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Light-Phyllosphere Interactions in Greenhouse Grown
Ornamentals

Abstract

Light-emitting diodes (LEDs) have emerged as a promising artificial lighting
source in greenhouse production of horticultural crops, as they reduce energy
consumption. However, changes in lighting technology are known to affect
abiotic and biotic interactions in the phyllosphere, e.g. LEDs can change the
microclimate within the greenhouse and around the crop, and thus the
microbial community structure. Information is lacking on interactions between
light spectra and microbiota associated with the canopy, the function of non-
phototrophic bacteria associated with the phyllosphere and successful
administration of microbial biocontrol agents.

This thesis investigated the impact of different light spectra on plant
physiological parameters, microbial community structure, utilisation pattern of
energy sources and biosurfactant formation by phyllosphere microbiota in
greenhouse-grown ornamentals. A standard protocol for extraction of
phyllosphere microbiota, impact of plant species and leaf position, and
antagonistic activity of resident phyllosphere microbiota against Botrytis
cinerea was also studied. Use of culture-dependent methods revealed higher
numbers of culturable fungi on basal than on apical leaves, but the numbers did
not vary with different light treatments. Metagenomics showed that the fungal
microbiome was more diverse on apical leaves. Interactions were found
between leaf temperature and many dominant bacterial genera. In vitro tests
revealed that inhibitory effects of some strains identified by 16S rRNA varied
with respect to different media. Phenotypic microarray analysis revealed that
light treatments had considerable effects on substrate utilisation by two
Pseudomonas strains and moderate effects on Streptomyces griseoviridis, with
blue LEDs having most the pronounced impact. Biosurfactant formation by
Pseudomonas strains was supported by most substrates when incubated in
darkness, but blue LED altered the surface activity more profoundly.
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1 Introduction

1.1 Phyllosphere

1.1.1 Phyllosphere microbiome

The plant phyllosphere comprises aerial parts of living plants, including
leaves, stems, buds, flowers and fruits, which harbour a large number of
diverse microorganisms (Knief et al., 2010; Lindow & Brandl, 2003). Leaves
are the most dominant part of the aboveground plant (Vorholt, 2012) and so
far most research on phyllosphere microbiology has focused on this dominant
aerial structure (Lindow & Brandl, 2003). Microbial populations on plant
leaves are diverse, e.g. archaea, filamentous fungi and yeasts are known to be
present on leaves, but bacteria are considered to be the most abundant
phyllosphere inhabitants and can colonise leaves with an average of 108-107
bacterial cells per cm of leaf surface (Lindow & Brandl, 2003).

The phyllosphere is a hostile habitat for microorganisms, as it is an open
system and highly influenced by permanently fluctuating abiotic conditions
(Vorholt, 2012; Lindow & Brandl, 2003). Changes in environmental factors,
along with plant genotype, can influence the microbial community composition
in the phyllosphere (Vorholt, 2012). The composition of the phyllosphere
microbial population is thus determined by ability to colonise this environment.
Detailed information about abiotic and biotic phyllosphere interactions is given
in section 2.2.

1.1.2 Phyllosphere analysis

Several methods for assessing phyllosphere microbiota are available,
commonly divided into two main approaches, viz. culture-dependent and
culture-independent methods. Culture-dependent approaches are based on
growing microorganisms on semi-selective medium, whereas culture-
independent methods rely on DNA-based methods. One type of culture-
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dependent method is the viable plate count technique, in which
microorganisms can be plated directly on different nutrient agar (Yang et al.,
2001) or brought to suspension from natural samples. Furthermore,
suspensions containing the extracted microorganisms can be plated on culture
media (Jensen et al., 2013). Identification of single colonies, after culturing on
solid culture media, can be performed by biochemical or morphological
methods (Jensen et al., 2013) or by gene sequencing techniques (Yarza et al.,
2014). Likewise, quantification of microorganisms can be performed by
enumeration of the colonies on agar plates and calculation of colony-forming
units (CFU) per mL or per g of observed species (Madigan et al., 2012).

Another example of a culture-dependent method is the phenotypic
microarray (PM) technique (Biolog Inc., Hayward CA, USA), which is a high-
throughput system and can be used for overall analysis of cellular phenotypes
of pure cultures or communities in an environmental sample (Line et al., 2011,
Bochner et al., 2001). In this technique, pre-filled PM plates are generally used
for analysis of cellular pathways in 200 different assays of carbon-source
metabolism, 400 assays of nitrogen metabolism, 100 assays of phosphorus and
sulphur metabolism, 100 assays of biosynthetic pathways, 100 assays of ion
effects and osmolality, 100 assays of pH effects and pH control with
deaminases and decarboxylases, and 1000 assays of chemical sensitivity. The
chemical sensitivity assays comprise 240 different chemicals, each at four
different concentrations. To start a PM assay, two components need to be
combined. These are a cell suspension and a nutrient/chemical solution needed
to create the 1920 unique culture conditions. The assays are based on a
universal culture medium containing all micronutrients needed for cell growth
(Bochner, 2009).

Different, assays, e.g. PM1 and PM2 representing 190 carbon sources,
PM3 representing 95 nitrogen sources and PM4 representing 59 phosphorus
and 35 sulphur sources, are commercially available as pre-filled 96-well
microtitre plates that provide information on metabolic pathways which are
present and active in the cell.

The system is based on phenotypic response to utilisation of the organic
sources and the utilisation is monitored by a colour change in a tetrazolium
blue-based redox dye (colourless implies that the cells are not able to utilise the
organic sources, whereas a colour reaction to purple in the well indicates that
cells are actively utilising the substrate) (Bochner et al., 2001). Utilisation rate
for each well (colour formation in each well) can be used for cellular
phenotype comparison (Bochner, 2003).

The output of this technique is colour-coded kinetic graphs of respiratory
response and important biological information is obtained from curve
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parameters such as lag phase (L), steepness of slope (p), maximum curve
height (A) and area under the curve (AUC) (see Supplementary Figure 3 in
Paper I11).

Culture-dependent approaches, though vastly useful for understanding the
physiological potential of extracted organisms, do not necessarily provide
complete information on the composition of microbial communities (Onstott et
al., 1998). One drawback of these approaches is that, although many different
culture media have been designed for recovering as many microorganisms as
possible, just a small number of microorganisms can be cultured, while the
majority of microorganisms are unculturable (Madigan et al., 2012). Another
disadvantage of culture-dependent methods is that fast-growing
microorganisms compete with slow growers concerning nutritional
requirement (Nocker et al., 2007). Moreover, if the investigation of complex
communities is underestimated, then erroneous results can be obtained when
counting microorganisms with traditional culture-based methods (Besnard et
al., 2000). Therefore different studies suggest combining culture-based and
culture-independent approaches in order to obtain comprehensive information
on the microbial community (Stefani et al., 2015; Shade et al., 2012; Yashiro
et al., 2011). Different culture-independent (DNA-based) methods have been
developed for investigation of the phyllosphere microbial community. In past
years, a number of methods based on direct amplification and analysis of the
small subunit ribosomal RNA gene have been used to study the microbial
community of the phyllosphere, e.g. denaturing/temperature gradient gel
electrophoresis (DGGE) (Rigonato et al., 2016; Reisberg et al., 2012; Delmotte
et al., 2009; Yang et al., 2001), terminal restriction fragment length
polymorphism (t-RFLP) (Ding & Melcher, 2016; Ding et al., 2013; Penuelas et
al., 2012; Hunter et al., 2010; Berg et al., 2005) and high throughput
sequencing (next-generation sequencing) (Laforest-Lapointe et al., 2016;
Lindahl et al., 2013; Rastogi et al., 2013; Redford et al., 2010).

In culture-independent approaches, the application of high-throughput
sequencing techniques has revolutionised scientists’ view of microbial
communities in environmental samples (Vartoukian et al., 2010). High
throughput sequencing techniques are designed for rapid and large-scale
microbial community analyses. The five most commonly used methods are:
454-pyrosequencing, Illumina/Solexa, SOLID, the HeliScope Single Molecule
Sequencer and Single Molecule Real Time technology (Morey et al., 2013;
Siqueira et al., 2012). The main differences between these technologies are the
length of sequences and number of sequence reads achieved (Mardis, 2008).

lllumina, the most commonly used platform nowadays, was employed in
some of the work presented in this thesis (Paper 1), and is therefore discussed
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in more detail here. The Illumina technology was first presented in 2006 and,
due to advantages concerning its greater cost-effectiveness and ability to
generate larger amounts of data, was quickly accepted by scientists (Hodkinson
& Grice, 2015; Caporaso et al., 2012). The Illumina sequencing preparation
starts with lengths of DNA that have specific adapters on either end being
washed over a flow cell filled with specific oligonucleotides that hybridise to
the ends of the fragments. To create a cluster of identical fragments, each
fragment is then replicated. Reversible dye-terminator nucleotides are washed
over the flow cell and given time to attach, the excess nucleotides are washed
away, the flow cell is imaged and the terminators are reversed so that the
process can repeat and nucleotides can continue to be added in subsequent
cycles (Hodkinson & Grice, 2015). The longest reads that Illumina currently
produces, on MiSeq, can produce paired-end reads that are 300 bases in length
(Hodkinson & Grice, 2015). In addition, Illumina does not give absolute
numbers, but relative abundances. Sequences less abundant than 1% are
excluded during the calculation process. Compared with Sanger sequencing,
next-generation sequencing methods have greatly reduced the cost and time
associated with producing larger amounts of sequenced data (Mardis, 2008).
Another advantage of next-generation sequencing techniques is that there is no
need to contract clone libraries (Siqueira et al., 2012). However, the length of
the sequence reads generated by most next-generation sequence methods is
shorter than that required for identification of bacterial gene length (Luo et al.,
2012), excluding identification of relative abundances on species level.

