHA as an intermediate in carbohydrate metabolism (Cérdova et al.,
2002). Metabolic pathways that give plants capabilities to produce DHA are found across
different plant taxa (Gee et al. 1988) and are not unique to Leptospermum. Interestingly, some
bacteria and fungi can produce DHA via fermentation or organic synthesis routes. For
example, under aerobic conditions Corynebacterium glutamicum converts sugars into DHA
by dephosphorylation of DHAP (Dihydroxyacetone phosphate) to DHA using
dihydroxyacetone phosphate dephosphorylase (hdpA) (Jojima et al., 2015). The
dephosphorylase enzyme from C. glutamicum has been used in Escherichia coli expression
systems to produce DHA (Li et al., 2010). In fungal systems, the enzyme glycerol
dehydrogenase (GDH) can produce DHA from glycerol as a substrate as shown in

experiments using recombinant Saccharomyces cerevisiae (Nguyen and Nevoigt 2009).

Other precursors of DHA could be carbon dioxide and methane. Bacteria can participate in
this process and also in the conversion of DHA into other molecules such as ethanol and
succinate (Wang et al., 2018). A possible role of the DHA molecule could be as an
antimicrobial, since after its conversion into methylglyoxal it turns into a toxic molecule
(Borysiuk et al., 2018). DHA is also toxic by itself as it can affect cells through its
connection with protein deterioration linked to glycation and end-product protein formation
(Molin et al., 2007). In microorganisms, the contribution of fructose to cell stability though its
conversion into DHAP could be a way to avoid toxic effects of DHA inside the cells, as has

been shown for S. cerevisiae (Nomura et al., 2018).
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There is no information on manuka plants about the metabolites produced in different parts of
the plant, but according to what we know from model plants such as Arabidopsis, leaf
metabolism might be important in the contribution to metabolites of the aerial phloem

circulation (Carrera et al., 2021).

Due to the metabolic pathways that can produce DHA from different substrates, it has been
hypothesised that the microorganisms present in nectar might play a role in DHA production
in manuka plants as bacteria in the nectar have an environment with reactives to complete the
reaction to obtain DHA. One evidence in support of this hypothesis is the elevated production
of DHA in regions with higher temperatures (Williams et al., 2014), which overlaps with

those in which bacteria have higher metabolic rates (Schulte, 2015).

Given the complexity of bacterial communities, co-occurrence networks produced from high
throughput sequencing data are frequently used to identify interactions between community
members and select “hub” or highly interconnected bacteria, for further exploration. Network
analysis has been widely used by scientists from several disciplines to explore interactions
between entities (Bascompte et al., 2006). Entities are defined in the study system and could
be species in a food web (Krause et al., 2003) including bacteria across environmental
gradients (Farrer et al., 2019), or fungal species across soils depths (Schlatter et al., 2018).

To analyse the network and its topological properties relevant for community roles, the
following functions are evaluated in microbial ecology (Faust and Raes 2012): (i) mean
degree: the number of edges of each node averaged over all the nodes in the network; (ii)
degree distribution: the frequency of nodes vs. their (increasing) degree; (iii) average shortest
path length: the shortest path between any two nodes is the single path with fewest edges
between them (used as a measure of the efficiency of mass transport on a network); iv)
betweenness centrality: the number of shortest paths between any two nodes in the graph

passing through that node. The mean is calculated from all nodes in the network.

Members of an ecological community can be divided between generalists and specialists in
terms of their distribution in the environment (Lindstrom and Langenheder 2012). Further
studies under this classification have demonstrated that generalist bacteria are shaped by local
environmental conditions (Lindh et al., 2016). Members of microbial communities studied by
network analysis are classified as generalists when they bridge several different nodes within
their own modules or among different modules, whereas specialists link to few nodes

(Barberan et al. 2012). Therefore, generalists are key organisms for community function (Lu
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et al., 2013). The main exchange of materials and information (traduced as signal exchange)
among microbial species occurs amongst generalists. In contrast, specialists’ nodes are more
peripheral, having less connections with other nodes, reflecting less interactions with other

bacteria as a result of less adaptations to multiple hosts or environments.

Highly interacting bacterial taxa, denominated “microbial hubs”, mediate between abiotic
factors and host genotyping signatures, for instance, they can mediate microbe-microbe
interactions and the process of microbial colonization (Agler et al., 2016). Taxa that have the
hub role stabilize populations of specific microbes on individual plants and connect modules
or groups of highly connected microbes (Poudel et al., 2016). Some of the microbial hub
species are also keystone species (bacteria that are essential to ecosystem structure and
function, and without them the ecosystem would be very different or would not exist), and
they could be identified through network analysis by their topological features as path,
transitivity (measure of the tendency of the nodes to cluster together), mean degree and
centrality; trends for keystone taxa are to have high transitivity, high mean degree and low
betweenness centrality (Berry and Widder 2014). This concept, when applied to a microbiome
enables us to detect bacteria that have multiple biotic interactions of importance to ecosystem
function out of proportion with their abundance (Miller et al., 2018; Power et al., 1996).

Pantoea belongs to the order Enterobacteriales, which includes bacteria with a high diversity
of the Haloacid dehalogenase (HAD) enzyme family, as an e.g. phosphoserine phosphatase
SerB from Methanococcus jannaschii, (Wang et al., 2001 and B-phosphoglucomutase from
Lactococcus lactis (Lahiri et al., 2002). Hydrolases have the ability to dephosphorylase
DHAP (Kuznetsova et al. 2006), which is one of the substrates in the nectaries and a potential
precursor of DHA. The microbial capability of conduct hydrolyse DHAP in the nectaries
could contribute to the DHA presence nectar.

Pantoea agglomerans has been experimentally proven to possess phytate (inositol
polyphosphate)-degrading enzyme(s) with optimal activity at pH 4.5 (Greiner et al., 2004);
which shows its potential activity on phosphorous compounds. Another substrate used by P.
agglomerans for DHA production is glycerol, thanks to the activity of the enzyme
glyceradehyde-3-phosphate dehydrogenase (GAP-DH) (Barbirato et al. 1997). The Pantoea
sp. Genome, which possesses genes encoding for phosphatases, also includes a putative
regulatory activity for GAP-DH regulation and function (Suleimanova et al. 2015). P.

agglomerans also has the ability to produce indole-3-acetic acid (IAA), solubilize phosphate,
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and inhibit plant pathogens (Luziatelli et al. 2020). In summary, this means that several
biochemical capabilities could give P. agglomerans a key role in microbial communities. P.
agglomerans seems to have the capabilities to adapt to the nectar environment and to use

plant metabolites with its multiple metabolic pathways.

This study aimed to analyse the bacterial network interactions in the manuka nectar and
explore the capability of a selected hub bacterium (Pantoea agglomerans) to produce DHA
under laboratory conditions with natural nectar and under field conditions in manuka flowers.
Based on previous literature, | hypothesize that nectar microbes such as P. agglomerans are
capable of modifying nectar chemistry, mainly DHA production.

3.2. METHODS

3.2.1. Study areas and systems

The study was conducted in a population of manuka clones (six different colour code
genotypes) at Moginie block of the Pasture & Crop Research Unit (PCRU), Massey
University (Palmerston North — New Zealand). The manuka plants were planted in 2011 and
propagated by cuttings as six genotype lines. Sampling was conducted in three different
seasons: March 2017, October 2017, and October 2019. Nectar drops were recovered from
five plants at the end of the flowering season and from mature flowers (bagged the previous
day with a breathable mesh) by pipetting flower nectar with 10 ul sterile water and pooling it

together. Samples were transported to the laboratory the same day on ice.
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3.2.2. Sampling and bacteria identification

From the pooled nectar sample, 20 pl was streaked on Tryptone Soy Agar (TSA, Difco, Le
Point de Caix, France) plates. Plates were incubated at 25 °C for 72 h. Yellow-coloured
bacterial colonies from bacteria were picked for colony PCR identification using the universal
prokaryote phylogenetic marker, 16S rRNA-encoding gene. The PCR amplicons were
generated with bacterial universal primers (27F and 1492R), which generated an almost full
length of gene encoding for 16S rRNA (Lane, 1991). Reactions were prepared to a total of 50
uL with nuclease-free water as follows: For 16S, reactions contained 200 mM of each dNTP,
0.2 uM of each primer, 1.5 mM MgClz, 0.8X Platinum Taq HiFi buffer (Invitrogen, MA,
USA), 1 U Platinum Taqg HiFi polymerase (Invitrogen, MA, USA), and 10 ng of template.
Thermal cycling was carried out using a Mastercycler (Roche, USA), using the following
conditions: For 16S, an initial 95 °C for 2 min, followed by 26 cycles of 94 °C for 45 s, 52 °C

for 30 sec and 72 °C for 1 min followed by a final extension at 72 °C for 10 min.

The fragments from individual bacteria were Sanger-sequenced, and the obtained sequences
were trimmed with chromas and assembled with Geneious (Kearse et al. 2012) and identified

by closest match with Blast using GenBank as the reference database.

3.2.3. Network analysis

Once metabarcoding data was denoised, filtered, normalized and amplicon sequenced variants
assigned to taxa (Chapter 2), co-occurrence patterns were explored using network inference
based on significant correlations using the algorithm sparCC, developed for the compositional

nature of the data for microbiomes based on its relative abundance (Friedman & Alm, 2012).

A phylogenetic molecular ecological network was constructed with Molecular Ecological
Network Analyses, MENA (Deng et al., 2012). First, a standardization of high-throughput
data is applied, then a pair-wise similarity of abundances and a determination of adjacency
matrix by the RMT approach. A Pearson correlation coefficient (r-value) was calculated
between each pair of OTUs, and a symmetric similarity matrix was formed after all r-values
were calculated. The generated matrix was then resubmitted to MENA for further

calculations of the networks. The threshold for defining a network is determined by
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calculating the transition from Gaussian orthogonal ensemble to Poisson distribution of the
nearest-neighbour eigenvalues; and hence the network is automatically defined based on the
data structure itself. Afterwards, modules inside the network were detected by greedy
modularity optimization. The network graph was generated using different OTUs (nodes)
with positive or negative interactions (edges). Nodes are organised into modules, which are
comprised of microbial species that strongly interact with each other but rarely with nodes in
other modules. Therefore, modularity (M) measures the degree of organization of a network
into delimited modules. Networks were generated with MicrobiomeAnalyst (Dhariwal et al.
2017; Chong et al. 2020) for Person and sparCC algorithms; related co-occurrence plots were
defined for both distances’ algorithms. sparCC uses a log ratio transformation and performs

multiple iterations to identify taxa pairs that are outliers to background correlations.

Bacteria were analysed for their connectivity, node degree and network position to be selected

for inoculation experiments.

3.2.4. Nectar sampling for in vitro experiments

Twenty flowers per treatment and per plant genotype were taken to the laboratory and stored
at -20 °C. Once thawed the nectar was taken by pipette. During this process, it is inevitable
(due to the change in turgidity of the cell walls) that fluids from the inside of the nectaries are
mixed with the nectar. The resulting liquid was stored at -80 °C.

3.2.5. Bacterial selection for DHA production
Selection of bacteria for inoculation experiments, both in vivo and in vitro, was based on the
following criteria:

1) Isolation of bacteria with relatively high abundance on the culture plates.

2) LEfSe (Lineal Discriminant Analysis Effect Size) from metabarcoding data (see
Chapter 2, Section 3.2.2.).

3) ldentification of functional significance in the microbial metacommunity network

modelling used to analyse the topology and connectivity of hub bacteria.
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3.2.6. Bacterial preparation for nectar inoculation

A pure culture of Pantoea agglomerans, inoculated from a single colony on a 3-day old TSA
(Tryptone soy agar) plate, was grown in LB (Luria-Bertani) broth media, up to the start of
exponential phase (25 °C, 6 hrs, aerobic, light conditions with agitation on a Rocket 25

platform at 60 RPM) immediately prior to inoculation of the nectar.

3.2.7. Nectar inoculation in vitro

The nectar was thawed and divided into 10 x 30 ul aliquots. Five nectar replicates were
inoculated with bacteria and five with LB broth only as a control. To mimic in vivo
conditions, the sample tube was placed in a light-proof container (to simulate the absence of
light in the interface of hypanthium-nectaries) with the extracted nectar solution and cotton
wool was placed on top to allow aeration. The samples were placed on the platform of a
Rocker 25 (Labnet) at a speed of 60 RPM at 25 °C for 24 hrs and afterwards stored at -80 °C.

