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Bacterial Delight: Deciphering how visible
light affects bacterial biological control agents
in the phyllosphere of greenhouse crops

Abstract

Light can be an enabler of life but also a stressor depending on the organism and the
environment. When introducing biological control agents (BCAs) to the phyllosphere of
greenhouse crops, several parameters need to be met to reach high efficacy. The newly applied
invaders in the harsh phyllosphere environment need to successfully attach, compete and
reproduce whilst also acting against a pathogen to be regarded as effective. Light has been
found to induce biosurfactant and biofilm formation in non-phototrophic bacterial BCAs.
These induced mechanisms could be key in aiding the introduction of non-phototrophic
BCAs. In this thesis, the effects of placement in the canopy, leaf type, visible light treatment,
exposure dose and sole carbon utilisation were investigated with respect to three non-
phototrophic bacterial BCAs (Bacillus amyloliquefaciens, Pseudomonas chlororaphis,
Streptomyces griseoviridis). Both greenhouse and laboratory experiments were used to
decipher how visible light affects these BCAs. Exposure dose, light distribution in
combination with a wavelength were found to affect the BCAs when introduced in the
phyllosphere of greenhouse crops. Based on viable counts S. griseoviridis was recovered at
high rates irrespective of the light treatment, whereas P. chlororaphis and B.
amyloliquefaciens preferred the green and white light treatments. It was found that different
wavelengths influence all three BCAs’ sole carbon utilisation, where two BCAs, B.
amyloliquefaciens and P. chlororaphis, had higher respiration rates under the blue spectrum,
and S. griseoviridis preferred the red spectrum. In the case of P. chlororaphis, this was further
translated when cascade effects were noted in the citrate cycle as an effect of the increased

source utilisation under blue light treatment.

Keywords: begonia, biofilm formation, ddPCR, exposure dose, light emitting diode (LED),

phenotypic microarray, poinsettia, sole-source carbon utilisation, tomato
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Bakteriell gladje: Hur paverkar synlig ljus
bakteriella biologiska vaxthusmedel i
fyllosfaren hos vaxthusplantor

Sammanfattning

Ljus kan vara en drivfaktor men ocksé en stressfaktor, beroende pé organism och den
milj6 den befinner sig i. Nér biologiska bekdmpningsmedel (BCA) introduceras i
véxthusgrodors fyllosfiar maste flera parametrar uppfyllas for att uppnd hog effektivitet. De
nya introducerade inkriktarna i den tuffa miljon i fyllosfaren maste lyckas fésta, konkurrera
och foroka sig samtidigt som de verkar mot en patogen for att anses vara effektiva. Det har
visat sig att ljus inducerar biosurfactant- och biofilmsbildning i icke-fototrofa bakteriella
BCA. Dessa inducerade mekanismer kan vara viktiga for att underlétta inférandet av icke-
fototrofa BCA.

I denna avhandling undersoktes effekterna av placering i bladskdrmen, bladtyp, ljusets
véagliangd, exponeringsdos och kolutnyttjande, baserat pa tre icke-fototrofa bakteriella BCA
(Bacillus amyloliquefaciens, Pseudomonas chlororaphis, Streptomyces griseoviridis). Bade
véaxthus- och laboratorieexperiment anvéndes for att ta reda pa hur synligt ljus paverkar dessa
BCA. Exponeringsdos och ljusspridning, i kombination med véaglingd, paverkade BCA som
introducerats i fyllosfiren hos véxthuskulturer. Baserat pa levande celltal, dterfanns S.
griseoviridis 1 hog grad oavsett ljusbehandling, medan P. chlororaphis och B.
amyloliquefaciens fraimjades vid exponering till gront och vitt ljus. Det visade sig att val av
véagliangd paverkade kolanvindningen av alla tre BCA, diar B. amyloliquefaciens och P.
chlororaphis, hade hogre respirationstakt vid exponering till bld spektrum, medan S.
griseoviridis foredrog rott spektrum. For P. chlororaphis noterades kaskadeffekter i

citronsyrecykeln pa grund av det 6kade kallutnyttjandet under den bla behandlingen.