Furthermore, sequencing can be used for identification of single colonies
produced by culture-dependent methods. Comparative analysis of 16S rRNA
gene sequences is important for classification of cultured microorganisms and
also for classification of known and novel bacterial genera and species, e.g. it
enables establishment of taxonomic thresholds for classification of cultured
microorganisms and of the many environmental sequences (Hakovirta et al.,
2016; Yarza et al., 2014; Mole, 2013; Quast et al., 2013).

1.2 Abiotic and biotic phyllosphere interactions

1.2.1 Abiotic interactions

Phyllosphere colonisation is affected by abiotic factors such as temperature,
humidity, water, wind speed and electromagnetic radiation (ultraviolet (UV)
and visible light) (Vorholt, 2012; Lindow & Brandl, 2003; Kinkel et al., 2000).
In this context, direct impacts of temperature on the development of leaf
surface microbiota have been reported (Bernard et al., 2013). Previous research
has shown that changes in the temperature conditions and relative humidity
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under which plants are grown affect not only the phyllosphere microbial
population, but also the ability of pathogens to colonise and survive (Béalint et
al., 2015; Brandl & Mandrell, 2002). Similarly, fluctuation in water availability
is an important parameter that affects the abundance and diversity of microbial
populations (Yadav et al., 2005; Morris & Monier, 2003; Morris et al., 2002).
Exposure to different forms of ultraviolet light (UVA, UVB and UVC) can
have deleterious effects on leaf microorganisms, contributing to cell death.
Phyllosphere microorganisms have developed different tolerance mechanisms
towards ultraviolet light, such as pigments and DNA repair systems (Sundin et
al., 2002; Kim & Sundin, 2000; Sundin & Jacobs, 1999).

Light plays a key role in multiple phyllosphere interactions. A conceptual
structure for light-plant-microbe-environment interactions is presented in this
thesis (see Figure 1 in Paper I). This structure describes all the different biotic
and abiotic interactions between the plant and plant leaf, abiotic factors and the
phyllosphere microbiota, which are discussed in more detail in the following
sections.

Light- plant interactions

Light is a fundamental factor for plant growth and development (Li &
Kubota, 2009; Fukuda et al., 2008). In this context, three important parameters
of light for growth are: quality (spectral distribution), quantity (intensity) and
duration. Light quality refers to the spectral distribution of the radiation, i.e.
wavelength reaching the plant surface. The active part of the light spectrum for
plants ranges from ultra-violet to infrared, but the main wavelengths that are
absorbed by plant photoreceptors are blue (400-500 nm) and red (600-700 nm)
(Huché-Thélier et al., 2015). Light quality has a profound effect on plant
growth and greatly influences the anatomy, morphology and physiology of the
leaves (Johkan et al., 2012; Macedo et al., 2011; Hogewoning et al., 2010).
Light quality effects are species- and cultivar/variety-dependent (Schuerger et
al., 1997), but specific light quality can be used to improve the nutritional
quality of crops. Absorbed wavelengths can affect the metabolic system of the
plants, for instance ultraviolet and blue radiation are involved in the production
of secondary metabolites or mechanisms of resistance to pathogens (Huché-
Thélier et al., 2016).

Many studies have reviewed the importance of light quality and its effect on
growth and development and plant responses to light quality (e.g. Folta &
Childers, 2008; Devlin et al., 2007). Other studies have examined the impact of
LED light on plant yield (Massa et al., 2008) and have reviewed application of
LEDs in greenhouse cultivation (Mitchell et al., 2012; Bergstrand & Schissler,
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2010). A recent study examined the effects of light quality on phytochemical
accumulation in plants produced in controlled conditions (Bian et al., 2015).

Light intensity is the total amount of light delivered to plants and is usually
measured in umol m2s, which is the number of photons of light within the
photosynthetic wavelength received by an area of one square metre per second.
Light intensity affects photosynthesis, a photochemical reaction which occurs
within the chloroplast of plant cells, converting atmospheric CO. into
carbohydrates (Nishio, 2000). Red light is involved in the development of the
photosynthetic system, while blue light is needed for chlorophyll synthesis,
localisation of chloroplasts and stomatal opening. Both blue and red light are
required for photosynthesis.

Another parameter of light is light duration (photoperiod), which is the
period of time per day that plants receive illumination. Photoperiod mainly
influences flower bud induction and therefore changing the photoperiod can
control flowering time in plants (Singh et al., 2015; Nishio, 2000). In this
context, plants have been categorised into two main groups: 1) Short-day
plants (SDPs) and 2) long-day plants (LDPs). The SDPs flower when the
photoperiod is less than their critical night length, whereas in the LDPs
flowering occurs when the day length is longer than their critical night length
(Zukauskas et al., 2009; Downs & Thomas, 1982). Furthermore, additional
far-red light lowers the red:far-red ratio, which promotes flowering (Runkle &
Heins, 2001).

Plants are generally immobile and thus as photosynthetic organisms they
must adapt to their biotic and abiotic environments. Therefore they possess
diverse photoreceptors sensing ultraviolet-B, ultraviolet-A, blue, red and far-
red light in order to deal with their environment. Through these photoreceptors,
plants can sense the intensity, quality, direction and duration of light (Kong &
Okajima, 2016; Whitelam & Halliday, 2008; Fankhauser & Chory, 1997). The
main families of photoreceptors identified so far are phytochromes,
cryptochromes and phototropins. They are known as major red, far-red and
blue light receptors, respectively (Kong & Okajima, 2016; Chen et al., 2004).

All photoreceptors mediate the photomorphogenesis process in the plant.
The signalling pathways of photoreceptors are integrated to adjust the
photosynthetic status of the plant to ever-changing environmental light (de
Carbonnel et al., 2010).

Light is one of the prominent factors for metabolite production by the plant
(Carvalho & Folta, 2014). Besides primary metabolites such as carbohydrates
and amino acids, plants produce a vast variety of specialist chemical
compounds, which are called secondary metabolites (Wink, 2010). Today
many of these secondary metabolites are known to be part of the defence
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response of plants against microbes (Joshi et al., 2015) or fungal pathogen and
insects (Lattanzio et al., 2006). Previous studies have described the effect of
light on production of plant secondary metabolites (Ouzounis et al., 2015;
Kopsell & Sams, 2013). Other studies have revealed that blue light can
increase the total amount of secondary metabolites (carotenoids) (Kopsell &
Sams, 2013; Johkan et al., 2010; Ohashi-Kaneko et al., 2007).

Light-phyllosphere microbiota interactions

Through the process of photosynthesis, light affects the leaf microbiota
(indirectly). Photosynthesis is a process orchestrated primarily by light, but
also other environmental factors, such as humidity and temperature. Products
of photosynthesis, such as organic nutrients, are exuded through the cuticle to
the leaf surface and represent important sources of readily available nutrients
for phyllosphere microorganisms. Depending on the source and distance of
artificial light relative to the plant, it can increase the temperature of the
phyllosphere, affect photosynthetic activity and thereby influence the structure
of the microbiota.

Like plants, microorganisms can sense and respond to environmental
stimuli. Light is a major energy source for phototrophic microorganisms.
Hence, many chemotrophic bacteria have the ability to sense light. During their
evolutionary history, bacteria have developed elegant photosensory protein
modules, which can be categorised into six families, viz. rhodopsins,
phytochromes, photoactive yellow protein (PYP), light oxygen voltage
receptor domain (LOV), cryptochrome and blue light-sensing proteins using
(BLUF) (van der Horst et al., 2007; van der Horst & Hellingwerf, 2004). Due
to the existence of these light receptors across several bacterial taxa, it has been
suggested that light has an unexplored regulatory role in the biology of bacteria
(van der Horst et al., 2007; Losi, 2004). In addition to effects of light on the
plant that indirectly affect the phyllosphere microbiota, light has direct
influences on phyllosphere colonisers. For instance, it has been shown that blue
light can influence the physiology of Xanthomonas axonopodis pv. citri, and its
ability to form biofilms (Kraiselburd et al., 2012). Other studies have
suggested that the absence of LOV protein reduces the attachment and biofilm
formation of Caulobacter crescentus (Gomelsky & Hoff, 2011; Purcell et al.,
2007) and that white and blue light can inhibit the motility and attachment of
the plant pathogen Pseudomonas syringae pv tomato DC3000 (Rio-Alvarez et
al., 2014). Moreover, it has been reported that blue light positively regulates
the swarming activity of P. syringae (Wu et al., 2013). Several exciting studies
have demonstrated a direct effect of light spectrum on lifestyle options taken
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by non-phototrophic bacteria (Losi & Gértner, 2016; Ricci et al., 2015;
Kraiselburd et al., 2012; Gomelsky & Hoff, 2011). A recent study reported that
sensing light through two types of photoreceptor can downregulate xanthan
production and biofilm formation of Xanthomonas campestris pv. Campestris,
which is a non-photosynthetic phytopathogenic bacteria (Bonomi et al., 2016).
In microorganisms, various other cellular responses, such as DNA repair and
stress response, can also be regulated through light sensing (Avila-Pérez et al.,
2006; Sinha & Hader, 2002).