3.2.8. Nectar inoculation in vivo

Prior to inoculation, P. agglomerans was grown in LB from a pure culture up to exponential
phase (2.0 X 10® bacteria/ml). The fresh liquid culture was taken on ice to the field and 10
flowers per plant in a total of 8 plants of the blue clone were inoculated with 10 ul of the P.
agglomerans solution estimated to contain 2 x 10° bacteria cells, Control flowers were
inoculated with 10 pl of the growth medium (LB) on the same day. Flowers were already
mature and at the end of the flowering season. After inoculation all the flowers were covered
with breathable mesh. After three days the flowers were recovered and taken to the laboratory

on ice in one bag per plant for each treatment. Flowers were stored at -20 °C.
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3.2.9. HPLC quantification of DHA

To quantify DHA from in vivo and in vitro samples. High-Performance Liquid
Chromatography (HPLC) was used. HPLC requires two phases: phase A (a solution of
nanopure water combined with acetonitrile (ACN) at ratio of 70:30 (v/v) and phase B (100%
ACN). HPLC reaction solution contained hidroxyacetone (HA) (3.01 mg/ml) with O-
(2,3,4,5,6-pentaflurobenzyl) hydroxylamine (PFBHA) as a derivatising reagent (19.8 mg/ml),
which was diluted in 0.1 M citrate buffer adjusted to pH 4 with sodium hydroxide (4M
NaOH). Six DHA standards (100, 75, 60, 50, 25, 0 ul) aliquots were taken from a stock
solution of DHA (3.88 mg/ml) made up to 10 ml. For HPLC analysis, 20 pl of the standard
or the nectar sample and 25 pl of HA were mixed and shaken on a rotator for an hour. A
derivatizing reagent (PFBHA) in volumes of 40 pl was added and samples were stored for a
further hour. Finally, 1.5 ml ACN and 0.5 pl deionised Milli-Q water were added to the
samples and filtered (0.22 pm) before being measured by HPLC with a UV Diode array
detector (A=263 nm, UVD340U) using a Synergy Fusion column (size 4.6 X 7.5 mm, 4 um
particle size). The column was kept at 30 °C.

3.2.10. Determination of nectar pH

The pH of nectar was measured as the acidity influenced the chemical reactions and the
microorganisms in the given environment. The pH on the plants was measured by adding
drops of nectar onto pH strips and then compared with manufacturer’s standard reference
colours (Macherey-Nagel, Germany). Flowers were stored at -20 °C then the nectar was taken
with 10 pl of water and the resulting fluid was a mixture composed of hypanthium fluids and
nectar. The pH was measured in the field, and again in the laboratory before and after

reaction with the bacteria.
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3.2.11. Statistical analysis

Obtained DHA values were tested for normality with a Shapiro-Wilk test and homogeneity of
variances (Shapiro and Wilk 1965). Afterwards a t-test in R (R Core Team, 2017) was used
for comparing DHA levels in inoculated nectar (bacteria and control) under in vitro and in

vivo conditions.

3.3. RESULTS

3.3.1. Network analysis

Network analysis revealed that among the total bacterial community, Staphylococcus,
Pantoea, Marinomonas, Escherichia, Peptoniphilus, Micrococcus, Methylobacterium, and
Yonghaparkia (Fig.1, Tab S3.8.1) were the bacteria with higher degree and centrality
measures. They were found to be well connected and had a high level of betweenness
centrality when high throughput illumina data was analysed with a co-occurrence network.
All these bacteria are good connectors and could therefore be considered “hub” bacteria in the
nectar network of manuka plants. Nodes corresponding to bacteria are represented in a

graphical network in Figure 1.
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Figure 1. Network projection constructed with sparCC (i.e., assumes a sparse network and uses log-
ratio transformation and then performs iterations to identify taxa pairs that are outliers to background
correlations). Parameters: 180 permutations, data filtered with Inter-quantile range 10%, low count
features remove at a prevalence in samples of 10%, P-value < 0.05, correlation threshold 0.3, coloured
by median, genus level, experimental factor: genotype. The size of the circle represents the total

abundance.
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3.3.2. Network description

The resulting nectar microbial network (Figure 1) consisted of 37 nodes (average degree or
node connectivity: 6.45 and average for betweenness centrality: 40.96). Marinomonas were
the bacteria with highest node degree (20), followed by Staphylococcus (14),
Novosphingobium (12), Yonghaparkia (12), Peptoniphilus (12), Micrococcus (12),
Anaerococcus (10), Caldakalibacillus (10), Escherichia-Shigella (10), Methylobacterium
(10), Neisseria (8), Pantoea (8), Kineosporia (8), Nesterenkonia (8), Stenotrophomonas (6),
Corynebacterium (6), and Sphingomonas (6) (Table ST.8.1).

To analyse all the possible bacterial interactions and to corroborate the network topology, a
different algorithm (MENA) was applied. A correlation matrix was constructed using Pearson
distances with a minimum threshold cut-off (0.310). The total nodes obtained was 53 and the
total links 569, with an average connectivity of 21.47 and average length of 1,592 (Table
TS3.8.3).

3.3.3. Bacteria selection for inoculation

Based on the network analysis data, ease of cultivation, and potential for DHA production (as
reported in the literature), Pantoea was selected for further inoculation experiments (I
conducted additional phylogenetic analysis to establish the relationship between the cultivated
bacteria used in this study and other publish sequences and found it to be Pantoea

agglomerans — Figure S3.2) .

Pantoea was found to be abundant in all the plant genotypes, its presence was consistent
across different seasons (Chapter 2), and it was easy to cultivate. Network analysis and LEfSe
analysis show that Pantoea has at the same time a central position in the network and a high
degree and connectivity, suggesting it is a hub/keystone species (Table S3.8.1). Its presence
was positively correlated with other bacteria such as Phytoplasma, Hymenobacter, and
Yonghaparkia (although a negative correlation was found with Staphylococcus).

Furthermore, the results of the LEfSe analysis and the Lineal Discriminant Analysis (LDA)
(section 3.2.2.) show that Pantoea has a high LDA value (6.5, P < 0.05, log LDA score cut-
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off < 2). This means that there are significant differences in relative abundance for Pantoea

genus among the manuka genotypes from LEfSe analysis.

3.3.4. Hydrogen concentration of nectar

Nectar pH measured in the flowers in the field was near neutral (pH 6.5). Nectar was
recovered from 10 frozen flowers and samples were pooled together. The pH was measured
again and was pH 5.5. Then pooled nectar samples were aliquoted and inoculated with P.
agglomerans. After aerobic incubation with P. agglomerans, the pH of the sample was pH
4.5. The turbidity of the nectary solution decreased after incubation with P. agglomerans.

These values are summarized in Table 1.

TABLE 1. Measurements of pH and temperature for the nectar in the plant, the nectary fluids and
after bacterial reaction.

Environmental/solutions pH [ +/-0.2] Temperature °C
pH nectar on the plant 6.5 20

pH nectar (pre-reaction) 55 20

pH nectar after incubation | 4.5 20

with P. agglomerans

3.3.5. DHA production

P. agglomerans was selected for nectar inoculation trials both in vivo and in vitro, because of
the degree value in the topology and good level of connectivity of the Pantoea genus in the
network, and also because of its ease of in vitro culture. In this section, | report its effects on
DHA production, but in the supplementary material | include a separate assay where |
assessed the effect of Pantoea on floral sugars Figure S3.3.).

Inoculation of natural nectar under laboratory conditions with P. agglomerans resulted in a
significant increase in DHA (T-test, p<0.05, The t-value is -2.83589) (Figure 2.). Values for
DHA production in natural nectar under laboratory conditions are shown in Table TS3.8.5.
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Under field conditions, the results show a trend towards increased DHA production, but the
standard deviations were wider, and the results were not significantly different for a Kruskal-
Wallis test (P=0.0587) (Figure 3 and Table TS3.8.6).

3.3.6. Dihydroxyacetone statistical analysis

3.3.6.1. Laboratory production of DHA

The DHA mean for laboratory conditions (in vitro): For the control group was 8.180E-03 +
1.777E-03 [g/1], and for the group inoculated with P. agglomerans the DHA mean was
2.770E-02 + 2.770E-02 [g/I]. The data is normally distributed Shapiro-Wilk (W = 0.86302, p-
value = 0.2393), and the variances are homogeneity distributed F-test (F = 3.0503, p-value =
0.1644). There were significant differences between the control and the inoculated group (T-
test, P=0.022), with higher DHA production in the inoculated treatment (Figure 3.4.1).

3.3.6.2. Field production of DHA

The DHA mean for the field conditions (in vivo). For the control group was 1.282E-02 +
1.276E-02 [g/], and for the group inoculated with P. agglomerans the DHA mean was
3.118E-02 + 2.229E-02 [g/l]. The data is not normally distributed (Shapiro-Wilk, 0.868,
P=0.026), so a non-parametric test was used (Kruskal-Wallis), which showed no significant
differences between the control and the inoculated group (Kruskal-Wallis test (P= 0.0587).
Although there was a trend towards higher DHA production in the inoculated treatment
(Figure 3.4.2).
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3.4. Graphical representation of DHA production

3.4.1) Dihydroxyacetone laboratory production after inoculation with
Pantoea agglomerans (Figure 2).
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0.01 1

control bactenainoculation
Groups

Figure 2.) DHA production in laboratory conditions (aerobic conditions and agitation, T=20 °C, time
course reaction 20 hours). The control is manuka nectar and LB medium, the treatment is nectar with
bacteria inoculation in the same medium (10 pl).

107



3.4.2.) Dihydroxyacetone field production after inoculation with Pantoea
agglomerans (Figure 3).
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Figure 3.) DHA production under field conditions (October 2019, Palmerston North, manuka blue
clone, 10 flowers inoculation 10 ul, 72 hrs bagged flowers). Control: manuka flowers nectar
inoculated with LB medium and Treatment: manuka flowers nectar with bacteria inoculation (10 pul).

3.5. DISCUSSION

This study characterised the cultivable bacterial network in manuka nectar, suggesting several
hub bacteria. Inoculation of a selected hub bacteria, Pantoea agglomerans, was shown to
increase dihydroxyacetone content in nectar under in vitro conditions, supporting the
important role of microbes in DHA production. The results for in vivo conditions also showed
a trend increase in the DHA concentration, but this was not significant, probably due to the
introduction of the variability of the overall system, (plant physiology and nectar secretion)
and more challenging conditions for working in the field introduced more variability in the

manipulation of the flowers.
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Pantoea agglomerans was present in the plants studied in three different seasons and in
abundance both in cultures and in the metabarcoding (Chapter 2). Network analysis for all
clones and cultivar for this bacterium shows high connectivity and node values, which
suggests it is a hub bacterium that connects functions with others (Agler et al., 2016) with
generalist ecological functions in the nectar network and with potential to be a keystone
bacterium in the nectar network due to its centrality measures (Martin Gonzalez et al., 2010).

In addition, in the sparCC network analysis P. agglomerans showed a negative correlation
coefficient with Staphylococcus (TS3.8.1), meaning that they may be competitive rather than
cooperative in the nectar microbial ecology. By contrast, a positive correlation coefficient was
found with Bacillus and Phytoplasma bacteria, meaning that they may have a similar function

or cooperative interactions.

Other positive correlations are found with Yonghaparkia, belonging to the phylum
Actinobacteria, and Hymenobacter from the phylum Bacteroidetes. Biological networks are
characterized for presenting local assortative (nodes tend to be connected with other nodes
with similar degree values) (Piraveenan et al., 2013), the similarities in nodes degree can be

defined as similarity in co-occurrence or mutual exclusion (Newman, 2006).