Nyckelord: begonia, biofilm formation, ddPCR, exponeringsdos, julstjirna, LED,
kolutnyttjande, tomat



Baktnpiakn xapd: MNwc ernpeadlel 1o opatod
PWC TOUG MIKPORBIOKOUC AVTAYWVIOTEG OTN
QUAANOCQaIpa TWV QUTWYV BEPUOKATTIOU

MepiAnyn

To ¢wg umopet va etvor nyn Cong oAld Kol Topdyoviag Gyxovs, ovaAoyo HE TOV
opyaviopo kot to meptBdriov. Katd v eioaywyn Proloyikodv napaydviov eréyyov (BCAs)
ot PLALOGPALPO KOAMEPYELDY BEPLOKNTIOV, TPETEL VO TANPOVVTOL OPIOUEVES TAPAUETPOL
v va emtevyfet vynAn anotedecpatikdtta. Ot vEo gloaydUEVOL 0pYAVIGHOL 6TO GVGKOAD
TEPIPAALOV TG PUAAOCPALPAG TPETEL VO TPOGKOAANOOVV EMTVYMG, VO AVTOY®VIGTOOV, VO
avomapayfovv kot towtdxpova vo dpdcovv evivtia o maboyovo yio vo BempnBovv
amoteleopotikoi. ‘Eyel Bpebei 6T 10 pmg endyet Tov oynuaticpnd PlOEmQpovEIOSPASTIKMOV
0VoL®V Kot Bropepfpavav og pn eoToTpoeikovs Paktnprakods BCAs. Avtol ot enaydpevol
unxovicpoi Bo pmopovoav va eivor kKabopiotikol yia ) SlEVKOAVVGON TG EGAYOYNG LN
@wtotpoPik®V BCAS.

v mopodod SUTAMUOTIKY €pyocia, Olepeuviinke TmG TPES M POTOTPOPIKOL
Baxmnprakoi BCAs (Bacillus amyloliquefaciens, Pseudomonas chlororaphis, Streptomyces
griseoviridis) enmpedovtar and ™ €01 ToVE TAVM 6TO PLTO, Ad TOV TOHTO TOL PLALDULATOC,
ot6 TOL SILPOPETIKA UNKT) KOUOTOG TOV 0pOTOD GMTOC Kol ard T Xpnon eEAyIoTmV Opentikmv
ocvotatik®dv. [IpaypotomromOnkay mepdpato 1060 610 BepUoKNTO OGO KOl GTO EPYACTIPLO
Y10, VO 0TOGOPNVIOTEL TG TO 0patd Pmg emnpedlet avtovg Touvg BCAs. Alamiotddnke 6t n
d6om ékfeong, N KATOVOUT TOL PMTOC G€ GLVIVAGUO LE TO UNKOG KOHATOG EXNPEGLOVV TOVG
BCAs otav giodyovior ot @uiloceopa koAliepysidv Oeppoxnmiov. Bdoer Puvoiuov
petprioemv, to S. griseoviridis aviyvevnke o€ LYNAL TOGOOTA oveEdpTnTa OO TO PUNKOG
KOPOTOG, eVM T P. chlororaphis xou B. amyloliquefaciens mpotipmoay to Tpdevo Kot Aevkd
owc. Amothdnke 0Tl Swpopetikd Unkn KOpotog emnpedlovv T Xpnom eAdOTOV
Openticav ocvotatikdv kot tov v BCAs. Ta B. amyloliquefaciens ko1 P. chlororaphis
TOPOVGIOGHY VYNAOTEPOLS PLOUOVG OVOTVONG OTO UTAE Q®G, €V TO S. griseoviridis

TPOTIUNGE TO KOKKIVO (WG,

Aéeig-rcherond: d6om €xbeong, ddPCR, LED, pmiykovia, viopdta, oynuotiopdg frobpevion
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1. Introduction

When discussing visible light, we tend to take an anthropocentric
approach to its effect and perception. What our eyes distinguish as red or
white light may not be what a plant or a bacterial cell living on a leaf
perceives. It is often said that beauty, or in this case light, is in the eyes of
the beholder, and this thesis aimed to disentangle if and how light may be
perceived by non-phototrophic biological control agents (BCAs) both in-
vitro and in-vivo, post application to the phyllosphere of greenhouse grown
crops.