1.2.2 Biotic interactions

Plant-microbe interactions

Plants do not exist alone, but co-exist with interacting organisms. Several
studies have pointed out the effect of general plant traits such as genotype,
(Mason et al., 2014; Vorholt, 2012; Hunter et al., 2010; Whipps et al., 2008;
Yang et al., 2001; Kinkel et al., 2000), leaf age (Redford & Fierer, 2009),
disease resistance, leaf morphology (shape, trichomes and margin crenulations)
(Beattie et al., 2002; Thompson et al., 1993) and leaf chemistry (level of leaf
wax, soluble carbohydrate, secondary metabolites and water content) (Vorholt,
2012; Lindow & Brandl, 2003) on phyllosphere microbiota. For instance, the
leaf cuticle is hydrophobic, thereby increasing the wettability of the leaf
surface, allowing solubilisation and diffusion of substrates and making them
available to bacteria. In addition, the wettability of leaves is increased by
bacteria producing compounds with surface active properties (Schreiber et al.,
2005; Bunster et al., 1989), which facilitates movement of bacteria across the
leaf surfaces to areas where nutrients are abundantly present. Nutrients are
essential components required for development and growth of all
microorganisms. The leaf surface is scarce in nutrients and therefore epiphytic
microorganisms face a challenge in obtaining essential nutrients. Nutrient
availability is an important limiting factor for microbial growth (Bodenhausen
et al., 2014) in the phyllosphere and microbe localisation. Microbial
communities may face nutrient limitation due to the waxy cuticle of leaves
restricting diffusion of nutrients from inside the leaf to the phyllosphere. As
there is no homogeneity in distribution of nutrients in the phyllosphere, this
results in patchy distribution of microbes. Results from microscopic analysis
show that colonisation is more developed in crevices, epidermal cells and near
the trichomes in the proximity of stomata, and along veins (Mariano &
McCarter, 1993; Davis & Brlansky, 1991). Leaf-associated microbes may also
multiply using exogenous nutrients such as honeydew, pollen, microbial debris
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or plant sap (Stadler & Miiller, 2000; Warren, 1972). Surface leakages from
healthy plants containing metabolites such as carbohydrates, amino acids and
organic acids contribute to leaf microbial growth (Tukey Jr, 1970). The
incidence of such leakages from plants depends on various factors such as
plant species, leaf characteristics (wettability, waxiness, age and duration) and
intensity of rain or dew (Tukey Jr, 1970).

Microbe-microbe interaction

Phyllosphere-colonising microbiota do not only inhabit leaf surfaces.
Moreover, residential microorganisms may be neutral, beneficial or harmful to
plant growth (Lindow & Brandl, 2003), and thus they can act as a promoter or
an inhibitor of disease development.

Microorganisms interact with each other (parasitism, mutualism or
commensalism) (Kemen, 2014), developing collaboration networks and
exchanging common goods. The most common interactions between
microorganisms are competition and symbiosis, but they are context-dependent
and influenced by abiotic and biotic factors (Hussa & Goodrich-Blair, 2013).
It has been reported that the residential microbiome affects the fitness of
migrating microorganisms, as well as their location in the phyllosphere.
Survival also depends very much on the ability of the community members to
optimise collaboration (Kemen, 2014).

Differences in resident phyllosphere microbiota between different plant
species may be due to differences such as plant physiochemical characteristics,
including the water and nutrient content of the leaves, the levels of phenolics
present and leaf and mesophyll thickness.

It has been reported that the majority of random microbe-microbe
interactions are competitive rather than co-operative (Foster & Bell, 2012).
This resembles the idea of microbial market strategies (exchanging goods,
substrate degradation, removing unwanted metabolic products, gene exchange)
suggested by another study (Werner et al., 2014). Using living microorganisms
as biocontrol agents can reduce infections, e.g. several studies have reported
that resident phyllosphere microbiota such as Bacillus species can suppress
growth of the plant pathogen Botrytis cinerea in tomato (Kefi et al., 2015) and
that some Bacillus and Pseudomonas species can inhibit growth of the plant
pathogen Escherichia coli O157:H7 in spinach (Lopez-Velasco et al., 2012).
Bacterial strains can also act as biocontrol agents of pathogens, through
production of secondary metabolites. Inhibition of plant pathogen growth by
secondary metabolites has been reported for Bacillus amyloliquefaciens FZB42

18



(Lietal., 2012; Chen et al., 2009) and for other species of Bacillus (Romero et
al., 2007).

Phyllosphere microbes tend to have a direct positive influence in altering
plant surface properties that may be involved in the fixation of nitrogen
(Delmotte et al., 2009), control of plant pathogens (Lopez-Velasco et al., 2012;
Lindow & Brandl, 2003) or degradation of organic pollutants (Sandhu et al.,
2007). However, some phyllosphere microbes have a negative effect on the
host, where plant pathogens may result in disease.

Indigenous and pathogenic phyllosphere microbiota have to cope with
nutrient paucity, thereby competing with each other for nutrients and space
(Vorholt, 2012). A deeper understanding of how the phyllosphere microbial
community is shaped and its stability is yet to be achieved (Vorholt, 2012).

1.3 Greenhouse production of ornamentals and sustainability
issues

Ornamental plants cultivated in greenhouses are of high commercial
importance and widely used for decorative purposes. Sweden has
approximately 1 300 000 million m? of total greenhouse area, of which 1.3
million m? are used for the production of pot plants and cut flowers and the rest
for other vegetables (Jordbruksverket, 2015). Swedish greenhouse production
primarily focuses on the following pot plants: geranium, petunia, kalanchog
(Kalanchoe blossfeldiana), begonia (Begonia sp.), Impatiens (Impatiens L.)
and poinsettia (Euphorbia pulcherima). The latter four, which are considered
to be among the principal ornamental crops of importance for the Swedish
market, were used as model plants in this thesis.

Most of the profits in the horticulture industry currently derive from
greenhouse-grown crops. In recent decades, sustainability is becoming more
and more important, along with the climate change. There has been constant
and consistent research and innovation in producing a more sustainable
growing environment, with a notable focus on sustainable production in
greenhouses.

Sustainability cover a wide range of terms. According to Gafsi et al. (2006),
sustainable agriculture is “the ability of farming systems to continue into the
future”, by helping to conserve natural sources and minimising the
environmental impact. In this context, sustainable greenhouse production is
highly required (Vox et al., 2010; Opdam et al., 2004), as protected cultivation
with widespread use of greenhouses can be unfavourable for the environment
(Vox et al., 2010), due to carbon dioxide (CO) emissions (Carlsson-Kanyama,
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1998) and energy demand (electric energy). The high use of energy is through
consumption of electricity for operation of technical systems and for artificial
lighting. Therefore the need for sustainable protected systems is likely to
increase.

To achieve sustainable greenhouse systems, different strategies such as
cultivation technique, suitable equipment management and innovative lighting
technology can be applied (Vox et al., 2010). All new innovations aim to make
greenhouse production sustainable by decreasing the amount of energy used,
reducing the effects of production on the environment, e.g. the CO, emissions,
and reducing management costs (Gadtke, 2010). Many steps have been taken
towards improving the sustainability in greenhouses, e.g. through a change in
the lighting strategy. Greenhouse growers in Sweden are looking for strategies
through which lighting costs can be reduced, resulting in control of the amount
of light being wasted. One possible way to achieve sustainable lighting is by
using LED lights as an alternative to conventional lighting, as they emit light at
certain wavelengths that are beneficial for plants (Morrow, 2008). However,
the LED technology needs to be optimised in terms of output in order to
achieve sustainable and economically viable production (Morrow, 2008). One
point that should be kept in mind is that LEDs emit less heat than conventional
high pressure sodium (HPS) lamps, which consequently decreases the
temperature inside the greenhouse. Therefore heating may be required with
LED lighting to maintain leaf temperature at the same levels as with HPS
lighting.

The advantages of LEDs compared with conventional forms of lighting are
explained in detail in the next section.

Artificial lighting in greenhouse production

Artificial light as a primary energy source for plants can have different sources
such as metal-halide, fluorescent and luminous lamps, which are generally
used for plant cultivation in greenhouses (Lin et al., 2013). For many years,
when natural light is not enough for plant production, commercial greenhouse
production has used supplementary light. For example, supplementary lighting
is often used from autumn to spring in greenhouses at more northern latitudes
to increase plant growth and to achieve year-round high production and good
plant quality (Paradiso et al., 2011; Heuvelink et al., 2006) .