Interestingly, this co-occurrence pattern with bacteria from different phyla differs from what
has been found in soils with positive interactions between members of the same phyla
(Barberan et al., 2012). Competition scenarios in nectar through complex chemical conditions
and low availability of nutrients might switch these correlations to different phyla in order to
assess metabolic complementation under the same niche. The positive correlation found
between Phytoplasma and Pantoea reveals a strong tendency for co-occurrence between both
bacteria. Phytoplasma life environment or ecological niche is usually the phloem of plants
(Hogenhout et al., 2009). The positive correlation that has with Pantoea could mean a similar
environmental context for both bacteria that could be related with a similar ecological niche
for Phytoplasma and Pantoea, suggesting that Pantoea is also related to the plant phloem in
terms of their living environment or its physiological role. The occurrence of Pantoea and
Phytoplasma could also mean a selection advantage for better performance for the host
through interactions with a restricted endosymbiotic bacterium and Pantoea (Pacifico et al.
2019).

In terms of carbon metabolism, there is also a positive correlation between Pantoea and an

important bacteria Streptococcus, species from this genus are known for their capabilities to
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fix CO. because of its carboxylase activity (Arioli et al.,, 2009), and also as important
fermenters where plants isolates have better performance at syneresis (liquids phase
separation) (Saito et al., 2020) and with capabilities to work at low pH and to acidify while is
growing (Linares et al., 2016). This may indicate that a shared niche between both bacteria
could reflect similar functions in terms of mechanisms for carbon fixation, acidification, and

formation of resistant structures for phase physical separation.

The leaf and nectaries environment could be a niche where bacteria could contribute to carbon
fixation through different ways in complementation with the natural activity of the plant i.e.
(Calvin cycle Figure S3.1.). Interconnections between bacteria with carbon fixation
capabilities and the plant could be the main metabolic network for the overall lateral reactions
in the upper organs of the plant that could be involved in dihydroxyacetone production.
Dihydroxyacetone is a compound that can be generated and degraded by bacteria: known
bacteria that degrade it include Halomonas (Bardavid & Oren, 2008), although it was not
present in the metabarcoding which suggests the majority of the DHA produced in the nectar

could end in the seed and afterwards start a conversion into MGO.

The capability of mobility that Pantoea has between the interior of cells and the nectar may
explain a metabolic role in DHA formation and a relationship with pollinators in the nectar
out of the nectary cavity or cells, as seen in other plants (Farré-armengol & Junker, 2019).
Other known seed endophytes bacteria such as Anaerococcus have a positive correlation with
Corynebacterium which possesses dephosphorylations capabilities, meaning that an
endosymbiotic bacterium in the nectaries could have the capability of interacting with bacteria

related to DHA production.

P. agglomerans has capabilities to decrease the pH and as a consequence to change the
microbial community in the soil, it can also increase salt tolerance in maize through the
increase of photosynthetic pigments (Gond et al., 2015). These important changes could also

happen in the nectar and the position in the network backs this function.

The pH in the natural manuka nectar is 6.5 (Table 1), which is suitable for forager’s choice
and plants attractiveness (Hendriksma et al., 2014), and provides optimal conditions for
stability of dihydroxyacetone (Ciriminna et al., 2018). A pH close to neutral ensures less
water oxidation and therefore less peroxide formation (Liu et al., 2019). A neutral pH means
fewer free radical compounds and lends stability to the dihydroxyacetone molecule. In nectar,
a pH of 5.5 is suitable for the transformation of DHAP into DHA (van Herk et al., 2009),
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since this pH value is in the optimum range for the enzyme hdpA. With the availability of
DHAP provided in an acidic environment, the hypothesis of the overflow metabolism,
according to which DHA is formed by the action of hdpA only when excess DHAP
accumulates in cells (Jojima et al., 2015), seems to explain DHA formation in the nectar. This
also can explain the higher production of DHA in the experiment in vivo in comparison to in
vitro conditions. This is the first work that investigates bacteria nectar inoculation to study
DHA production. The DHA values observed here are in the range recorded in another manuka
study in the North Island (Noe et al., 2019). The increase in DHA production was higher in
the field (Fig 2.) than in the laboratory conditions (Fig 3.) possibly because of the availability
of more DHAP under natural plant conditions, or other positive feedbacks between P.
agglomerans and resident bacteria that increase the activation of pathways that could enhance
enzyme bacteria activity. Interactions such as these have been shown to affect the DHA
production by Escherichia coli under laboratory conditions in an artificial medium (Peiro et
al., 2019). The differences were significant in the in vitro inoculation, while in the field they

did not reach a significant threshold.

Nectar and its metabolites have been shown elsewhere to be reabsorbed by manuka plants
(Clearwater et al. 2018). The in vivo inoculation of the flowers could have affected DHA
reabsorption, which makes it more difficult to measure the real amount of DHA produced by
the bacteria as the molecule can move into the nectaries. The movement of fluids with
molecules will affect the DHA measures and the translocations of DHA to other organs with a
direct effect on the DHA concentration in the nectar. By contrast, the tube where the reaction
took place for the in vitro experiment was not affected by the reabsorption dynamics of the
nectaries in the flowers, and all the DHA produced remained in the tube under controlled

conditions.

Nectaries are an important component of manuka plants and their distribution, surface and
number in plant branches facilitate plant-bacteria interactions, by increasing the number of
possible interactions between bacteria and nectaries components. Their chemical composition
with an aqueous component in an acidic environment seems to be a natural reactor for DHA
production where bacteria could be playing a major role. A water-based composition favours
the catalytic activity of dihydroxyacetone phosphate dephosphorylase to complete reaction
where DHA and phosphate could be the final end or even intermediate products that could be
substrates for further reactions, either for plants or bacteria.
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The correlation between Pantoea and Corynebacterium was 0.423 (table S3.8.3) suggests a
mutualistic interaction between them. In nature, the bacterium Corynebacterium glutamicum
converts sugars to DHA under aerobic conditions as it possesses the enzyme
dihydroxyacetone phosphate dephosphorylase, and the possibility for the bacteria to produce
DHA in only one step from DHAP (Jain et al., 2016). Pantoea species have several
mechanisms of dephosphorylation (Brady, 2010), and some of these pathways are regulated
through quorum sensing mechanisms (Xavier & Bassler, 2005). The positive correlation
coefficient found in the network correlation analysis could mean that Corynebacterium and
Pantoea possess similar functions. Therefore, the formation of DHA in manuka nectar might
be due to the interaction between these two bacteria and the plant as a source of DHAP for
bacteria metabolisms. Pantoea also possesses glycerol dehydrogenase (Barbirato et al., 1997),
and more recently it was determined that this enzyme catalyses the production of higher
amounts of DHA than other bacteria without this enzyme (Li et al., 2010). Furthermore,
Pantoea possesses capabilities to solubilise phosphates particularly on acid media (Son et al.,

2006) via the secretion of organic acids and siderophores (Castagno et al., 2011).

Pantoea was found in all the genotypes and in the network, topology has a high level of
degree and betweenness that shows connectivity reflecting interactions with other bacteria.
Because of its central position and connectivity in the network Pantoea can be considered a
hub bacterium. The position that Pantoea has in the network also matches with the generalist
concept, and the versatile metabolism that presents also contributes to the generalist’s
ecological role (Lang et al., 2017). Though Pantoea is not the bacteria with the highest levels
of connectivity and abundance, meaning that it could have other relationships for e.g., the
plant (host), and also keeps interactions with the rest of the nectar microbial community.
Bacteria that present dephosphorylation capabilities that are in the nectar e.g., Pantoea and
Corynebacterium; can dephosphorylate DHAP and transform it into DHA. The availability of
more than one species of bacteria in the nectar with capabilities of DHA production will keep
levels of DHA in the nectar. Furthermore, the acidification of the media facilitates phosphate
dissolution and activates other metabolic pathways that could incorporate phosphorous in
other plant metabolism or bacteria functions. Further research introducing isotope labelling
will be necessary to determine dihydroxyacetone and phosphate movements in the metabolic
pathways. Gaining knowledge of metabolites origins will be important to clarify plant-

bacteria interactions and enhance plant performance.
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3.6. CONCLUSION

Manuka plants possess high levels of DHA in the nectar, a trait that has not been recorded in
other plants. Bacteria are known to be capable of producing DHA through different metabolic
pathways. Interactions between bacteria and metabolites provided by manuka plants may
explain their high DHA levels. In this study, | found that inoculation of Pantoea agglomerans
increased dihydroxyacetone content in nectar both in vivo and in vitro, though only the in
vitro results were statistically significant, without significantly affecting sugar contents. The
literature suggests that bacteria can use, versatile plant metabolic molecules like DHAP or
glycerol and convert them into DHA in manuka nectar, which serves several biological

purposes such as UV protection, removal of free radicals, and protection against pathogens.

There also seems to be an interconnection between dihydroxyacetone production and the bias
towards high fructose levels in the manuka nectar. Fructose metabolism increases DHAP
levels, and this pathway would favour DHA production, therefore, high levels of fructose may

be correlated with high DHA levels in manuka plants, but this requires further exploration.

The presence of bacteria with capabilities of producing DHA and also to consume DHA is a
perfect scenario to regulate DHA concentrations in the cells of nectar parenchyma. Manuka
plants seem to select bacteria that are able to produce DHA rather than consume it, and to
regulate fructose levels in the nectar with the production of DHAP favouring plant-bacteria

interactions, and DHA accumulation in the nectar.

This work confirms our hypothesis regarding the ability of nectar microorganisms to
influence DHA nectar production, as there was an increase in the DHA content after the
reaction with the bacteria P. agglomerans and natural nectar under laboratory conditions.
While a similar trend was observed in the field the results were not significant, multiple
environmental factors and challenges related to inoculation and sample collection could have
contributed to this outcome. | recommend repeating these measurements to confirm this
observation and to explore the effect of environmental factors on microbe-mediated DHA

production.
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3.8. SUPPLEMENTARY MATERIALS

Table S3.8.1. sparCC degree and betweenness centrality values

for each taxon

Taxon Label Degree | Betweenness
D_5 Marinomonas D_5 Marinomonas 20 192

D_5 Staphylococcus D_5 Staphylococcus 14 130
D_5_Novosphingobium D_5_Novosphingobium 12 165

D_5_ Yonghaparkia D_5_ Yonghaparkia 12 133
D_5_Peptoniphilus D_5_Peptoniphilus 12 94

D_5 Micrococcus D_5 Micrococcus 12 46
D_5_Anaerococcus D_5_Anaerococcus 10 93

D_5 Caldalkalibacillus D_5_Caldalkalibacillus 10 46
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D_5 Escherichia_Shigella D_5 Escherichia_Shigella 10 44
D_5 Methylobacterium D_5 Methylobacterium 10 0
D_5 Neisseria D_5 Neisseria 8 84
D_5 Pantoea D_5 Pantoea 8 54
D_5 Kineosporia D_5 Kineosporia 8 32
D_5 Nesterenkonia D _5 Nesterenkonia 8 0
D_5 Stenotrophomonas D_5 Stenotrophomonas 6 15
Ambiguous_taxa Ambiguous_taxa 6 0
D _5 Corynebacterium_1 D _5 Corynebacterium_1 6 0
D_5 Sphingomonas D_5 Sphingomonas 6 0
D_5 uncultured D_5 uncultured 4 93
D 5 Enterococcus D 5 Enterococcus 4 64
D_5 Corynebacterium D_5_ Corynebacterium 4 42
D 5 Gemella D 5 Gemella 4 33
D 5 Veillonella D 5 Veillonella 4 31
D_5 Hymenobacter D_5 Hymenobacter 4 7
D _5 Acinetobacter D 5 Acinetobacter 4 0
D_5_ Finegoldia D_5_ Finegoldia 4 0
D_5 Haemophilus D_5 Haemophilus 4 0
D _5 Paracoccus D 5 Paracoccus 4 0
D_5 Rhodanobacter D_5 Rhodanobacter 4 0
D _5 Streptococcus D 5 Streptococcus 4 0
D_5 Bradyrhizobium D_5 Bradyrhizobium 2 0
D_5 Candidatus_Phytoplasma | D_5 Candidatus_Phytoplasma | 2 0
D_5 Deinococcus D_5 Deinococcus 2 0
D_5 endosymbionts3 D_5 endosymbionts3 2 0
D_5__ Propionibacterium D_5__ Propionibacterium 2 0
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Table S3.8.2. sparCC correlations values