Light is a strong abiotic environmental cue capable of affecting several
aspects of the lifestyle of both phototrophic and non-phototrophic organisms
(Alsanius et al., 2019; Canessa et al., 2013; Kraiselburd et al., 2017). Light
can, among others, induce biofilm and biosurfactant production in non-
phototrophic bacteria (Alsanius et al., 2021; Beattie et al., 2018; Fessia et al.,
2024), which in the case of bacterial BCAs could be key in increasing their
efficacy in controlled environment agriculture (CEA) (Alsanius et al., 2020).

Bacterial BCAs tend to thrive under controlled laboratory conditions but
do not perform as well when applied via foliar spray or in the field (Milner
et al, 1997; Salvatierra-Martinez et al., 2018). Increasing BCA
establishment on the crop through directed biofilm or biosurfactant
production could allow for a decreased reliance on chemical pesticides.
Thus, BCAs have the potential to be a game changer in integrated pest
management practices (Galli et al., 2024). This is important from an
environmental perspective and due to the increased need for fresh produce
globally. In 2022, 132 kg of fresh fruit and vegetables were discarded per
person within the EU, where 7.6% was lost in production, most often due to
plant diseases (EUROSTAT, 2024).
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Investigating how the combination of light and limited nutrients, which
have the potential to affect BCA mechanisms, could allow for improved crop
protection strategies. This could be vital in addressing the global food
security challenges that are to come, especially as the global population is
projected to keep increasing, peaking at approximately 10.3 billion in the
mid-2080s (UN, 2024).
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2. Background

2.1 Light

Light can be defined and measured in an array of ways. Be it in the
anthropocentric way of lumen, Im, which is a measure of the perceived power
of visible light produced by a light source, or as irradiance, which is
measured in W m (Alsanius et al., 2024; Bell & Rose, 1981). Thimijan and
Heins (1983) provided conversion constants and procedures to interconvert
photometric, radiometric, and quantum light units for sunlight and other
electrical light sources used within horticulture. Depending on the light
source and the wavelength of interest, luminous flux (Ix) could for example
be converted into irradiance (W m?).

When discussing light within the plant community, light is usually
defined as photosynthetically active radiation (PAR). It is measured in
photosynthetic photon flux density (PPFD) stated in pmol m? s and is based
on the photosynthetically active spectrum of 400 — 700 nm utilised by plants
(McCree, 1972). Similarly, light intensity, can also be stated in pmol m2 s’
Within plant studies, the light environment is usually defined using PPFD
and irradiance (W m™).

When comparing the amount of both photons (m? s' nm™) and the
amount of irradiance (W m?2) produced by the sun, it is clear that the photon
flux curve peaks at approximately 700 nm, whereas the energy output peaks
at 500 nm (Figure 1). Both curves offer insights into how the solar spectrum
can be measured using different units, resulting in similarities and
differences.

1
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Figure 1: Solar spectrum where the blue curve is the energy output spectrum and the
red curve is the photon flux spectrum. Adapted from Chen and Blankenship (2011)
using Biorender.com.

2.1.1 Light and exposure dose

The impact of exposure time and wavelength, resulting in different energy
levels, i.e. exposure dose (Paper I, Alsanius et al. (2024)), is not always
considered in microbial and plant studies. Due to the inverse relationship
between photon energy and wavelength, as noted in Planck’s law (described
further down), shorter wavelength photons require less time to supply a given
energy when compared to longer wavelength photons (Chen & Blankenship,
2011). Apparent differences can be noted in the total exposure dose, when
exposure time and wavelength are considered. This is prominent when
comparing the total energy of a blue light source at 420 nm and a red light
source at 660 nm (Figure 2). These differences could also be calculated. In
the other example below when comparing a blue light source at 420 nm at
an intensity of 100 wmol m? s”!, with a red light source at 660 nm a 36.2%
higher energy transfer in J m? s™! would occur.
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Figure 2: Exposure doses for the five wavelengths across the phenotypic microarray 96 h
light experiments all at a light intensity of 50 pmol m? ! (Source Paper 1V).