High pressure sodium lamps are the dominant source of supplementary light
in greenhouse horticulture and are energy efficient as supplementary light
sources (Ouzounis et al., 2015; Van leperen & Trouwborst, 2007). However,
HPS lamps have some limiting traits which restrict the possibilities for their
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application in future energy-saving concepts (Opdam et al., 2005). For
example, they operate at high temperature, resulting in infrared heat emissions
to their direct environment (Van leperen & Trouwborst, 2007). In addition, low
levels of blue light and other photosynthetic wavelengths prevent HPS lamps
from being efficient light sources (Marcelis et al., 2006). Also, in recent years
LED are known to have efficiency up to 2.4 umol/W, compared to HPS having
an efficiency of 2.0 umol/W (Bergstrand et al., 2015). Furthermore, HPS do
not provide the possibility for spectral manipulation, which is known to
enhance plant growth (Brazaityte et al., 2006). As a result, LEDs have attracted
considerable interest in recent years and have emerged as an alternative to
HPS, due to their longer life span, smaller size, low heat emissions (Schubert
& Kim, 2005), scope for control of spectral composition and varying light
intensity adaptation (Yeh & Chung, 2009). An LED is a solid state device that
is integrated into a digital control system, facilitating a narrow light spectrum
(Stutte et al., 2009). One of the advantages of these solid-state light sources is
that they can allow selection of wavelengths absorbed by plant photoreceptors
that lead to more-optional production, while they can also have beneficial
morphological effects on plants (Bourget, 2008; Massa et al., 2008; Morrow,
2008). As a source of light, LEDs have been used for more than 20 years and
several studies have reported successful growth of plants under LED lighting
(Singh et al., 2015; Bula et al., 1991). In LEDs, waste heat is circulated
separately from light-emitting surfaces through active heat sinks. This is
especially important for high intensity LEDs as light sources that can be placed
close to plant leaves, with no risk of over-heating or stressing the crops
(Bourget, 2008). Hence, LEDs represent a promising technology for
greenhouse production of horticulture plants and lighting systems. However, as
mentioned previously, changes in lighting strategy in the greenhouse and crop
environment can also lead to changes in the biogeography of the crop.
Furthermore, the availability of water on the leaf surface can be affected due to
the relationship between air temperature and humidity. The use of LEDs
consequently causes a change in the microclimate within the greenhouse and
around the crop, with a decrease in both air and leaf temperature and
fluctuations in relative humidity. It thereby affects the colonisation pattern of
microbial community structure on the crop and also in the cropping system.
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1.4 Objectives

The main aim of this thesis was to investigate the interactivity between light
spectrum and phyllosphere microbiota in greenhouse-grown ornamentals.
Specific objectives of this study were:

» To study the effect of new lighting strategies on the microbiota
associated with the canopy of greenhouse-grown sunflower
exposed to different artificial light regimes (Paper I)

» To identify a suitable buffer and extraction method and to
characterise the epiphytic bacteria of the phyllosphere of
greenhouse-grown ornamentals (Paper I1)

» To investigate the utilisation of sole energy sources exposed to
different light spectra by Pseudomonas sp. DR 5-09 as a model
strain (Paper I11)

» To investigate how multiple environmental stresses affect the
respiration of different bacterial strains in vitro inhabiting mycelial
growth of Botrytis cinerea (Paper V)

» To study how multiple environmental stresses affect biosurfactant
formation, as a property for colonisers to explore new habitats
(Paper 1V)

The hypotheses tested in Papers I-1V were as follows:

» A change in lighting technology (using LEDs instead of HPS
lamps) shifts the phyllosphere microbial community structure of
greenhouse-grown ornamentals (Paper 1)

» The microbial community structure in the phyllosphere of
ornamentals differs with respect to the source of artificial lighting
and combined effect of leaf age and position (Paper I)

» The choice of buffer and extraction method is decisive for the
number of viable counts in the phyllosphere (Paper I1)

> In vitro antagonistic activity depends on the choice of nutrient
medium (Paper 1)

» Substrate utilisation patterns depend on light spectrum exposure
(Papers 111 and V)
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>

>

>

Light spectrum affects the phenotype plasticity of epiphytic
phyllosphere colonisers (Paper 1V)

Blue light impairs the respiration pattern of the target strains
(Paper 1V)

Responses of bacterial strains to nutrient and light conditions are
reflected in their capacity to form biosurfactant colonies (Paper
V)
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2 Materials and methods

2.1 Plant material and sampling strategy

In Paper I, sunflower (Helianthus annuus cv. ‘Teddy bear’) was used. For
sampling canopy was divided into apical (leaf 1-10, >3 cm leaf length) and
basal (leaf 11-16) leaves. For each treatment, leaves were collected from four
randomly selected plants and used for laboratory analysis.

In Paper Il, four ornamental plants species (Euphorbia pulcherima
(conventionally and organically grown), Begonia x hiemalis, Impatiens L. and
Kalanchoé blossfeldiana, all purchased from a local garden centre in Sweden
(PLANTAGEN)), were used.
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Figure 1. Ornamental plant species used in Paper Il: (Top left) Euphorbia pulcherima, (top right)
Begonia x hiemalis, (bottom left) Impatiens L. and (bottom right) Kalanchoé blossfeldiana.
Photo: S. Gharaie

For sampling, the canopy of different species was divided into apical (leaf 1- 5,
>2 cm leaf length) and basal (leaf 6-lower) leaves and for each analysis 25 g
each of apical and basal leaves were removed.
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2.2 Greenhouse experiments

The greenhouse experiment on sunflowers (Paper 1) was conducted in a
research greenhouse at the Swedish University of Agricultural Sciences,
Alnarp, Sweden (55°39N, 013°04E).

For the experiment described in Paper I, sunflower seeds were sown in 35-
plug trays (Vefi, Larvik, Norway) filled with peat-based growing medium (K-
soil) from Hasselfors Garden AB, Orebro, Sweden and placed in the
experimental greenhouse. The seedlings (20 per treatment and experimental
unit) were transferred to 13 cm pots after 10 days (same growing medium was
used, but amended with 50 g slow-release fertiliser) (NPK 16-6-12, ASB
Grinland Helmut Aurenz GmbH, Ludwigsburg, Germany) per 100 L of
growing medium. Information about climate settings is provided in Table 1.

Table 1. Climate settings used in the greenhouse experiments on sunflower (Paper I)

Temperature Light source Relative humidity

Greenhouse 20.3x2.4°C White LED 62.5+14.6 %
(experiment 1) red/blue LED
High-pressure
sodium

Greenhouse 18.3+0.7 °C White LED 50.0£7.0 %
(experiment 2) red/blue LED
High-pressure
sodium

2.3 Climate chamber and light treatments (Paper I, IIl and V)

For the growth chamber experiments in Paper I, three light treatments were
used: 1) white LED (W-LED; 4x90 W, Broham Invest AB, Norsjo, Sweden),
2) red/blue LED (RB-LED; 660 nm, 460 nm; 80:20; 350 W, LightGrow AB,
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Helsingborg, Sweden), and 3) high pressure sodium lamps (HPS 400 W,
Philips, Eindhoven, The Netherlands).

The photosynthetic photon flux density (PPFD) at canopy level was
adjusted to 70-120 umol m? s by adjusting the distance between the light
source and the top of the canopy. Artificial light was given for total of 16 h per
day, followed by exposure to natural daylight for 8 h per day.

To check the light transmission through different covering materials in
Paper IlI, the lids of 96-well PM microtitre plates were compared with six
other covering materials: Breath-easy sealing membrane, Titer-top sealing film
for microplates, sealing tape, household plastic film 1, household plastic film 2
and Greiner viewSeal for 96 plates) (Supplementary Table S1 in Paper I). For
this purpose, lid materials were exposed to three different LED sources: (i)
white LED, (ii) red LED (660 nm) and (iii) a combination (80/20) of red (660
nm) and blue (460 nm) light.

For the experiments conducted in Paper Il and IV, after sealing with the
selected covering material (Greiner ViewSeal) PM plates were exposed to
three different LED light treatments imposed using blue LED (460 nm), red
LED (660 nm) and white LED (covering a continuous spectrum from 350 to
990 nm) (90 W, Tradgardsteknik AB, Angelholm, Sweden) (Figure 2).

Figure 2. Cabinet equipped with red, white and blue LED lamps used in experiments in Papers Il
and IV. Photo: S. Gharaie
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2.4 Microorganisms

Microbial strains and their culture conditions

Microbial strains used in Papers 11-1V are listed in Table 3. These microbial
strains (including three epiphytic bacteria, Pseudomonas agarici, Pseudomonas
sp. DR5-09 and Bacillus thuringiensis) were selected from 913 strains of
greenhouse-grown ornamentals due to their properties (protease and chitinase
activity and biosurfactant formation).

Table 3. List of microbial trains used in Paper I-1Vs and their culture conditions

Organism Medium  Incubation  Temperature Paper
time (h) (0C)
Pseudomonas Full 18 30 1, v
agarici strength 72 25 "
Tryptic
Soy
Agar
Pseudomonas sp. Full 18 30 11, v
DR5-09 strength 72 25 "
Tryptic
Soy
Agar
Bacillus Full 18 30 1, v
thuringiensis strength 72 25 1
Tryptic
Soy
Agar
*Streptomyces Oatmeal 192 25 v
griseoviridis Agar
(CBS 904.68)
*Botrytis cinerea Potato 192 25 I, v
(CBS 120092) | Dextrose
Agar

* Purchased from Centraalbuureau voor Schimmelcultures, Utrecht, The Netherlands
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2.5 Analyses

2.5.1 Plant analysis (Paper I)

Measurements of plant height, width, number of nodes and shoot length
(non-destructive measurements), and fresh and dry plant weight (destructive
measurements) in Paper | were performed at the end of the experiment on 10
plants per treatment. Dry weight was measured after two days of desiccation at
75 °C.