Taxonl Taxon2 Correlation | P.
value
Ambiguous taxa D_5 Marinomonas 0.543 0.011
Ambiguous taxa D 5 Methylobacterium 0.9027 0.0276
Ambiguous taxa D_5 Staphylococcus 0.8623 0.0276
D_5 Acinetobacter D_5 Micrococcus -0.3322 0.0055
D_5 Acinetobacter D_5 Peptoniphilus -0.3921 0.0055
D_5 Anaerococcus D_5 Corynebacterium_1 0.8587 0.0055
D_5__Anaerococcus D_5 Marinomonas 0.3361 0.011
D_5__Anaerococcus D_5 Micrococcus 0.4153 0.0055
D_5 Anaerococcus D_5 Peptoniphilus 0.3296 0.0166
D_5 Anaerococcus D 5 Streptococcus 0.6382 0.0055
D_5__ Bradyrhizobium D_5__Marinomonas -0.4058 0.0055
D_5 Caldalkalibacillus D 5 Kineosporia -0.3119 0.011
D_5_Caldalkalibacillus D_5_Nesterenkonia 0.8358 0.0055
D_5__ Caldalkalibacillus D_5__Novosphingobium -0.3596 0.0055
D_5 Caldalkalibacillus D_5 Staphylococcus 0.3398 0.0166
D_5_Caldalkalibacillus D_5 Yonghaparkia -0.343 0.0166
D_5 Candidatus_Phytoplasma D_5 Pantoea 0.3618 0.0221
D_5__Corynebacterium D_5__Novosphingobium -0.3136 0.0055
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D_5 Corynebacterium D _5 Yonghaparkia -0.3178 0.0055
D_5 Corynebacterium_1 D_5__Anaerococcus 0.8587 0.0055
D_5 Corynebacterium_1 D_5 Marinomonas 0.3627 0.011
D_5 Corynebacterium_1 D _5 Streptococcus 0.8212 0.0055
D_5 Deinococcus D_5 Micrococcus -0.3149 0.0055
D_5 endosymbionts3 D_5 Gemella 0.3126 0.0055
D_5 Enterococcus D 5 Gemella 0.3736 0.0055
D_5 Enterococcus D _5 uncultured -0.3069 0.011
D_5_Escherichia_Shigella D_5_Marinomonas 0.5866 0.0055
D_5 Escherichia_Shigella D_5_Methylobacterium 0.3446 0.0221
D_5 Escherichia_Shigella D_5 Rhodanobacter -0.3243 0.0055
D_5 Escherichia_Shigella D_5 Stenotrophomonas 0.4068 0.0055
D_5__ Escherichia_Shigella D_5_ Veillonella -0.342 0.0055
D _5 Finegoldia D _5 Haemophilus 0.3371 0.0055
D 5 Finegoldia D 5 Neisseria 0.3836 0.011
D 5 Gemella D_5 endosymbionts3 0.3126 0.0055
D 5 Gemella D_5 Enterococcus 0.3736 0.0055
D_5 Haemophilus D 5 Finegoldia 0.3371 0.0055
D_5 Haemophilus D_5 Neisseria 0.314 0.011
D_5__Hymenobacter D_5_ Pantoea 0.4696 0.0055
D_5 Hymenobacter D_5 Stenotrophomonas 0.3045 0.011
D 5 Kineosporia D_5 Caldalkalibacillus -0.3119 0.011
D_5 Kineosporia D_5 Micrococcus -0.3535 0.011
D_5__ Kineosporia D_5_ Nesterenkonia -0.3949 0.0055
D 5 Kineosporia D_5 Peptoniphilus -0.3425 0.0055
D_5__Marinomonas Ambiguous taxa 0.543 0.011
D_5__Marinomonas D_5_Anaerococcus 0.3361 0.011
D_5 Marinomonas D_5 Bradyrhizobium -0.4058 0.0055
D_5 Marinomonas D_5 Corynebacterium_1 0.3627 0.011
D_5__Marinomonas D_5__ Escherichia_Shigella 0.5866 0.0055
D_5 Marinomonas D_5 Methylobacterium 0.5666 0.0055
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D_5 Marinomonas D_5 Rhodanobacter -0.3356 0.0166
D_5_Marinomonas D_5_Sphingomonas 0.339 0.0331
D_5 Marinomonas D_5_Staphylococcus 0.4429 0.011

D _5 Marinomonas D_5 Stenotrophomonas 0.4737 0.0055
D _5 Methylobacterium Ambiguous taxa 0.9027 0.0276
D_5 Methylobacterium D_5 Escherichia_Shigella 0.3446 0.0221
D _5 Methylobacterium D_5 Marinomonas 0.5666 0.0055
D _5 Methylobacterium D_5 Sphingomonas 0.8901 0.0221
D_5_Methylobacterium D_5__Staphylococcus 0.8257 0.0055
D_5 Micrococcus D_5 Acinetobacter -0.3322 0.0055
D_5 Micrococcus D_5 Anaerococcus 0.4153 0.0055
D_5 Micrococcus D_5 Deinococcus -0.3149 0.0055
D_5 Micrococcus D_5 Kineosporia -0.3535 0.011

D_5 Micrococcus D _5 Paracoccus 0.335 0.0055
D_5 Micrococcus D_5 Peptoniphilus 0.602 0.0055
D_5 Neisseria D_5 Finegoldia 0.3836 0.011

D_5 Neisseria D_5 Haemophilus 0.314 0.011

D 5 Neisseria D 5 \Veillonella 0.3847 0.0055
D_5 Neisseria D_5 Yonghaparkia -0.3965 0.0055
D_5 Nesterenkonia D_5 Caldalkalibacillus 0.8358 0.0055
D _5 Nesterenkonia D 5 Kineosporia -0.3949 0.0055
D _5 Nesterenkonia D_5 Novosphingobium -0.3731 0.0055
D_5 Nesterenkonia D_5 Yonghaparkia -0.3033 0.011

D_5__Novosphingobium D_5__ Caldalkalibacillus -0.3596 0.0055
D_5 Novosphingobium D_5 Corynebacterium -0.3136 0.0055
D_5__Novosphingobium D_5_ Nesterenkonia -0.3731 0.0055
D_5__Novosphingobium D_5__ Propionibacterium 0.4988 0.0055
D_5_Novosphingobium D_5 Staphylococcus -0.3112 0.0387
D_5_Novosphingobium D_5 uncultured 0.4232 0.0055
D_5 Pantoea D_5 Candidatus_Phytoplasma 0.3618 0.0221
D 5 Pantoea D_5 Hymenobacter 0.4696 0.0055
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D 5 Pantoea D_5 Staphylococcus -0.3365 0.0276
D_5 Pantoea D_5 Yonghaparkia 0.4003 0.0055
D_5__ Paracoccus D_5_Micrococcus 0.335 0.0055
D_5 Paracoccus D_5 Peptoniphilus 0.3666 0.0055
D_5 Peptoniphilus D _5 Acinetobacter -0.3921 0.0055
D_5__ Peptoniphilus D_5_Anaerococcus 0.3296 0.0166
D_5 Peptoniphilus D 5 Kineosporia -0.3425 0.0055
D_5 Peptoniphilus D_5 Micrococcus 0.602 0.0055
D_5__ Peptoniphilus D_5 Paracoccus 0.3666 0.0055
D_5__ Peptoniphilus D_5_ Yonghaparkia -0.3378 0.0055
D_5 Propionibacterium D_5 Novosphingobium 0.4988 0.0055
D_5 Rhodanobacter D_5 Escherichia_Shigella -0.3243 0.0055
D_5_Rhodanobacter D_5 Marinomonas -0.3356 0.0166
D_5 Sphingomonas D _5 Marinomonas 0.339 0.0331
D_5 Sphingomonas D 5 Methylobacterium 0.8901 0.0221
D_5_Sphingomonas D_5 Staphylococcus 0.8705 0.0166
D_5 Staphylococcus Ambiguous taxa 0.8623 0.0276
D_5 Staphylococcus D_5 Caldalkalibacillus 0.3398 0.0166
D_5 Staphylococcus D_5 Marinomonas 0.4429 0.011

D_5__ Staphylococcus D_5__ Methylobacterium 0.8257 0.0055
D_5 Staphylococcus D_5 Novosphingobium -0.3112 0.0387
D_5 Staphylococcus D 5 Pantoea -0.3365 0.0276
D_5 Staphylococcus D_5 Sphingomonas 0.8705 0.0166
D_5 Stenotrophomonas D_5 Escherichia_Shigella 0.4068 0.0055
D_5 Stenotrophomonas D_5 Hymenobacter 0.3045 0.011

D_5__ Stenotrophomonas D_5__Marinomonas 0.4737 0.0055
D_5_ Streptococcus D_5_Anaerococcus 0.6382 0.0055
D_5 Streptococcus D_5 Corynebacterium_1 0.8212 0.0055
D_5 uncultured D_5 Enterococcus -0.3069 0.011

D_5_ uncultured D_5__Novosphingobium 0.4232 0.0055
D_5 Veillonella D_5_Escherichia_Shigella -0.342 0.0055

127




D 5 Veillonella D 5 Neisseria 0.3847 0.0055
D_5 Yonghaparkia D_5 Caldalkalibacillus -0.343 0.0166
D_5 Yonghaparkia D_5_Corynebacterium -0.3178 0.0055
D_5 Yonghaparkia D 5 Neisseria -0.3965 0.0055
D_5 Yonghaparkia D _5 Nesterenkonia -0.3033 0.011
D_5 Yonghaparkia D_5__ Pantoea 0.4003 0.0055
D_5 Yonghaparkia D_5 Peptoniphilus -0.3378 0.0055
Table S3.8.3. Pearson co-occurrence correlation values

p-
Taxonl Taxon2 Correlation | value

D_5_ Burkholderia_Paraburkholde

D_5__Anaerococcus ria -0.3123 0.0442
D_5 Anaerococcus D 5 Corynebacterium_1 0.9552 0.011
D_5 Anaerococcus D 5 Hymenobacter 0.4467 0.0331
D_5 Anaerococcus D_5 Micrococcus 0.4181 0.0497
D_5__Anaerococcus D_5_ Pantoea 0.4945 0.0387
D_5 Anaerococcus D_5 Streptococcus 0.9244 0.0055
D_5__ Burkholderia_Paraburkholde
ria D_5 Anaerococcus -0.3123 0.0442
D_5__ Burkholderia_Paraburkholde
ria D_5 Corynebacterium_1 -0.3113 0.0387
D_5__ Burkholderia_Paraburkholde
ria D_5 endosymbionts3 0.3298 0.0387
D_5_Burkholderia_Paraburkholde
ria D_5__ Marinomonas -0.3643 0.0331
D_5_Burkholderia_Paraburkholde
ria D_5 Veillonella 0.4331 0.0055
D_5 Candidatus_Phytoplasma D_5 Haemophilus -0.3608 0.0221
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D _5 Candidatus_Phytoplasma D 5 Pantoea 0.3856 0.011
D _5 Candidatus_Phytoplasma D 5 Streptococcus -0.3002 0.0442
D_5 Corynebacterium_1 D_5 Anaerococcus 0.9552 0.011
D_5 Burkholderia_Paraburkholde
D_5 Corynebacterium_1 ria -0.3113 0.0387
D_5 Corynebacterium_1 D 5 Marinomonas 0.3138 0.0331
D_5 Corynebacterium_1 D_5 Pantoea 0.4247 0.0276
D_5 Corynebacterium_1 D_5_Streptococcus 0.9452 0.0055
D_5 Burkholderia_Paraburkholde
D_5 endosymbionts3 ria 0.3298 0.0387
D 5 endosymbionts3 D 5 Pantoea -0.3969 0.0055
D_5 Finegoldia D_5_ Neisseria 0.3301 0.0331
D_5_ Finegoldia D_5__ Stenotrophomonas -0.3234 0.0331
D_5 Haemophilus D 5 Candidatus_Phytoplasma -0.3608 0.0221
D _5 Haemophilus D 5 Neisseria 0.6017 0.0055
D_5 Haemophilus D_5 Spirosoma 0.4078 0.011
D_5 Hymenobacter D_5 Anaerococcus 0.4467 0.0331
D_5 Hymenobacter D _5 Micrococcus 0.5791 0.0055
D_5 Hymenobacter D_5 Pantoea 0.3879 0.0497
D_5 Hymenobacter D_5 Propionibacterium 0.4096 0.0331
D_5 Hymenobacter D 5 Veillonella -0.356 0.0276
D_5 Burkholderia_Paraburkholde
D _5 Marinomonas ria -0.3643 0.0331
D_5 Marinomonas D_5 Corynebacterium_1 0.3138 0.0331
D_5 Marinomonas D_5 Methylobacterium 0.5524 0.0331
D _5 Marinomonas D_5 Rhodanobacter -0.3653 0.0221
D_5__ Marinomonas D_5__ Stenotrophomonas 0.4471 0.0055
D_5__Methylobacterium D_5__ Marinomonas 0.5524 0.0331
D_5 Micrococcus D_5 Anaerococcus 0.4181 0.0497
D_5 Micrococcus D_5 Hymenobacter 0.5791 0.0055
D_5__ Micrococcus D_5_ Peptoniphilus 0.4924 0.0166
D_5 Micrococcus D_5 Veillonella -0.4569 0.0166
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D _5 Neisseria D 5 Finegoldia 0.3301 0.0331
D 5 Neisseria D _5 Haemophilus 0.6017 0.0055
D_5 Neisseria D_5 Pantoea -0.3235 0.0497
D _5 Neisseria D 5 Veillonella 0.3521 0.0276
D 5 Neisseria D 5 Yonghaparkia -0.4125 0.011