Equation used to calculate exposure dose:

To calculate the energy output of a light source with either the wavelength
of 420 or 660 nm at an intensity of 100 umol m? s, Plank’s law could
initially be used:

E is the energy of the photon in joules
h is Planck's constant (approx. 6.62607015x1034 J s)
c is the speed of light (approx. 299792458 m s!) in a vacuum

A is the wavelength of the light in meters
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Energy (J) of one photon of 660 nm: Ees = 3.01 x 10719
Energy (J) of one photon of 420 nm: Eay = 4.72 X 1071 J

If the intensity is set at 100 umol m? s! = 6.022 x 10" photons m s™!
Total energy output = Epnoton (J) X Photons (m? s™)

For a 660 nm lamp at 100 umol m?s'=3.01 x 6.022 =18.13 J m? s™!

For a 420 nm lamp at 100 umol m?s'=4.72 x 6.022 =28.42 J m? s’

2.1.2 Photosensory proteins - sensing in microbes and plants

Plants can sense the direction and duration of a lighting incident. They
can sense the quality and quantity of light emitted and use it as a signal for
optimised growth and development based on the ambient light conditions
throughout their life cycle (Batschauer, 1998). Microorganisms can similarly
sense light even if they may not all be phototrophic. Plants and
microorganisms can respond to light due to possessing a plethora of
photosensory receptors, some of which they share (Table 1) (Batschauer,
1998; Mandalari et al., 2013). In non-phototrophic bacteria, photosensory
receptors can affect functions in environmental adaptation, growth and
development (Alsanius et al., 2019; Moglich et al., 2010). They can be
classified into six families according to the chemical structure of their
chromophores. They are BLUF (Blue-Light sensing Using Flavin) and LOV
(Light, Oxygen and Voltage) proteins, cryptochromes, phytochromes,
rhodopsins and xanthopsins (van der Horst et al., 2007).

Plants are known to use light as an energy source to photosynthesise.
Phototrophic microorganisms such as purple bacteria, which possess
photoactive yellow proteins (PYP), can also convert light into energy
(Imamoto & Kataoka, 2007). In the case of non-phototrophic
microorganisms, light could be viewed as a stressor able to invoke positive
or negative metabolic reactions, such as switching from a sessile lifestyle to
a motile one (Shah et al., 2016; Wilde & Mullineaux, 2017; Wu et al., 2013).
Light has also been found to induce phenotypic placidity in several non-
phototrophic species (Alsanius et al., 2021; Fessia et al., 2024; Gharaie et al.,
2017).
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Table 1: A compilation of plants, non-phototrophic bacteria and non-phototrophic fungal
pathogens with known photosensory proteins. The photosensory protein acronyms are as
follows: Blue-Light sensing Using Flavin (BLUF), bacteriophytochrome (BphP),
cryptochrome/photolyase (Cry/PHR), Light, Oxygen and Voltage (LOV), phytochrome
(PHY) and rhodopsin (Rho). The X does not represent the number of genes encoding the
specified photosensory proteins.

Photosensory proteins

Species
Cry/

BLUF  BphP PHR

LOV PHY Rho

Plants

Arabidopsis
thaliana

Solanum
lycopersicum

Bacteria

Bacillus spp. X

Pseudomonas
Spp.

Streptomyces
spp.

Xanthomonas
Spp.

Fungi

Botrytis
cinerea

X X X X X

References: (Batschauer, 1998; Carrau et al., 2023; Giliberto et al., 2005; Hatfield et al., 2023;
Hauser et al., 1997; Kobayashi et al., 1989; Losi & Gértner, 2021; Moyano et al., 2020;
Schumacher, 2017; Wu et al., 2013; Yu et al., 2010)
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Several photoreceptors such as cryptochrome/photolyase (Cry/PHR),
BLUF and LOV proteins (Wilde & Mullineaux, 2017) are affected by
wavelengths in the blue spectrum, 380 — 500 nm. Microbial rhodopsins can
exhibit a wide range of absorption maxima from approximately 480 to 600
nm (Ernst et al., 2014). Phytochromes (PHY) absorb light in the red to far-
red spectrum (Wilde & Mullineaux, 2017).