To have a consistent daily light integral for each treatment and experiment
in Paper I, light intensity was measured at the canopy level using a light meter
(Delta HD 2302.0, probe LP 471, Delta OHM, Padua, Italy) and light quality
was observed with a spectrophotometer (Delta HD 2302.0, probe LP 471,
Delta OHM, Padua, Italy). For measuring the rate of photosynthesis and
chlorophyll fluorescence, the third fully developed leaf from the apex was
used. The rate of photosynthesis was measured using a leaf chamber
photosynthesis meter (LC Pro+, ADC BioScientific Ltd, Hoddesdon, UK) and
chlorophyll fluorescence using a PAM-2500 fluorometer (Heinz Walz GmbH,
Effeltrich, Germany). Measurements of leaf temperature (top leaf) were
performed using an infrared camera (Flir IX, Flir systems Inc., Wilsonville OR,
USA).

2.5.2 Extraction of microbiota from the phyllosphere (Paper | and II)

For Papers | and Il, apical and basal leaves were randomly removed from
selected plants. Further leaf samples were washed as described in Paper | and
Il and used for plate counts, characterisation of enzyme activity and production
of biosurfactant, dual culture test, phenotypic microarray, sequencing and
meta-genomic analysis.

In order to store the microbial strains before testing (e.g. characterisation of
enzyme activity and production of biosurfactant, dual culture test, phenotypic
microarray and sequencing) in Paper I, strains were transferred to cryo
medium (described in detail in Paper I1) and stored at -80 °C. In Paper I, for
metagenomics analysis the wash solution from leaf samples was directly
transferred to a sterile tube and after centrifugation and resuspension preserved
at -80 °C.
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2.5.3 Culture-dependent microbial analyses

Viable count

Aliquots from the leaf wash-off were serially diluted and plated on various
growing media in order to assess a wide range of phyllosphere microorganisms
(Table 2). Total viable bacteria and fungi were counted as colony-forming
units (CFU) per mL and per g fresh weight (fw) (Papers I and 11).

Table 2. . Overview of plate count analysis (semi-selective media and incubation conditions) for
enumeration of phyllosphere microorganisms (Papers 1 and I1)

Diluted Standard | Standard Il King B agar Diluted
Tryptic Soy nutrient nutrient (KB)* Malt
Agar (0.1x agar (SN1) agar (SN2) Extract
TSA) Agar
(0.5x MA)
Plate counts Total Total Total Fluorescent Total fungi
culturable culturable culturable pseudomonas
bacteria bacteria bacteria
Incubation time (h) 72 72 72 48 96
Incubation 25 25 25 25 25
temperature(°C)
Product number Difco Merck Merck - Difco
218263 105450 107883 218630

" King et al., 1954.

Screening for enzyme activity (Paper 1)

Isolated strains from the phyllosphere of greenhouse-grown ornamentals after
pure culturing and storing were screened for their enzyme activity (protease
and chitinase).

Figure 3. Production of clearing zone in skim milk agar plates by isolated strains. Photo: S.
Gharaie
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For determination of protease (Figure 3) isolated strains were inoculated on
skim milk agar (SMA) (Smibert et al., 1994), while for chitinase activity they
were plotted on colloidal chitin minimal agar (CCMA) (Renwick et al., 1991),
with 24 strains spotted on each agar according to a prepared template. The 25®
position was used as a control. Plates were sealed, and halo formation assessed
after 24, 72 and 96 h at 30 °C.

Screening for biosurfactant formation (Papers Il and 1V)

For detection of biosurfactant production in Paper |, isolated strains after pure
culturing were assessed by drop-collapse test (flat drops indicated positive for
biosurfactant formation, whilst cultures with convex drops were recorded as
negative for biosurfactant formation) (Youssef et al., 2004).

In Paper IV, PM panels after inoculation with selected microorganisms
(Pseudomonas agarici, Pseudomonas sp. DR5-09, Bacillus thuringiensis and
Streptomyces griseoviridis) and exposure to different types of LED light were
checked for detection of biosurfactant formation.

Dual culture test (Paper I1)

Isolated strains that tested positive for chitinase activity and biosurfactant
formation were selected for dual culture test to evaluate their antagonistic
activity against Botrytis cinerea (CBS 1290092, Utrecht, Netherlands).
Candidate strains were inoculated on potato dextrose agar (PDA), King B agar
(KB) and 0.1x tryptic soy agar (TSA) (all Difco, Michigan, USA) on either
side of petri dishes (90 mm petri dish, 10 mm distance from the edge of the
petri dish) two days before inoculation of B. cinerea and thereafter the
pathogen (5 mm plug) was inoculated in the centre of the petri dishes. The
plates were incubated at 25 °C. The inhibition zone was measured after
mycelium reached the edge of the agar plates. Inhibition (%) was determined
according to an existing method (Skidmore & Dickinson, 1976).

Phenotypic microarray

In order to investigate the impact of light spectrum on utilisation of
different sole energy sources by phyllosphere microbiota, in Papers Il and IV
microbial utilisation of energy sources was examined using Phenotype
MicroArray (PM) panels PM01, PM02, PM03 and PM04 (Biolog Inc., USA).
The PM panels are commercially available pre-filled 96-well microtitre plates
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containing 190 different carbon sources (PM01 and PMO02), 95 different
nitrogen sources (PM03), and 59 phosphorus and 35 sulphur sources (PMO04).
The PM method was performed according to the manufacturer’s recommended
protocol. PM01 and PMO2 were incubated as sole substrate, whereas PM03
and PMO04 were supplemented with 2 mM sodium succinate and 2 uM ferric
citrate as additional carbon sources (enrichment). Microorganisms used for PM
assay and their culture conditions are described in detail in section 3.4. After
inoculation, the PM plates were sealed with selected covering material (Greiner
ViewSeal) and incubated in the Omnilog reader (Omnilog, Biolog Inc., USA)
in dark conditions or exposed to different light spectra (blue, red or white
LED). Detailed information regarding incubation time, temperature,
experimental set-up and data collection can be found in Papers Il and IV.

2.5.4 Culture-independent analyses

Sequencing

The isolates displaying antagonistic activity were identified using 16S
rRNA gene sequencing in Paper I1. The cryo-preserved cultures were grown on
full-strength TSA, incubated overnight at 30 °C and thereafter processed for
DNA extraction as described in Paper Il. The PCR analysis of the 16S rRNA
genes was performed using the universal forward primer ENV1 and the reverse
primer ENV2. Amplicons with the correct size of amplified fragments (1500
bp) were sent to Eurofins MWG (Ebersberg, Germany). The primer used by
Eurofins MWG was ENV1.

Metagenomic analyses

Bacterial and fungal communities of sunflower leaves were investigated
using llumina. For Illumina analysis, the wash solution was processed as
described in Paper I. The pellets obtained were used for the extraction of
genomic DNA (King Fisher Cell and Tissue DNA Kit, Product number:
97030196, Thermo Fisher Scientific Oy, Vantaa, Finland). The DNA
construction of amplicons of interest was determined by gel electrophoresis.
The amplicon pools were purified to remove primer, and additional purification
on MinElute columns (Qiagen) was also performed. Purified amplicon pool
DNA was used for constructing Illumina libraries. Illumina data were analysed
by the bioinformatics service of LGC Genomics, Berlin, Germany, using
QIIME1.8.0.
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2.6 Calculations and statistics

General linear model (GLM) analysis, followed by Tukey’s test (p<0.05),
stepwise regression and cluster analysis (single linkage method), were
performed with Minitab (State College, PA, USA, Version 16.2.4) software
and biodiversity indices (Shannon H, Chaol) and Euclidian distance were
computed using the paleontological statistics software PAST (version 3) in
Paper I. Analysis of variance (ANOVA) in Papers I1-1V was carried out using
Mintab (State College, PA, USA, Version 16.2.4) software. Phylogenetic
comparison in Paper Il was conducted using Ribosomal Database Project,
release 11 (RDP, Michigan State University, East Lansing, USA). The PM data
in Papers Il and IV were recorded using the OmniLog® PM Kinetic analysis
software (Product Number UA24331-PMM, version 1.6), and thereafter
analysed using the R statistical software (Team, 2016) and functionality from
the dedicated R package opm (Vaas et al., 2013). Calculation of principal
component analysis (PCA) in Paper IV was performed using Minitab vers.17
(Minitab Inc., State College Pennsylvania). Detailed information on the
statistical methods used is provided in each individual Paper (I-1V).
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3 Results and discussion

3.1 Microbial community structure in greenhouse-grown
ornamentals (Papers | and Il)

The phyllosphere is an ecologically and economically important ecosystem
that hosts a variety of microbial communities. Phyllosphere microbiota play a
critical role in protecting plants from diseases, as well as promoting their
growth by various mechanisms. There are gaps in our understanding of how
and why microbiota composition varies across spatial and temporal scales.
There is also a lack of knowledge regarding the ecology of leaf surface
colonisers, their interactions with their hosts and the genetic adaptations that
enable phyllosphere survival of microorganisms.

3.1.1 Effect of light spectrum on phyllosphere microbiota

In this thesis (Paper 1), the effect of light spectrum on microbial
communities associated with the leaf microbiota of ornamental sunflower
(Helianthus annuus) grown in the greenhouse was examined.

The viable count results showed that light treatment had no effect on viable
counts of bacteria and fungi (Figure 5B in Paper I). However, there were
significant differences in viable counts between the different leaf positions on
all semi-selective media (Figure 5A in Paper I).