D_5__Novosphingobium D_5_Propionibacterium 0.5619 0.011

D_5__Novosphingobium D_5 uncultured 0.5357 0.011

D_5 Pantoea D_5 Anaerococcus 0.4945 0.0387
D 5 Pantoea D_5 Candidatus_Phytoplasma 0.3856 0.011

D_5 Pantoea D_5 Corynebacterium_1 0.4247 0.0276
D 5 Pantoea D 5 endosymbionts3 -0.3969 0.0055
D 5 Pantoea D 5 Hymenobacter 0.3879 0.0497
D_5 Pantoea D_5 Neisseria -0.3235 0.0497
D_5_Pantoea D_5__ Streptococcus 0.4464 0.0442
D 5 Paracoccus D _5 Peptoniphilus 0.501 0.0055
D_5 Paracoccus D_5 uncultured 0.3108 0.0497
D_5__ Peptoniphilus D_5__ Micrococcus 0.4924 0.0166
D_5 Peptoniphilus D 5 Paracoccus 0.501 0.0055
D_5 Peptoniphilus D 5 uncultured 0.5727 0.0055
D_5 Propionibacterium D_5 Hymenobacter 0.4096 0.0331
D_5 Propionibacterium D_5 Novosphingobium 0.5619 0.011

D_5 Rhodanobacter D 5 Marinomonas -0.3653 0.0221
D_5 Spirosoma D_5 Haemophilus 0.4078 0.011

D_5__ Spirosoma D_5_ Veillonella 0.4256 0.0055
D 5 Spirosoma D 5 Yonghaparkia 0.4009 0.0331
D_5 Stenotrophomonas D_5 Finegoldia -0.3234 0.0331
D_5__ Stenotrophomonas D_5__ Marinomonas 0.4471 0.0055
D_5__ Streptococcus D_5 Anaerococcus 0.9244 0.0055
D_5 Streptococcus D_5 Candidatus_Phytoplasma -0.3002 0.0442
D_5 Streptococcus D_5 Corynebacterium_1 0.9452 0.0055
D_5_ Streptococcus D_5 Pantoea 0.4464 0.0442
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D_5 uncultured D_5 Novosphingobium 0.5357 0.011

D 5 uncultured D _5 Paracoccus 0.3108 0.0497
D_5 uncultured D_5_Peptoniphilus 0.5727 0.0055

D_5 Burkholderia_Paraburkholde

D_5 Veillonella ria 0.4331 0.0055
D 5 Veillonella D 5 Hymenobacter -0.356 0.0276
D_5 Veillonella D_5_Micrococcus -0.4569 0.0166
D_5 Veillonella D_5 Neisseria 0.3521 0.0276
D 5 Veillonella D 5 Spirosoma 0.4256 0.0055
D 5 Yonghaparkia D 5 Neisseria -0.4125 0.011

D_5_ Yonghaparkia D_5__ Spirosoma 0.4009 0.0331

Table S3.8.4. Network Global Properties — (MENA -Pearson)

Network Indexes bactMENA (0.310)
Total nodes 53
Total links 569

R square of power-law 7
Average degree (avgK) 21472
Average connectivity 21.47
Average clustering coefficient

(avgCC) 671
Average path distance (GD) 1592
Geodesic efficiency (E) 706
Harmonic geodesic distance (HD) 1417
Maximal degree 49
Centralization of degree (CD) 550
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Maximal betweenness 149736

Centralization of betweenness (CB) | 103

Maximal stress centrality 755

Centralization of stress centrality
(CS) 481

Maximal eigenvector centrality 240

Centralization of eigenvector

centrality (CE) 116
Density (D) 413
Reciprocity 1
Transitivity (Trans) 576
Connectedness (Con) 1
Efficiency 598
Hierarchy 0
Lubness 1

Table S3.8.5. DHA measurements of the control and bacteria-
inoculated natural nectar in the laboratory.

Control Bacterial
DHA T4/l inoculation
91| pHA [g/1]
0.0089 0.0149
0.0103 0.021
0.009 0.0178
0.006 0.0325
0.0067 0.0523
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Table S3.8.6. DHA measurements of P. agglomerans — inoculated

nectar in the field.

Table S3.8.7. DHA measurements of P. agglomerans — inoculated

Control Bacterial
DHA [g/l] g&f:'?g;l’]”
0.0352 0.0496
0.0109 0.0373
0.0042 0.017
0.0046 0.0066
0.0023 0.0541
0.0293 0.0612
0.0023 0.0041
0.0138 0.0195

nectar in the field (log transformation).

Control Bacterial
DHA [g/1] :;IC_"CA”'?“/?n
o/l

-1.45346 | -1.30452
-1.96257 | -1.42829
-2.33724 | -1.76955
-2.33724 | -2.18046
-2.63827 | -1.2668
-1.53313 | -1.21325
-2.63827 | -2.38722
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l DHAP Calvin
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Figure S3.1.) Metabolic pathways and interconnections for the production of dihydroxyacetone from
fructose, methane, glycerol or carboxy dioxide, main enzymes, reactives and products for the main
conversions that end in the production of dihydroxyacetone in manuka nectar are indicated by arrows.
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— KX619647.1 Pantoea agglomerans strain DLYTGB1 16S ribosomal RNA gene partial sequence

21

Pantoea agglomerans NZ

MK883142 1 Pantoea agglomerans strain S61 BM3T 16S ribosomal RNA gene partial sequence(2)

FJ357836.1 Pantoea sp. SB547 16S ribosomal RNA gene partial sequence(2)

43 MG733947.1 Pantoea agglomerans strain RB256 16S ribosomal RNA gene partial sequence(2)

MG733952.1 Pantoea agglomerans strain RBRB290 16S ribosomal RNA gene partial sequence(2)

53

GQ853416.1 Pantoea sp. XJ01 16S ribosomal RNA gene partial sequence(2)

MG733945.1 Pantoea agglomerans strain RB216 16S ribosomal RNA gene partial sequence(2)

KM891555.1 Pantoea agglomerans strain PS1-78 16S ribosomal RNA gene partial sequence

KR054974. 1 Erwinia rhapontici strain KAR12 16S ribosomal RNA gene complete sequence

Figure S3.2.) Maximume-likelihood tree based on 16S rRNA gene Pantoea agglomerans sequences.
Erwinia rhapontici strain KAR12 16S sequence was used as an outgroup. The strain isolated from
New Zealand - Palmerston North, is indicated as Pantoea agglomerans NZ.

Brief methodology: The isolated culture of P. agglomerans was analysed phylogenetically by 16S
rRNA sequence. The closest match as in Genbank (NCBI) were downloaded as 16S rRNA FASTA
files, and for the sister group Erwinia, the alignment was performed with the algorithm MUSCLE
(Edgar, 2004), and the phylogeny determined with maximum likelihood algorithm under 1000
repetition bootstrap, with the software MEGA X (Kumar et al. 2018).

135



control Pantoea_inoc
Groups

1.5

1.01

Fructose [g/]

0.5

control Pantoea_inoc
Groups

0.091

[t

=1

>
|

Sucrose g/l

0.031

control Pantoea_inoc
Groups

Figure S3.3.) Effect of P. agglomerans inoculation on glucose, fructose, and sucrose concentration
under field conditions (October 2019, Palmerston North, manuka blue clone, 10 flowers inoculation 10

ul, 72 hrs bagged flowers). Control: manuka flower nectar inoculated with LB medium and Treatment:
manuka flowers nectar with bacteria inoculation (10 ul).
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Brief methodology: Prior to inoculation; P. agglomerans was grown to exponential phase (2.0 X 108
bacteria/ml). The fresh liquid culture was taken on ice to the field and 10 flowers in 6 plants of the
blue genotype were inoculated. Control flowers were inoculated with the growth medium Luria-
Bertani (LB) on the same day and considered the same number of flowers (10). After inoculation all
the flowers were covered with a breathable mesh. After three days flowers were recovered and taken
to the laboratory on ice in one bag per plant for each treatment. At the laboratory flowers were stored
at minus 20 °C. To analyse the sugars, sucrose, glucose, and fructose, were separated by HPLC
(Perkin Elmer series 200); a column Sugar-Pak | (Waters, size 6.5x300mm) was used. This column
was kept at 75 °C. The single mobile phase solution was prepared by dissolving
ethylenediaminetetraacetic acid (50mg/L) in deionised milli-Q water and run using an isocratic elution
system at a constant flow rate of 0.6 ml per minute. Samples were run at a volume of 20 pl using a RI
detector (Shodex RI-101). For each sugar, a 1% stock solution was made, and five standards were

prepared at different concentrations. The standards ranged in concentration from 0.0025% to 0.5%.
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CHAPTER 4.

Cultivable bacteria, osmotolerance and catalase
activity, and the chemical environment in the
nectary/nectar interphase

ABSTRACT

Manuka flowers have photosynthetically active nectaries having a dynamic mechanism for
nectar production. In addition, nectaries can selectively release and reabsorb nectar
controlling the concentration of sugar other metabolites and tend to have lower pH. The
nectar environment has a high concentration of hexoses, antibiotics, and free radicals.
Bacteria that inhabit nectar must be adapted to tolerate pH fluctuations, high ultraviolet light,
and low moisture content. Osmotolerance and enzymes with capabilities to avoid free radicals
(e.g., catalase) are key traits that enable bacteria to survive in these environments. In this work
| aimed to 1) Identify the diversity of nectar cultivable bacteria based on morphology and in
the sequence of the 16S rRNA gene, 2) Explore the osmotolerance and catalase activity of
some cultivable bacteria, and 3) Determine the pH of manuka nectar outside and inside
nectaries. | found a diversity of cultivable bacteria (corresponding to six different families).
Most bacteria had high osmotolerance (P. agglomerans, Erwinaceae, Arthrobacter) and
catalase activity. The pH inside the nectaries was acidic while in the nectar outside of them
was close to neutrality, the differences in the pH may contribute to attract pollinators and
favour the production of key metabolites. Altogether, this work contributes to our
understanding of nectar bacteria and the chemical environment they encounter in the

nectar/nectaries interface.
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4.0. INTRODUCTION

Microbial habitats that contain an excess of carbohydrates include plant tissues, phloem, fruits
and nectar (Lievens et al., 2015). In nectar, carbohydrate compounds generate high osmotic
pressure, and there is limited protein content (Gonzalez-Teuber et al., 2009). Local adaptation
and phenotypic plasticity will determine the microbial species that can be found in the nectar,
as they might be on a natural competition process with other bacteria and interacting with the
plant metabolism to be adapted to this environment (Chappell & Fukami, 2018).
Osmotolerance (the ability to grow in an environment with high osmotic pressure), and
catalase activity (the ability to break oxygen peroxide into water and oxygen, preventing
oxidative damage in aerobic environments) are essential attributes for bacteria to survive in

the nectar environment (Schmitt, 2014).