Leaves can be colonised by 103-10° culturable fungi and 106-10° bacteria
(Timms-Wilson et al., 2006). However, in Paper | the size of the bacterial
epiphytic populations was smaller, while the fungal counts were within the
reported range. The low viable counts of bacteria observed in Paper | might be
due to the extraction method used. Similar bacterial epiphytic population size
was found in Paper Il using the same extraction method. Although viable
counts gave interesting information, it should be considered that culture-
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dependent methods (viable counts) are inadequate to reflect the entire
phyllosphere microflora (Whipps et al., 2008; Yang et al., 2001). Therefore,
for investigation of microbial community composition exposed to different
light treatments in more detail, Illumina was used as a culture-independent
method, as a complement to the culture-dependent method.

Metasequencing of the fungal community indicated that different light
treatments affected species abundance and evenness, but not species richness
(Chaol) (Table 2 in Paper I). Irrespective of the light treatments, Ascomycota
was the dominant fungal phylum (Figure 6 in Paper 1). On phylum level,
significant differences were observed between the two LED light treatments
(p=0.028; N=15) for Ascomycota. Its share within the fungal microbiome of
sunflower leaves was highest when exposed to white LEDs (98.1%) and lowest
when exposed to red-blue LED light (93.5%) (Figure 6B in Paper I). No
significant differences were observed for the relative abundance of Ascomycota
on sunflower leaves between HPS and LED treatments (red-blue and white
LED) (Figure 6A in Paper I). However, in the case of Basidiomycota,
significant differences were seen for the leaves exposed to white LED light for
relative abundance, and differences were seen between the two LED treatments
(p=0.036). There were, however, no differences in the case of Zygomycota or
miscellaneous phyla for either light treatment or leaf position. No interactions
between light treatment and leaf position were found for any of the phyla.
Distribution of fungal classes in the phyllosphere of sunflower was affected by
different light treatments (Figure 6A-C in Paper 1) and leaf position (Figure
6D-E in Paper I).

The dominant class in the fungal microbiome of the sunflower phyllosphere
was Dothideomycetes when treated with HPS lamps. Its relative abundance
was decreased when exposed to LEDs. The share of both Leotimycetes and
Sordariomycetes was higher when exposed to LEDs (Figure 6A-C in Paper ).
In general few statistical differences were observed for the impact of light
treatment and the leaf position on the fungal microbiome of greenhouse-grown
sunflower.

On phylum level, there were no significant differences in bacterial
community in the phyllosphere except for the group of non-classified bacteria.
With respect to altered light treatment, Gammaproteobacteria (34-37%),
Alphaproteobacteria (18-23%), Betaproteobacteria (10-12%), Actinobacteria
(8.6-10.6%) and Sphingobacteria (5.2-5.7%) were the most dominant taxa. On
order level, no impact of light treatment or leaf position was observed, except
for Xanthomonadales. The impact of light treatment on some bacterial genera
associated with sunflower leaves was indirect, through the interaction between
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leaf temperature, stomatal conductance and chlorophyll fluorescence (Figure 1
in Paper I).

The results from the first experiment performed in Paper | confirmed the
impact of light spectrum on the phyllosphere microbiota, which is consistent
with previous findings (ltagaki et al., 2016; Schuerger & Brown, 1994).
Interestingly, however, we found high colonisation by Golovinomyces and
Podosphaera (causative agents of powdery mildew; Mulpuri et al., 2016; Chen
et al., 2008; Braun, 1995) in the sunflower phyllosphere. Colonisation was
highest on canopies treated with white LEDs, and considerably lower when the
canopies were exposed to HPS and red-blue LEDs. A previous study
(Suthaparan et al., 2010) has reported a reduction in conidia germination of
Podosphaera pannosa on greenhouse roses when exposed to blue LEDs in
detached leaf assays, while a combination of red LED with 18 h of white LED
treatment followed by 6 h of red LEDs inhibited conidia formation in whole
plant tests. These results are in line with those in Paper | and support the initial
hypothesis regarding the effect of light spectrum quality on leaf microbiota.

The study reported in Paper | was the first to investigate the interaction
between light treatment, plant physiological properties and resident microbiota
of greenhouse-grown sunflower. It showed that the effect of light treatment on
phyllosphere microbiota (fungi species abundance and evenness) was mostly
due to different leaf temperatures under LEDs compared with HPS. Moreover,
no direct effects of light treatment were seen on photobiology parameters, but
there were correlations between these parameters and important bacterial and
fungal genera such as Bradyrhizobium, Sphingomonas, Brevibactericum,
Bacillus, Hypotrachyna and Aureobasidium. In addition, the effect of light
treatment on fungi was direct, whereas bacteria were affected indirectly
through plant environment fluctuations.

3.1.2 Occurrence of bacterial antagonistic to Botrytis cinerea (Paper Il)

Botrytis cinerea is a necrotrophic fungal pathogen and causal agent of grey
mould, which is one of the most widespread fungal diseases, attacking over
200 plant species, including ornamentals. This pathogen causes substantial
commercial crop losses every year (Rupp et al., 2016; Hahn, 2014; Dean et al.,
2012; Williamson et al., 2007). It also has unlimited adaptability under broad
environmental conditions.

One of the aims of this thesis was to develop an optimal extraction
methodology to evaluate the phyllosphere microbiota of greenhouse-grown
ornamentals (Paper I). The method developed was then used for screening
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bacteria with ability for enzyme activity, biosurfactant production and in vitro
antagonism towards Botrytis cinerea.

A suitable extraction procedure was selected through determination of the
impact of ultrasonic treatment, different buffers (PPB and TRIS) and
microbiological medium (TSA, SN1 and SN2) on the number of culturable
bacteria inhabiting the phyllosphere of model plant Begonia x elator (see
Materials & Methods section in Paper II). As can be seen from the results
(Figure 1 in Paper II), choice of buffer had a significant effect, with PPB
causing no difference in viable counts on the three nutrient media tested (0.1x
TSA, SN1 and SN2). Furthermore, following sonication the number of viable
counts significantly declined in comparison with the non-sonicated treatment.

Heterotrophic plate counts (HPC) displayed considerable differences
between the model crops within apical and basal leaves (Figure 2 in Paper II).
For instance, viable counts were significantly higher for Impatiens, in both
apical and basal leaves, but not for fluorescent pseudomonads. In the case of
HPC, higher counts were observed for basal leaves of conventionally grown
Poinsettia compared with its organically grown counterpart.

A total of 913 bacterial strains displaying morphological differences were
collected from apical and basal leaves of Poinsettia (conventionally and
organically grown), Begonia, Impatiens and Kalanchoé. All these bacterial
strains were screened for some antagonistic properties (protease and chitinase
activity and biosurfactant formation) against B. cinerea.

The phyllosphere is a dynamic environment, subjected to variations in
environmental factors, nutrient and water availability, plant species differences
and leaf age (Vorholt, 2012; Hunter et al., 2010; Redford & Fierer, 2009;
Whipps et al., 2008; Lindow & Brandl, 2003; Jager et al., 2001; Kinkel, 1997).
Resident microbial communities in the microenvironment provided by the
leaves differ considerably, depending on a variety of these factors affecting the
phyllosphere. Previous studies have suggested that bacterial colonisation and
bacterial distribution in the phyllosphere may also be governed by plant species
(Lambais et al., 2014; Vokou et al., 2012; Yadav et al., 2004; Yang et al.,
2001). Heterotrophic plate counts (Paper Il) for Impatiens (apical and basal
leaves) and conventionally grown Poinsettia (basal leaves) had the highest
viable counts amongst the plants tested. It was therefore concluded that
significant differences in HPC between apical and basal leaves for different
model crops are probably due to species differences. These results,
representing the effect of plant species on bacterial counts on apical and basal
leaves, are in agreement with findings in previous studies (Knief et al., 2010;
Yang et al., 2001).
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Most of bacteria (in terms of number) displaying enzyme (protease and
chitinase) and biosurfactant activity were retrieved from basal leaves of
Impatiens. Previous studies have suggested that bacteria displaying enzyme
and biosurfactant activity have potential as biocontrol agents (Kefi et al., 2015;
D'aes et al., 2010; Hultberg et al., 2010; Trotel-Aziz et al., 2008; Soberén-
Chavez et al., 2005). These bacterial strains can degrade fungal cell walls by
production of chitinase (Kefi et al., 2015; Kim et al., 2012; Yan et al., 2011) or
inhibit fungal growth through formation of biosurfactants (Varnier et al.,
2009), which are biologically produced amphiphilic compounds that exhibit
surface activity through the actions of their hydrophilic and hydrophobic
groups (Burch et al.,, 2011). As most of the epiphytic colonisers with
antagonistic properties identified in this thesis were retrieved from basal leaves
of Impatiens, an effect of plant species and leaf age was also observed. This
indicates that these factors might affect the abundance of bacterial strains with
biocontrol properties in the phyllosphere, but more research is necessary to
confirm this.

In Paper 11, a dual culture test on the three semi-selective media (0.1x TSA,
KB and PDA) was employed to check the inhibitory effect of candidate strains
displaying chitinase activity and biosurfactant formation against B. cinerea. To
determine the nutritional effect of three semi-selective media on the inhibition
activity, comparisons were made between these media. The results showed that
mycelial growth of B. cinerea was inhibited by some selected strains among
the 67 strains examined. For instance, strain PCh52T extracted from the basal
leaves of conventionally grown Poinsettia showed the strongest inhibition
against B. cinerea on 0.1x TSA, whereas on KB, strain 1al76K, which was
isolated from apical leaves of Impatiens, displayed the strongest inhibition.
Mycelial growth of B. cinerea when grown on PDA was also strongly inhibited
by strain 1b44K extracted from basal leaves of Impatiens. On comparing the
different media, it was found that the inhibitory effect was significantly higher
on some media for some strains, such as 1b44K on PDA compared with KB
(Table 3 in Paper Il). A previous study has also reported inhibitory effects on
fungi by bacterial biocontrol agents, in a dual culture test conducted on two
forms of nutrient media (PDA and 0.1x TSA) (Sylla et al., 2013). This
differential influence of various nutrient media on inhibitory effect might
indicate an effect of nutrient composition.

The strains with biosurfactant production, chitinase activity and B. cinerea-
inhibiting properties in vitro were identified with 16S rRNA sequencing.
Proteobacteria, Actinobacteria and Firmicutes were the three major phyla to
which the identified isolates belonged (Table 4 in Paper Il). Furthermore, nine
isolates with in vitro properties to inhibit mycelial growth of B. cinerea were
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identified  (Pseudomonas  vancouverensis,  Pseudomonas  asplenii,
Pseudomonas segetis, Pseudomonas mosselii, Pseudomonas reinekei, Bacillus
subtilis, Rhizobium rosettiformans, Paenibacillus taichungensis and
Enterobacter kobei). Among these nine strains, only B. subtilis has previously
been reported in this context (Kefi et al., 2015). Although that study also
concluded that strains with antagonistic properties might affect the suppression
of B. cinerea (Kefi et al., 2015), it should be noted that as there were no
interactions in planta in this thesis and as results were obtained from controlled
conditions, the underlying mechanisms need further research.

3.2 Impact of light spectrum on utilisation of energy sources
by selected phyllosphere bacteria (Papers Il and 1V)

There is limited information about the impact of light spectrum on the
functionality and composition of non-phototrophic bacterial phyllosphere
biota. Therefore, Papers Il and 1V investigated the utilisation pattern of energy
sources in selected phyllosphere microbiota under different LED spectra. An in
vitro method was developed to study phenotypic profile responses of pure
bacterial cultures to different LED regimes by modification and optimisation of
a protocol for the Phenotype MicroArray™ technique (Paper III).

Pseudomonas sp. DR 5-09 was used as a representative bacterial strain
model in Paper Ill, as it tested positive for protease, chitinase and biosurfactant
properties in screening in Paper 11. Paper 11l examined the utilisation of C, N, P
and S sources as a function of maximum curve height under different light
regimes. In addition to darkness (considered control conditions), blue (460
nm), red (660 nm) and white (350-990 nm) LEDs were used.

Substrate utilisation assays were conducted using four pre-fabricated panels
consisting of 379 substrates and conditions (190 C sources, 95 N, 59 P, 35 S).
Responses generated for the 190 C sources provided a basis for distinguishing
patterns for each light regime included in the study.

Carbon utilisation in darkness and in red light incubation regime had least
influence on the maximum curve height, and these clustered together compared
with white and blue light. In addition, blue light incubation for sole C sources
deviated from all other light treatments. In general, the blue light spectrum had
the most decisive impact on substrate utilisation of C sources.

Similarly, a strong impact of blue light spectrum on respiration was
recorded for N utilisation. Different N sources (e.g. L-theronine, D-asparagine,
L-isoleucine, cytosine, D,L-a-amino-N-butyric acid, D-mannosamine and
nitrate) were affected under all light conditions except blue light. Overall,
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under blue light N utilisation was significantly lower in terms of maximum
curve height of dark conditions.

Similarly, P utilisation pattern showed significant differences for blue light
compared with red, white and dark incubation conditions. Of 59 P sources
included, 53 sources differed significantly under blue light incubation, while
the sources were metabolised to the same extent under all other light regimes.

Further analysis on the effect of selected wavelengths on energy source
utilisation by Pseudomonas sp. DR 5-09 revealed that reduced substrate
utilisation was due to the restrictive effect of light exposure on metabolic
pathways. Blue light interferes with several major critical metabolite pathways.
With respect to the 379 different substrate and conditions, no general effect of
light regime on substrate utilisation was observed. Through KEGG pathway
analyses, it might be possible to identify which pathways are affected. It is
important to understand the consequences of inhibited pathways on the general
utilisation of substrates.

Substrate utilisation by Pseudomonas sp. DR 5-09 was studied under
different light treatments. Some of the substrate sources were provided as sole
substrate and some were enriched with C sources (Figure 6 in Paper IIl). For
some of the sources, such as thymidine and D-aspartic acid, utilisation was not
affected irrespective of light regime and nutritional status. However, some
other sources, such as L-lysine, D-serine and D-glucose-6-phosphate, showed
considerable utilisation when they were provided as enriched compared with
sole substrate. Utilisation of substrate was the other way around, with higher
utilisation observed for sole substrate compared with enriched. Thus no general
pattern was observed for energy source utilisation of substrates when they were
provided as enriched sources. In a previous study on Pseudomonas aeruginosa,
succinate and some other sources, such as L-aspartate, glycerol, L-glutamate,
L-asparagine, fumarate, a-ketoglutarate and L-glutamine, were found to be the
main and most preferred C sources due to their positions in the citric acid cycle
(Li & Lu, 2007). In contrast, the results obtained in this thesis showed higher
levels of respiration for C sources such as L-aspartic acid, L-arginine,
putrescine, L-pyroglutamic acid, L-serine, L-glutamine, L-asparagine, L-
proline and L-glutamic acid, even in the absence of succinate. Hence there is a
need for further studies to identify the role of these C sources in different
conditions.

It is not possible to draw any conclusions based on nutrient utilisation, since
it also depends on other environmental factors. The results from this study
showed that utilisation was most likely higher in enriched conditions than sole
substrate conditions. This supports previous findings by Li and Lu (2007). Low
utilisation of some of the substrates when provided as the sole source in this
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thesis might be explained by a lack of uptake mechanisms or absence of
essential nutrients. The ATP-binding cassette (ABC) uptake systems are the
largest transport systems in bacteria. Almost all of the less-preferred sugars in
bacteria are transported by the ABC uptake systems (Rees et al., 2009;
Higgins, 1992). A recent study (Magbool et al., 2015) demonstrated that this
substrate-binding protein is substrate-specific and has high affinity for the
ABC uptake systems.

Carbon catabolite repression (CCR) is a regulatory process in many bacteria
such as the Pseudomonas genus (Rojo, 2010). This process assists in fast
adaptation to the competitive environment by utilising preferred C sources for
energy generation (Gorke & Stiilke, 2008). It works as a regulatory mechanism
that inhibits the synthesis of enzymes for less-preferred sources and
overexpression of virulence genes that help the bacteria to access new nutrient
sources (Moreno et al., 2009; Gorke & Stiilke, 2008). Hence, CCR has been
shown to be a driving force for evolution in many Gram-negative bacteria,
including both free-living and pathogenic strains. In this study succinate was
used as a preferred C source, as in other studies (Li & Lu, 2007; Collier et al.,
1996). The molecular mechanisms in the genus Pseudomonas are not
completely understood, but it is most likely that CCR or reverse CCR activates
a regulatory mechanism for nutrient uptake.

Nutritional status might also be an important factor for substrate utilisation.
Based on previous studies (Beier et al., 2015; Werner et al., 2014) and this
results, one could conclude that in addition to light spectrum, nutritional factors
play an important role in the microbial phenotypic response.

Paper IV examined light-dependent phenotypic plasticity in phyllosphere
bacterial strains in terms of substrate resource utilisation upon exposure to
different light regimes. The strains tested were Pseudomonas agarici,
Pseudomonas sp. DR 5-09 (results already discussed above), Bacillus
thuringeinsis serovar israeliensis and Streptomyces griseoviridis. The results
indicated a distinct impact of light regime on substrate utilisation by
Pseudomonas agarici, Pseudomonas sp. DR 5-09 and Streptomyces
griseoviridis (Figure 4 in Paper V) as follows: (i) In the case of P. agarici (C
sources) and S. griseoviridis (C, N, P and S sources), blue LED and white
LEDs differed from red LED and dark incubation. (ii) In the case of P. agarici
(P and S sources), blue and red LED differed from white LED and dark
incubation. (iii) For N sources for P. agarici, dark incubation had a distinctly
different response from all LED regimes. (iv) In the case of B. thuringiensis
(all sources), no responses to light regime were observed.

Apart from these main findings, differences were seen for the different
substrate x light interactions for each specific strain. As previously mentioned,
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for Pseudomonas sp. DR 5-09 light regime and enrichment conditions
significantly affected substrate utilisation. For example, in the case of P.
agarici, utilisation of substrate, when provided as both sole and enriched,
discriminated the impact of blue LED from that of all other light regimes.

No Impacts of light regime were observed for energy source utilisation of
sole and enriched substrates by B. thuringiensis. Better utilisation was
observed for most of the substrates when they were offered as sole C sources.
Regarding the fourth strain (S. griseoviridis), the impact of light regime on
substrate utilisation was less noticeable than for P. agarici.

In further analyses, the two Gram-negative strains (Pseudomonas) were
compared regarding their response as light-dependent phenotypic effects.
Differences were mostly found for C sources when they were incubated in dark
conditions. For S sources, exposure to red LED and incubation under blue LED
decreased the differences in substrate utilisation.