The nectar in manuka plants is produced in structures called nectaries, which are
photosynthetically active in manuka. Nectar production involves a process of secretion,
accumulation and reabsorption, with nectar accumulating on the inner surface of the
hypanthium (cuplike or tubular enlargement of the receptacle of a flower) and on the upper
surface of the gynoecium (the innermost whorl of a flower) (O’Brien et al., 1996). The
process of reabsorption occurs concurrently with nectar secretion and may contribute to nectar
homeostasis (Nepi & Stpiczynska, 2007). Evolutionary aspects related to the attraction of a
broad range of pollinators have been attributed to nectar reabsorption (Nepi, Grasso, and
Mancuso 2018). In manuka plants, when reabsorption occurred it appeared to be partially
selective to sugars diffusion, with a gradual but significant drift to higher levels of fructose in
relation to glucose, particularly in older flowers of high nectar-producing genotypes
(Clearwater et al., 2018).

Nectar accumulates in the inner and outer base of the hypanthium (Clearwater et al., 2018).
These two parts have a different chemistry, differing in their pH, which may influence the
type of microorganisms found in one or the other. The accumulation of nectar under two

different chemical contexts might result in different concentrations of DHA, as this compound
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is very dependent on the pH and is photochemically reactive under UV light (Lebedeva et al.,
2010).

The dynamic of hexoses (simple sugars) in phloem and within nectar is also a complex
process that varies depending on whether nectaries photosynthesise. Given that hexoses are
typically not components of phloem sap (Lohaus & Schwerdtfeger, 2014), the proportion of
hexoses in nectar depends on the presence and activity of sucrose-cleaving enzymes. Sucrose
cleavage in plants can be catalysed by at least two types of enzymes: reversible sucrose
cleavage is catalysed by sucrose synthase (SuS; EC 2.4.1.13), a glycosyltransferase, and

irreversible sucrose cleavage is catalysed by invertases (B-fructofuranosidases; EC 3.2.1.26).

Given the importance of hexoses (sugars) in nectar and the role of nectaries on nectar
production. This chapter aims to identify some cultivable bacteria recovered from manuka
nectar, their growth under different hexose concentrations, their catalase chemical activity and
the varying pH conditions inside and outside manuka nectaries that may influence metabolite
production and bacterial activity. This will be done by 1) Identifying the diversity of nectar
cultivable bacteria based on morphology and the 16S rRNA gene 2) Characterising bacterial
growth under different concentrations of carbon sources and their catalase activity and 3)

Determining the pH of manuka nectar inside and outside the nectary.

Pursuing these objectives will allow me to determine if it is possible to find cultivable
bacteria with biological significance in the nectar, and if these bacteria have metabolic
capabilities in the nectar environment. The data from this chapter will provide additional
information to assess the biological diversity of bacteria in the nectar (Chapter 2) and allow
me to gain a better understanding of their metabolic capabilities (Chapter 3), and the

conditions they may experience in the nectar/nectary environments.
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4.1. METHODS

4.1.1. Study areas and systems

The study was conducted in a population of manuka clones and cultivars at Moginie block of
the Pasture & Crop Research Unit (PCRU), Massey University (Palmerston North — New
Zealand). Sampling was done in two different ways in October 2019. For the pink genotype,
nectar was recovered from five plants in the field and on the tree with 10 pl sterile diluted
water and pooled per plant in a tube and transported to the laboratory the same day on ice.
Bacteria were cultivated the same day. In the second sampling, whole flowers were collected
from five plants from six genotypes (including pink) and transported to the laboratory to be
frozen at -20 °C. Flowers were later thawed, and nectar harvested by dilution with 10 pl of

pure distilled water. From this, nectar aliquots were taken to cultivate bacteria per genotype.

4.1.2. Sampling and bacteria identification

From the pooled of nectar, a volume of 20 ul was taken by pipette and afterwards stroked in
TSA (Tryptone soy agar, Difco) culture plates. Plates were incubated at 25 °C for three days.
A diversity of bacterial colony morphologies was obtained in the culture plates, from these,
yellow colonies were picked and purified by further culture on TSA plates. The DNA content
of each colony was extracted in sterile ultrapure water by thermic shock and the 16S rRNA

gene was amplified by PCR and sequenced with primers 27F and 1492 R (Lane, 1991).

Reactions were prepared to a total of 50 uL with nuclease-free water as follows: For 168,
reactions contained 200 mM of each dNTP, 0.2 uM of each primer, 1.5 mM MgCl,, 0.8X
Platinum Tag HiFi buffer (Invitrogen, MA, USA), 1 U Platinum Taq HiFi polymerase
(Invitrogen, MA, USA), and 10 ng of template. Thermal cycling was carried out using a
Mastercycler (Roche, USA), using the following conditions: For 16S, an initial 95 °C for 2
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min, followed by 26 cycles of 94 °C for 45 s, 52 °C for 30 sec and 72 °C for 1 min followed
by a final extension at 72 °C for 10 min.

Amplicons were sequenced by Sanger method and the obtained sequences were trimmed with
Chromas (v.2.6.2 Technelysium Pty Ltd., Brisbane, Australia) and assembled with Geneious
(Kearse et al. 2012) and identified by closest match with BLAST using GenBank as a

reference database.

4.1.3. Osmotolerance and catalase activity

Glucose, Fructose and Sucrose tolerance was assessed by culturing isolates at 20 °C, aerobic,
light conditions with agitation on a Rocket 25 platform at 60 RPM for up to 7 days in
transparent tubes containing LB (Luria-Bertani, Difco) broth supplemented with 0% (positive
control), 10%, 20% and 30% glucose, fructose, and sucrose (w/v, Sigma-Aldrich), in
triplicate. The appearance of turbidity in the tubes with respect to negative controls (i.e., tubes

containing no inoculated media) was recorded as a positive result.

For detection of catalase activity, a bacterial colony was taken from an axenic culture on TSA
with a microbiology loop and was suspended in 3% hydrogen peroxide. The appearance of

bubbles was recorded as a positive result (Aslanzadeh 2006).

4.1.4. Determination of pH in the nectar and nectary fluids

The pH (H* proton concentration) of nectar was measured since the acidity of an environment
determines the chemical reactions and the microorganisms that can have metabolic functions
in that environment. The pH of the nectar was measured by adding drops of nectar on pH
strips and then compared with manufacturer standard reference colours (Macherey-Nagel,
Germany). Flowers were stored at -20 °C then the nectar was taken with 10 pl of water; the
resulting fluid was a mix of hypanthium fluids and nectar. Fresh flowers were taken from the

tree and immediately taken to the laboratory in a thermic container with ice, In the laboratory,
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in a sterile chamber, a transversal cut in the ovaries was performed (Figure 4.1) to measure
the pH with drops of the solution that is interconnecting through inside the nectaries and

ovaries without diluting the fluids with water. The pH accuracy for the strip kit is +/- 0.2 pH.

A) Blue genotype B) Yellow genotype

Figure 4.1) Photograph of a transversal section of a manuka ovaries and conducts that
communicates with the nectary, showing pigments, fluids, and penta-lobular structure A) blue
genotype, B) yellow genotype. Stereo microscope Olympus SZX7, camera Olympus SC100,
magnification 1X.

4.2. RESULTS

4.2.1. Nectar bacteria

A total of 100 bacterial colonies were isolated and identified through sequencing of the 16S
rRNA gene for selected morphotypes. Sampling was done from the nectar corresponding to

flowers on the tree and the nectaries fluid corresponding to frozen flowers.

An initial taxonomical classification of different morphotypes was assessed and the top hits
from the BLAST with GenBank are shown in Table 4.0.
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Table 4.0.) Taxonomical affiliation of cultivable manuka nectar bacteria

Name Per. Ident Description Accession num.
Classification *) (%)
Pantoea agglomerans 98.24 Pantoea agglomerans DLYTGB1 KX619647.1
Arthrobacter sp. 98.68 Arthrobacter sp. St GBRS11 MT373551.1
Brevundimonas sp. 97.60 Brevundimonas sp. FW305-C-20-1 165 MT160402.1
Psychrobacter (genus) 96.78 Psychrobacter alimentarius st. IM48 MN758808.1
Enterobacteriales (order) 91.44 Pantoea sp. St. ICMP 20883 MG786394.1
Erwinaceae (class) 82.47 Pantoea agglomerans st. S61_BM3T MK883142.1
Erwinaceae (class) 87.33 Pantoea sp. st. ORTB2 165 rRNA MN685248.1
Erwinaceae (class) 85.7 Pantoea agglomerans DLYTGB1 KX619647
Burkholderiales (order) 90.16 Delftia acidovorans MN330317
Gammaproteobacteria 78.26 Mesorhizobium sp. Amf-4 AF509923.1
Pseudomonas (family) 93.85 Pseudomonas syringae st. PDD-58h-28 KR922139.1
Pseudomonas (class) 83.38 Pseudomonas sp. B AS 33 JF901705.1
Pseudomonas (class) 80.56 Pseudomonas sp. -111-27 165 F1786058.1
Pseudomonas (genus) 96.7 Pseudomonas lurida strain P 513/18 NR042199
Sphingobacteriia (class) 85.67 Sphingobacterium faecium LN995717.1
Actinomycetales (order) 90.31 Janibacter melonis st. CM2104 NR 025805
Flavobacteria (class) 86.83 Elizabethkingia miricola sp. ST3C GU458290
Bacillales (class) 86.34 Paenibacillus amylolyticus st. KK 9a KP858920.1

(*) Per. Identity is the ratio of the number of matching nucleobases to the total length of the
alignment within the obtained sequence and the references sequences at the Genbank database
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4.2.1.1. Nectar cultivable bacteria

Nectar sampling of the flowers was carried out to cultivate and isolate bacteria from flowers
without interfering with the natural nectar dynamics. As a result, the following bacteria were

identified: Pantoea agglomerans, Arthrobacter sp. and Brevundimonas sp.

Pantoea agglomerans was initially identified because of its yellow colonies, gram-negative
rods and its growth in culture plates from different genotypes. Brevundimonas sp. was

identified as rod-shaped aerobic cells, Arthrobacter were identified as rod-shaped cells.

4.2.1.2. Nectary fluids cultivable bacteria

Bacterial sampling was made from the nectary fluids from frozen samples.

After an initial identification of the isolates, they were assigned based on sequence analysis to
the orders: Pseudomonadales, Enterobacterales, Actinomycetales, Baccillales, and
Sphingobacteriales, corresponding to the families Pseudomonaceae, Erwinaceae,

Sphingobacteriaceae, Bacillaceae, Moraxellaceae, and Micrococcaceae.

Pseudomonadales and Enterobacterales presented several isolates across the different culture
plates. The isolated bacteria belong to families already described from the metabarcoding in
high abundance (Chapter 2). The different taxonomic affiliations that could be identified with
an initial sampling are shown with their percentage of identity with previous isolates on
Genbank in Table 4.0.
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4.2.1.3. Bacterial chemical traits: osmotolerance and catalase
reaction

All tested bacteria showed a catalase positive reaction meaning that they are aerobic or
facultative aerobic bacteria. They also have flexibility to grow in only one carbon source; the

results after growing them in three different carbon sources are shown in Table 4.1.

Table 4.1) Growth of bacteria inoculated in sugar solutions with different

concentrations of glucose (Glc), fructose (Fru) and sucrose (Suc) (10%, 20% and 30%o).

Bacteria (isolates) Glc |Glc |Glc |Fru |Fru |Fru |Suc |Suc |Suc
10 20 30 10 20 30 10 20 30

Erwinaceae + + + + + + + + +
Pantoea agglomerans | + + + + + + + + +
Arthrobacter sp. + + + + + + + - -
Sphingobacteria + + + + + + + - -
Alphaproteobacteria- | + + + - - - + + n
Rhizobiales

Actinomycetales + + - + + - + + -
Psychrobacter + + - + + - + + _
Burkholderiales + + + + + - + + -
Pseudomonas + + + + + + + + -

Bacteria at different sugar concentrations: glucose 10% (Glu 10), glucose 20% (Glu 20), glucose 30% (Glu 30),
fructose 10% (Frul0), fructose 20% (Fru20), fructose 30% (Fru30), sucrose 10% (Sucl10), sucrose 20% (Suc20),
sucrose 30%(Suc30). The symbol (+) or (-) represents appearance of turbidity relative to a negative

(uninoculated) control for each sugar solution.
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Pantoea agglomerans and Erwinaceae were the most osmotolerant bacteria, followed by
isolates from the Pseudomonaceae family. Most of the isolates show adaptability to fructose

and glucose, which are found in high concentration in the nectar of manuka plants.