Comparisons between the four selected strains revealed that not all
differences between these strains were dependent on light regime. Overall, the
results indicated that blue light impairs the utilisation of sole and enriched
substrates by the two selected Pseudomonas strains and has similar, but less
pronounced, implications for S. griseoviridis. However, substrate utilisation by
B. thuringiensis appears to be indifferent to light regime during incubation
(Figures 4, 6-7).

Evolutionary responses to environmental changes are mainly influenced
by different environmental conditions (Salinas & Munch, 2012; Wong &
Ackerly, 2005). Therefore microorganisms, besides having a versatile
metabolism which is linked to tight but flexible regulation of the expression of
metabolic pathways that directly optimise efficiency and ecological fitness
(already discussed), try to use other modes of adaptation to variable
environments. Phenotype plasticity is one of these modes of adaptation used by
organisms and suggested in many other fields, such as zoology (Furness et al.,
2015; Miner et al., 2005). Adaptive phenotypic plasticity is a common
phenomenon by which a genotype can create different phenotypes from a
single genotype depending upon environment (Ghalambor et al., 2007; Sultan
& Stearns, 2005; Bradshaw, 1965). The hypothesis tested in this thesis was that
light, as one of the environmental cues, can affect the phenotype plasticity of
epiphytic phyllosphere colonisers. A previous study in another field reported
that environmental factors such as light and temperature can induce phenotype
plasticity (Furness et al., 2015). Others (e.g. Miner et al., 2005) highlight the
effect of phenotype plasticity on community structure due to phenotypic
alteration, in addition to direct and indirect effects of phenotype plasticity with
respect to adaptability and alterations in consumption pattern. In this thesis, it
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was found that utilisation of sole and enriched substrates by the two Gram-
negative strains was impaired by blue light, but to a much lower extent for S.
griseoviridis and no effect of light regime on substrate utilisation by B.
thuringiensis was observed. These interactions and the effects of light on
substrate utilisation and phenotype plasticity of any of our selected bacterial
strains have not been studied previously, but the present findings supported our
hypothesis. Thus it might be tempting to draw the conclusion that light
spectrum affects the phenotype plasticity of phyllosphere residents, but at the
same time it should be keep in mind that of course this does not apply to all
epiphytic bacteria.

Light sensing as a signal for morphogenesis and the metabolites for this
process are well-known for many bacteria. Previous studies have also reported
that non-phototrophic bacteria can sense light, with blue light having an impact
on their lifestyle (Kraiselburd et al., 2012; Ondrusch & Kreft, 2011; Swartz et
al., 2007; van der Horst et al., 2007). As reported in previous reviews (Losi &
Gartner, 2016; Yin et al., 2013), sensitivity of microbial cells to blue light has
been found. In this thesis, putative blue light receptor proteins were found
(only two Gram-negative strains were checked). However, knowledge of
molecular mechanisms for these selected model species is currently lacking.
Based on the results, one could draw the conclusion that blue light mediates
substrate utilisation under sole and enriched substrate conditions.

In the selected strains there were indications of light receptor activity, and
consequently of monitoring environmental fluctuations. Based on available
literature and the present thesis, it might be possible to draw the conclusion
that blue light receptors affect metabolic pathways in terms of affecting
bacterial lifestyle (biofilm formation, swarming activity etc.). This cascade of
events will eventually lead to the development of novel strategies to fight
bacterial pathogenesis. However, another aspect is that the two Pseudomonas
species in this thesis harboured regions for putative blue light receptor protein,
but some deviations were still observed between their utilisation of sole and
enriched substrates on exposure to different light regimes. This shows the
importance of nutritional status, beside light receptors, an important topic for
further analyses and future studies.

3.3 Impact of light spectrum on the formation of metabolites
decisive for leaf colonisation (Paper 1V)

Biosurfactants are a group of diverse molecules that have several biological
function (Banat et al., 2010). Biosurfactants share a basic structure, which
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consists of a hydrophobic and a hydrophilic moiety (Mulligan, 2005). The
nature of biosurfactants is to produce amphiphilic compounds that exhibit
surface activity (Burch et al., 2011). These molecules act in three ways: (i)
adaptation of surface properties (Debode et al., 2007), (ii) alteration of
compound bio-availability (Das & Mukherjee, 2007) and (iii) interaction with
membranes (de Bruijn et al., 2007). Their action is a function of their specific
structure and production characteristics (D'aes et al., 2010)

Microorganisms that are able to form biosurfactants can be found in every
imaginable environment (Kefi et al., 2015; Hultberg et al., 2010; Haddad et al.,
2008). The frequency and versatility of surface-active compounds produced
displays the importance of biosurfactants for the functioning and survival of
the organisms (Banat et al., 2010). Epiphytic bacteria utilise biosurfactants to
increase the wettability of the leaf, to increase nutrient transmission across the
waxy cuticle and to move to favourable growth sites (D'aes et al., 2010;
Lindow & Brandl, 2003). The many possible contributions to epiphytic fithess
of biosurfactant-producing bacteria inspired the work in this thesis to check the
capacity of four selected bacterial strains to form biosurfactants as a response
to nutrient availability and light spectrum.

In Paper 1V, the biosurfactant formation of four strains was evaluated using
the drop collapse test (see Materials & Methods section in Paper 1V). The
results indicated that the effect of light regime on biosurfactant production was
lower and inconsistent for the two Gram-positive strains studied. However, the
two Gram-negative strains produced biosurfactants when exposed to different
light treatments. Biosurfactant production was decreased when the bacteria
were grown under a blue LED spectrum.

Another interesting finding in this thesis was that the four strains examined
behaved differently when utilising different substrates (Tween 20, Tween 40
and Tween 80), which themselves are surfactant agents. Moreover,
observations of drop collapse on these surfactant substrates even after exposure
to different light spectra and of different utilisation patterns on these substrates
as a function of light regime indicate an impact of light spectrum on
biosurfactant formation. It was also found that, besides effects of light
spectrum, substrate richness was decisive for biosurfactant formation. For
instance D-alanine, L-phenyl alanine, glycine, L-threonine, a-amino-N valeric
acid and y-amino-N-valeric acid, when supplied as N source, were utilised and
affected the capacity of P. agarici to form biosurfactants, but not when
supplied as C source. However, for other substrates such as iso-leucine,
biosurfactant was formed in both sole and enriched substrate when exposed to
blue LED light.
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Other strains of the four species examined in this thesis have already been
reported to display a capacity to form biosurfactants (Silva et al., 2016; Kefi et
al., 2015; Kalyani et al., 2014; Hue et al., 2001), and tested positive for this
property in Paper Il when screened in vitro. As there is little published
information regarding biosurfactant formation by these selected strains and the
chemical nature of compound/s behind this activity, it is difficult to draw firm
conclusion on which compounds are decisive for biosurfactant formation.

In a plant ecology perspective, the role of biosurfactants is different
(Hultberg et al., 2010; Raaijmakers et al., 2006). For instance, biosurfactants
might promote bacterial colonisation of leaves to find new habitats in the
phyllosphere, or reduce the tension of the leaf surface caused by the waxy layer
of leaf cuticle. The findings in Paper IV suggest that the ability to investigate
new habitats in the plant phyllosphere is a function of both light spectrum and
presence of certain precursor compounds.

Another interesting finding in this thesis was that, under blue LED spectrum
biosurfactant formation was not supported in the presence of some enriched
substrates. This might indicate that the blue light spectrum and nutritional
factors affected bacterial ability to form biosurfactants, possibly through a
switch in metabolic pathway. Previous studies have reported that blue and
white light inhibit the swarming motility of Pseudomonas syringae pv tomato
DC3000 (Rio-Alvarez et al., 2014), and regulate the swarming motility of the
foliar pathogen Pseudomonas syringae (Wu et al., 2013). Blue light has also
antimicrobial activity against many bacterial and fungal pathogens (Bonomi et
al., 2016; El Din et al., 2016; Ricci et al., 2015; Maclean et al., 2014). All
these findings were supported by the results in this thesis. Together, these
findings raise the following questions: (i). How can new approaches with
respect to lighting strategy be exploited for better establishment of
Pseudomonas biocontrol strains? and (ii) How can light treatment be used to
suppress the impact of plant pathogenic bacteria?
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4 Conclusions
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The key findings of this thesis were that:

Choice of light for artificial assimilation lighting in the greenhouse
can affect sunflower plant shape and its phyllosphere microbial
community structure.

Several dominant bacterial leaf colonisers are dependent on leaf
temperature.

Light source affects phyllosphere-associated fungi (directly
through the physical properties of the chosen light source) and
bacteria (indirectly through alterations in the plant environment) on
sunflower leaves.

Complementary use of culture-dependent and culture-independent
methods is a suitable approach for investigating microbial
communities in the phyllosphere of greenhouse-grown
ornamentals.

There is a need for standard protocols to survey the phyllosphere of
greenhouse-grown ornamentals when mining for microbial
biocontrol agents with the potential to control diseases.

Phenotypic properties of microorganisms may change when
greenhouse-grown ornamentals are exposed to artificial lighting.



» Interactions between light and phyllosphere microbiota are very
complex. Therefore, properties of the light supplied need to be
considered when measuring beneficial, neutral and deleterious
microbial effects.

» The phenotypic array technique method developed in this thesis
can be used to identify the different metabolic pathways influenced
by light spectra and to predict microbial responses to different light
spectra.

» Ability of epiphytic phyllosphere colonisers to investigate new

habitats in the plant phyllosphere is a function of both light
spectrum and the presence of certain precursor compounds.
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