4.2.2. NECTARY HYDROGEN ION ACTIVITY

4.2.2.1. pH for nectar and nectary fluids

The pH of the nectary was measured by doing a transverse cut on the nectary; then drops
located inside the nectaries were measured for their pH. The fluids secreted by the nectary and
nectar on the hypanthium surface were also measured. The nectar on fresh flowers was also

measured. Results are presented in Table 4.2.

TABLE 4.2) Measurements of pH and temperature for the nectar from fresh flowers (on the
plant), nectary fluids (from frozen flowers), and nectary fluids (after a transversal cut to the
nectary).

Environmental/solutions | pH [+/- 0.2] Temperature °C
pH nectar fresh flowers 6.5 20

pH nectary fluids frozen 5.5 20

flowers

pH nectary fluids (drops 5.0 20

inside nectary lobule)

The nectar pH measured from fresh flowers is near neutrality (pH 6.5), while the pH inside
the nectaries is acidic. This indicates a pH gradient from phloem proximity to pollinator

interaction that varies from acidic pH (5.0) to close to neutral pH (6.5).
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4.3. DISCUSSION

The cultivable bacteria in nectar belong to the families Pseudomonaceae, Erwinaceae,
Sphingobacteriaceae, Bacillaceae, Moraxellaceae, and Micrococcaceae. Pseudomonas have
been described as an important clade in flowers because of their genetic diversity seen
through their homologous recombination (Alvarez-Pérez, de Vega, and Herrera 2013), and
because of pathogenic members found in kiwifruit (Purahong et al. 2018). Erwinaceae
members are important for nutrient availability of the seeds as they can increase growing
abilities on exudates release during germination and are acquired through flower stigma
(Torres-Cortés et al. 2018). Sphingomonas can have an important role as they can control
pathogens e.g. P. syringae (Innerebner, Knief, and Vorholt 2011). Bacillaceae members
produce odorants that are attractive towards insects (Peach et al. 2020). Moraxellaceae, and
Micrococcaceae members were also found in flowers, but their roles are less understood
(Morris et al. 2020).

The bacteria isolated showed high osmotolerance and the capacity to grow in only one carbon
source. They also presented catalase activity. Both characteristics enable these bacteria to
survive in changing environments, and with potential high exposure to free radicals.
Sphingobacteriaceae members possess several compounds and lipids that act against free
radicals (Asker et al. 2012) and provide special resistance in these environments.
Actinomycetales bacterial species show adaptation to extreme conditions (Trenozhnikova and
Azizan 2018), and high GC genome content which provides adaptation to difficult
environments through higher stabilization of the nucleic acid due to stronger chemical bonds
(Mann and Chen 2010), and some of their bacteria members, for example: Janibacter sp.
were reported as a symbiotic bacterium from termites (Dueholm et al. 2019), a symbiotic
relationship with an insect of manuka plants could be a possibility for the presence of
Janibacter in manuka nectar. Adaptation to the nectaries acidic conditions is also found in
Burkholderiales e.g. Delftia acidovorans that also promotes several responses in plants such

as root development, seed emergence and increase nodule number (Perry et al. 2017).

From the different morphotypes studied, we can observe bacteria from the same class and

families that were obtained in the meta-barcode from the same group of plants with two-years
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difference between both studies, meaning that the isolated bacteria belong to taxonomic

groups stably associated with manuka nectar, and this is consistent across the period studied.

Enterobacteriales and Pseudomonadales were found together in the nectar from fresh and
frozen flowers, while Arthrobacter sp. was found only in the nectar sampled on the plant. In
other regions Arthrobacter species were found in the nectar of Asphodelus aestivus; in an
extensive study conducted in Israel, the species Arthrobacter oryzae was found at two remote
locations (Samuni-Blank et al., 2014). Their presence in the manuka nectar could be
important as they could produce alone or in combination with other bacteria, the antibiotic

compound methylglyoxal, one of the metabolites that contributes to manuka honey quality.

Neutral pH favours Arthrobacter growth (Levering et al. 1981). The pH of the nectar on the
tree was (pH 6.5), which is near the optimal working pH for Arthrobacter bacteria. This
chemical context could favour the thermodynamic and kinetics of microbial enzymes (Jin and
Kirk 2018), towards methylglyoxal production should nectar abundance be suitably high.
Methylglyoxal can be formed from carbonyl compounds (carbohydrates e.g., glucose,
fructose, aldehyde, ketones) by enolization and this series of reactions occurs during the
storage of manuka honey and can be enhance by amino acids such as alanine (non-enzymatic
reactions) (Grainger et al. 2016), and microorganisms can produce methylglyoxal from DHA
or trioses (Subedi et al. 2008).

Microorganisms with both aerobic and anaerobic metabolism can produce methylglyoxal.
Bacteria such as Arthrobacter, Lactobacillus, Fusobacterium and Proteus spp. possess
methylglyoxal synthase and have been demonstrated to produce this compound (Baskaran et
al., 1989). Arthrobacter possess the metabolic pathways to produce methylglyoxal from
carbohydrates (Chakraborty et al.,, 2014). They also have the capability to produce
methylglyoxal from DHAP (Chakraborty et al., 2014). This could explain the findings of
methylglyoxal in manuka nectar and related species such as kanuka (Kunzea ericoides),
which do not have DHA in their nectar (McDonald et al., 2018).

The manuka plant genotypes studied, possess different phenotypes, differing in flower size,
colour and size of their hypanthium. They also differ in the colour of their nectar; when the
nectaries fluids are taken the difference is more contrasting and the nectaries fluids vary from
red to white. These different colours are due to different pigments. Anthocyanins and
anthoxanthins can produce the full spectrum of colours from pale yellow to blue purple (Zhao

& Tao, 2015). Internal changes inside the nectaries could initiate different types of reactions
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resulting in different DHA concentrations. When red in colour, anthocyanins maintain an
acidic pH, while when colourless or neutral the pH, is correspondingly almost neutral. The
manuka genotypes have different colours in their nectary fluids, from white to pink, meaning

they might have different pigments (Figure 4.1).

Further studies could focus on internal measurements inside the nectaries, although with the
methodology used, harvesting diluted nectar and measuring with a normal scale, these
differences were not detected but, for example, differences in colour of the solution from pink
to white were found between the pink clone and yellow clone (Figure 4.1) and seem to be
related to differences in acidity inside the nectaries but this was not detectable with the

standard method used.

Differences in the pH could be one of the factors that modify the dihydroxyacetone content
(Pantini et al. 2007). As also seen in the soil, microbial metabolism and community structure
are usually strongly determined by pH (Rousk et al., 2010). In aquatic communities even
small pH changes determine important diversity variations in the bacterial community
(Krause et al., 2012). Further studies should investigate the effect of pH on dihydroxyacetone
production.

Nectar reabsorption and the availability of several carbon compounds in the nectar
(Smallfield, Joyce, and van Klink 2018), may contribute to the adaptation of some bacteria to
the nectar environment (Pusey, 1999). In addition, manuka nectaries have enzymes, that,
when their functions collaborate with the sugars, result in chemical equilibrium in the nectar.
The origin and maintenance of sugar concentrations in the nectar can be explained by the
action of the invertase enzyme that cleaves sucrose into glucose and fructose while the nectar
is under the dynamic nectar reabsorption process that keeps the sugar content outside the

hypanthium stable (Clearwater et al. 2018).

Manuka plants have a high rate of glucose reabsorption and with this mechanism they can
retain higher levels of glucose inside the nectaries (Noe et al., 2019). The continuous
reabsorption of nectar could retain sugars in flowers that are exposed to pollinators and
several environmental factors during the full day. The very low concentrations of sucrose in
the nectar indicates that differences between the phloem and the nectar in sucrose
concentration (Smallfield, Joyce, and van Klink 2018), is due to nectary activities. The

acquisition of the invertase enzyme is likely to have been a key evolutionary process in the
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Leptospermum genus that maintains glucose and fructose levels in the nectar, as also has been
recorded in other plant species (Bocock et al. 2008).

Reabsorption of the nectar could also help to control the amount of other important
metabolites, such as dihydroxyacetone, in the nectar. Well-adapted bacteria such as P.
agglomerans can form conglomerates with high metabolic activity (Tecon and Leveau 2016),
while not interfering with the plants’ metabolic pathways. Plant performance retains glucose,
fructose and sucrose levels while other important metabolites increase their concentration as
found with DHA in Chapter 3. The high levels of fructose could also be a means of
maintaining high levels of DHAP, as they are metabolically interconnected through the
conversion of fructose-1-P into DHAP (Yang et al. 2015).

The presence of bacteria in the nectar and nectaries could also have important effects on other
aspects of plant-bacterial interactions as they have been determined to increase amino acid
concentrations in other plants (Vannette & Fukami, 2018). Bacteria also can induce an
increase in the amino acid proline, and this can affect plant reabsorption of floral nectar or
plant stress response (Fabro et al., 2004). The full day open flowers that this plant possesses
could facilitate the acquirements of bacteria at day and night. The flow of nectar can give
more possibilities to bacteria for entering flowers and into the internal plant circulation

through the phloem contributing to the complex microbial communities in nectar.

4.4. CONCLUSION

The cultivable fraction of bacteria in manuka nectar is adapted to withstand extreme
conditions in the nectar including the low osmotic potential, presence of antimicrobial
compounds and free radicals. The constantly changing conditions caused by efflux and
reabsorption of the nectar for a one-day period, could lessen the adaptability of some bacteria.
However, some species seem well adapted to these changes and have the capacity to enhance
plant functions while keeping sugars levels stable without affecting plant pollinator

interactions. Being in a photosynthetic environment increases the possibility for the bacteria
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to encounter carbon compounds with changing concentrations, which creates a versatile set of

substrates for bacteria metabolism.

Nectaries in manuka plants seem to be the perfect filter to regulate pH, metabolites, and
bacterial activity, to facilitate several plant physiological functions. The regulation of nectary
metabolites by nectar reabsorption could determine that relevant metabolites for manuka
honey production such as dihydroxyacetone can be increased through different routes, for
instance, by providing to the flower’s additional amounts of DHA-producing bacteria through

the phloem as seen in chapter 3.

This chapter supports the hypothesis presented in chapter 2 regarding the diversity of bacteria
in the nectar. | can confirm that the bacteria from the manuka microbiome are part of a varied
and stable community, and part of their members can be culture from the nectar. They are
adapted through biochemical capabilities to the nectar environment, showing metabolic
capacity in the nectar environment. Comparing these cultures results with the bioinformatic
analysis, we can observe the main bacteria groups present in the metabarcoding that are also
present in the cultures, suggesting that the key taxa of the nectar microbial communities can
be well preserved and studied through cultivation.
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CHAPTER 5.

SYNTHESIS

1) Microbial diversity in nectar

Plants have developed multiple associations with microorganisms that colonize their exterior
(epiphytes) or their interior (endophytes). Both types are known to interact with the host plant
influencing metabolic or defence functions (Turner et al., 2013). In reproductive organs of
plants like flowers, microorganisms play important biological and ecological roles. For
instance, they can change flower smell and nectar properties (Aleklett et al., 2014). There are
several bacteria and fungi that modify nectar metabolite compositions (Vannette & Fukami,
2016; Vannette et al., 2018).

The diversity of bacteria in the nectar of plants shows the adaptation of several bacteria
families to the nectar environment. In manuka there is a high diversity of bacteria groups with
similarities to other studies with isolates from the nectar of plants in the Southern hemisphere.
The similar findings have been found for 48 other plant species belonging to 16 angiosperm
families in South Africa, where the most identified phyla were Proteobacteria (including a-,
- and y-Proteobacteria), Actinobacteria and Firmicutes. The most frequently isolated genera
were Pantoea, Asaia, Pseudomonas and Enterobacter. Interestingly from 5 plants (Albuca
nelsonii, Aloe dominella, Cyrtanthus contractus, Dipcadi viride and Tulbaghia natalensis),
they could not isolate any type of bacteria or fungi, while from the Haemanthus humilis,
Silene bellidioides, and Kniphofia sp. plants, they isolated a very high abundance of Pantoea
(de Vega et al., 2021). This means that there is a selection process in the establishment of the
bacterial community for each type of plant, and that there are special interactions between

certain plant species and some types of bacteria.
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The bacteria found in this study with culturing technics (Chapter 4, Table 4.0.) are similar to
the ones found by metabarcoding analysis on the same population with two years difference
(Chapter 2). The similarity found via cultivable and non-cultivable methods shows a well-
established microbiota for manuka plants that is adapted to the particular physicochemical
characteristics of these flowers. The methodology used was enough to be able to culture
bacteria from manuka nectar. Several bacteria strain isolations were made, though due to time
constrains not all were sequenced. From the strains that were sequenced, we can see well
adapted bacteria in the nectar of manuka plants as supported by biochemical experiments on
their osmotolerance and catalase activity (Chapter 4, Table 4.1.). These results suggest stable
evolutionary interactions between the plant and certain microbial groups, which may
influence the nectar chemistry. Interestingly, the isolated bacteria Arthrobacter sp. could be
involved in the production of methylglyoxal in closely plant species, such as Kanuka, that are
not reported to have DHA in their nectar, further studies will be necessary to analyse the
presence of Arthrobacter sp. in kanuka plants and the similarities and differences between

manuka and kanuka plants in terms of bacterial composition.

Comparisons with the meta-barcode data did not yield differences between pollinator
restricted (bagged) and pollinator accessible (unbagged) flowers, however, molecular essays
were performed on the limits of the polymerase enzyme to initiate the amplification reaction.
The nectar DNA extraction methodology employed and the use of frozen flowers, made it
more difficult to differentiate between the bacterial community in the nectar and the one that
IS in the nectaries. Ideally, the DNA extraction should be done from flowers that are not
frozen so that the differences between bugged and unbagged flowers can be detected more

accurately.

Due to the limitations of meta-barcoding technics, low phylogeny definitions in meta-
barcodes and low identification at species are common. Particularly the Enterobacteriaceae
family is difficult to identify at species level (McLean et al., 2019). Manuka flowers are
small and with very low nectar volume, with only few drops of nectar. In order to isolate a
minimal amount of DNA, the nectar was pooled from a group of flowers which caused more
errors because of the handling of higher amounts of volume. Besides these practical
circumstances the PCR products were obtained at a level enough for sequencing and were
representative and as close possible as to the real microbial community in the nectar. All the
available bioinformatic filters were applied to eliminate chimeras and non-desirable molecular

products during reactions. The most accurate possible results that could be obtained by the
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available methods were the identification and representativeness of the bacteria present in the
nectar, which was as close as it could get in real life conditions. The statistical methods were
applied considering the compositional nature of the bioinformatic data and the results could
be compared with the obtained cultures. | hope that the advancement of metagenomics and

other techniques will allow a more accurate species identification in the future.

2) Network analysis and key functional bacteria in the nectar

Interactions within bacteria members determine the carbon flow on a certain ecosystem. The
meta-barcode and the analysis with network theory has provided the possibility to determine

interactions within bacteria in the nectar.

Competition scenarios in nectar through complex chemical conditions and low availability of
nutrients might switch correlations within bacteria from different phyla in order to assess
metabolic complementation under the same niche. The nectar microbial ecology network will
have the members and interconnections of bacteria to assure the cycle of carbon and nitrogen

in the nectar.

Pantoea agglomerans was identified as a keystone/hub species in nectar microbial
communities which has positive and negative corelations with other bacteria. There is an
increasing number of studies showing several applications of this species in agriculture, as a
consequence of its interaction capabilities for substrate competition and antibacterial
metabolite production (Smits et al., 2011). It has a versatile metabolism with capabilities of
pathogen inhibition (Walterson, Smith, and Stavrinides, 2014) and also shows positive
interactions with several bacteria, including the promotion of traits of rhizobacteria in the
nitrogen and phosphorous fixation (Silini-Chérif et al., 2012), In another important crop: rice
(Oryza sativa), P. agglomerans also interacts with the host with phytohormones to regulate

the photosynthate and stimulate plant growth (Feng, Shen, and Song 2006).

The interactions that P. agglomerans have developed with other bacteria and plants could be
other examples and useful models to study the interactions that are present in manuka plants
and to use as a baseline to elucidate its role in the carbon, nitrogen and overall energetic
metabolism in the nectar. Through network analysis, we have a first indication of positive

correlations between Pantoea and other bacteria that may indicate an endosymbiotic role with
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capabilities to interfere with photosynthesis and mineral metabolisms e.g., correlation with
Phytoplasma, and with bacteria with carbon fixation capabilities (Synechococcus) (Chapter 3,
ST.3.8.3). There is an indication that it is a hub bacterium, and it has interconnections with
important roles in the microbial ecology of the nectar with implications in the carbon
metabolism of the plant that end in the secretion of the compound dihydroxyacetone in the

nectar of manuka plants.

This work reports on the first data on nectar microbial biodiversity and abundance, although
other efforts to determine which and how many types of bacteria could be transported along
the phloem and xylem of these flowers will be very important.

3) Microorganisms in the nectar and the pollinators’ effect

I compared bacterial and fungal communities between flowers exposed to pollinators and
bagged with breathable mesh in order to restrict their access. Fungal communities, but not
bacteria, where influenced by pollinator visitation. This is likely due to bacteria having
multiple ways to enter nectar (aside of pollinators). However, | also want to acknowledge
some limitations in our approach. Limitations in the amount of DNA needed for the first
amplification of nucleic acids is certainly the first step that make difficult comparisons within
studies and also linked to bioinformatic analysis of molecular products gives some bias of the
natural community structure that is present in the nectar of the flowers. The step of DNA
extraction and the afterward amplification with phylogenetic assessment of the community
could end in overrepresentation of bacteria phyla based on better taxonomy resolution this can
end in a large amount of sequences belonging to high study groups e.g. Pseudomonas, that
counts with several members with 16S rRNA sequences submitted to the bioinformatic
databases, that make possible their assignment to taxa, while new bacteria belonging to genus
that are not well studied and with a large proportion of non-culturable members will be
underestimated. In addition, the number and volumes of PCR reaction that each author uses
can end in different molecular rearrangements and subsequent different purification process of
the sequences that could be very different withing studies what makes difficult compare
results from studies of different authors. Overall meta-barcoding studies are representing the
finding with culturing studies techniques in the different geographic regions. They have been

adding rare bacteria of the nectar and quantitative relationship within and between bacteria
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genera and families per study, that makes possible the use of advance approaches to find and
explain microbial ecology scenarios with a functional meaning based on biochemistry

knowledge of each bacteria group.

The structure of the bacterial community was very similar between control and treatment
flowers, and | did not find microbiome structural differences between control and treatment
flowers, although differences in particular bacteria genus with proportional statistics methods
were found what means pollinators effectively contribute to bacteria composition (Chapter 2,
Figure 2.5.). These bacteria seem to be adapted to the nectar environment besides the several
antibiotic compounds present in the nectar. As several types of pollinators regularly visits
these flowers it could be interesting to determine if evolutionary adaptation to honeybees has
been developed as the original pollinators to visit these flowers were flies, moth, geckos and
birds (Whitaker, 1987).

Bacteria can also move by themselves, and several species can do swarming which gives
them an independent way to access to the nectar. This could also be an important source and
movement of bacteria along flower’s components as they may have different types of

nutrients that change during flower’s development.

Ecological adaptation processes as priority effects could be important in terms of bacteria
movements and intermediate dispersion mechanisms (Fukami 2015). Selection processes
could determine the niche of bacteria in the nectar, and competition between phylogenetically
related bacteria is more intense in the nectar environment because of higher ecological
similarity requirements for closer phylogenetic bacteria (Peay, Belisle, and Fukami 2012).
The nature of the competitions and bacteria assembly will affect the community composition
and jointly with priority effects will determine the timing of inoculation in agricultural

practices with microorganisms (Verbruggen et al. 2013).

Fungi are also other components of manuka nectar, although they are in smaller
concentration, and they were linked to pollinator visitation. In comparison with other studies
there are fewer Saccharomyces yeast probably because of the high UV radiation in New
Zealand as Saccharomyces cerevisiae are sensitive to low doses of UV radiation (Guerrero-
Beltren & Barbosa-Cenovas, 2006), An additional explanation is that these flowers have no
depth in the corolla and Saccharomyces yeasts are sensitive to physical and chemical agents.
Other types of very small yeast such as Capnodiales and Pucciniales were found in manuka

nectar, that might be important pathogenic actors, but bacteria could play an important role in
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their biocontrol, as bacteria are always found in the nectar from both bagged and exposed
flowers, with inhibition capabilities against fungi.

4) Bacteria cultures, metabarcoding and plant genotypes

The bacteria found in the cultures from different morphotypes (Chapter 4, table 4.0.) belong
to the same families as the important families found in the metabarcoding (Chapter 2, Figure
2.1). This indicates that these families belong to the natural community of manuka nectar and
represent the core microbiome of these flowers. It is important to note that these components
can be cultured. This gives possibilities to manipulate the nectar microbiome towards the
production of metabolites of interest for a variety of ecosystem services as high-quality
manuka honey, biocontrol of pathogens in surroundings plantations of agricultural plants, and

therefore high-quality fruits production and better reproduction performance.

Differences in manuka genotypes for beta diversity for bacteria reveal a genotype effect on
bacteria assemblage in the nectar of the different genotypes. Exploring the genotypes with
LEfSe analysis (Chapter 2, Figure 2.4.) shows specific taxa that vary in abundance
consistently among the different genotypes. Pantoea was the genus with the highest
differences in LDA score (Chapter 2, Figure 2.4. first position) meaning that its contribution
could make a difference in the metabolites considering the manuka genotypes. The activity of
Pantoea could show an effect on the DHA values for the different genotypes. Nectar
inoculation experiments with P. agglomerans show an effect of this bacterium increasing
DHA production. Furthermore, network analysis reveals high connectivity for Pantoea genus
in the overall network for all the genotypes (Chapter 3, Figure 1.). An important ecological
meaning is that the function of these bacteria in the community can affect the overall
community structure and important roles as a keystone bacterium could be explored based on

the network topology and LDA scores for Pantoea genus.

Pollinators seem to play a role in the incorporation of bacteria in the nectar (Rebolleda-
Gobmez et al. 2019), and in other plants were suggested to contribute to the evolution of the
flowers (Gomez, Perfectti, and Klingenberg 2014). In manuka, they do not modify the
structure of the nectar community, although they could be driving the adaptation and
evolution of manuka flowers to different environmental changes such as higher UV radiation,

metabolism, and adaptation to water stress.
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A multifactorial edgeR analysis (Chapter 2, 2.3.6) shows an effect of the treatment (bagged
flowers) on two genotypes and the cultivar, which means that pollinators could be
differentially visiting these genotypes. Pantoea did not appear in this analysis, meaning that
its presence is independent of the treatment. Further research in the quantification of bacterial
abundance with pollinator visitation could give information about the contribution of the

pollinators to specific types of bacteria and the overall microbial community in the nectar.

Further studies are also needed to explore the contribution of different pollinators to the
structure of manuka flowers over time and during the different development stages of the
flowers, as some metabolites like DHA are known to change during the different flower
development stages (Smallfield, Joyce, and van Klink 2018). Exploring the contribution of
other factors such as wind and water in terms of bacteria structure will give knowledge for
understanding of microbial nectar dynamics and the input and evolutionary drivers of these
complex plant systems. Interactions with other plants will also give a further understanding
for managing ecosystems with different agricultural plants and evaluating the best practices to
enhance the productivity of each plant, nectar, and fruit. The better flow of bacteria between
ecosystem components will determine ecosystem services with higher individual plant

productivity.

Based on the discovery of the interaction between Pantoea agglomerans and manuka plants,
the importance of P. agglomerans for the production of high-quality nectar, and as a
consequence, high-quality honey, has been revealed. The identification of bacteria involved in
the production of key nectar metabolites will be an important field in ecology and agriculture
microbiology as would determine the success of agricultural practices and the level and

quality of the overall ecosystem services.
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