In some cases, light could be detrimental to the organism, for example, B.
cinerea has been shown to have repressed conidiation when exposed to blue
light (Imada et al., 2014; Schumacher, 2017). Another foliar pathogen,
powdery mildew, could have reduced sporulation, inhibited germination,
infection and colony expansion under UV-B and 630-690 nm treatments
(Suthaparan & Stensvand, 2024; Suthaparan et al., 2014). Little is though
known, about how visible light can affect the lifestyle choices of non-
phototrophic microorganisms, such as introduced BCAs in the phyllosphere
(Alsanius et al., 2019).

2.2 Greenhouse production

There are many advantages to protected cultivation using greenhouses,
polytunnels or control environment agriculture (CEA). The extended
growing season, increased productivity, better resource efficiency and
disease management are some advantages (Geilfus, 2019; Gruda & Tanny,
2014; Wittwer & Castilla, 1995). By regulating the light, humidity,
temperature and nutrient supply, crops can be grown based on their optimal
needs, resulting in high crop quality and uniformity (Geilfus, 2019; Gruda &
Tanny, 2014).

Large portions of vegetables and ornamental crops are currently produced
in greenhouses. In 2023, nearly 80% of all cherry and grape tomatoes
imported to the US were produced in greenhouses (Davis et al., 2024). The
global horticultural market value has been evaluated at 35.6 billion US
dollars for 2023 and is forecasted to grow by another 9% by 2032 (Global
Greenhouse Horticulture Market Size (2024-2032), 2024).

2.2.1 Lighting technology in greenhouse systems

Greenhouse systems have several different technological aspects, but one
of the greatest advantages of growing crops in a greenhouse is that the light
can be steered (Bergstrand et al., 2017; Pennisi et al., 2020; Schipper et al.,
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2023). This is because complimentary lighting may be necessary due to
natural limitations, as in the case of northern climates (Modarelli et al., 2022;
Nemali, 2022). Two leading lighting technologies in greenhouses are light
emitting diodes (LED) and high pressure sodium (HPS) lamps. While LEDs
are more energy efficient, HPS lamps produce more heat, which could be
beneficial when used in colder environments (Bergstrand et al., 2015). The
HPS lamps could influence the greenhouse climate due to their higher output
of photosynthetic active radiation (PAR) and near-infrared radiation (NIR).
This could therefore affect the thermal convection exchange with the air, and
higher operating temperatures allow for an increased emission of far infrared
radiation (FIR) (Bergstrand et al., 2017; Katzin et al., 2020). In contrast to
HPS lamps, light spectrum can be easily manipulated in LED lamps.
Although this may allow for an enhanced adaptation of the light environment
concerning crop needs, growers seem reluctant to abandon HPS based
lighting due to higher initial costs associated with LED light installations
(Nelson & Bugbee, 2014).

2.2.2 Common pathogens

Due to the intensive nature of greenhouse cropping systems and the
microclimatic conditions present, there is an increased susceptibility to
fungal diseases (both fungal-like organisms and true fungi) (Bardin &
Gullino, 2020; Jarvis, 1989). Two of the most common pathogens found in
greenhouse settings are grey mould (Botrytis cinerea) and powdery mildew,
an obligate pathogen (Bardin & Gullino, 2020; Elad et al., 1999; Tronsmo et
al., 2020). Grey mould can occur wherever tomato is grown and is a major
disease in greenhouse systems (Jones et al., 2014). They have a wide host
range and can cause disease in both edible and ornamental plants of high
value (Daughtrey & Buitenhuis, 2020; Gard & Gilardi, 2020). B. cinerea is
usually considered a weak pathogen, but due to being easily spread by
conidia and being an efficient saprophyte, it only requires a short period of
high humidity to germinate (Jones et al., 2014).

Cultural methods such as climate control within the greenhouse could be
used to control the spread of these pathogens to some degree (Kruidhof &
Elmer, 2020). This could be difficult at times as the pathogen could have
similar needs to the plants. In the case of B. cinerea, the humid climate within
a tomato canopy at night is adequate for disease development (Jones et al.,
2014). Oidium neolycopersici, one of the casual agents of powdery mildew
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in tomatoes has a conidial germination temperature range from 10-35 °C and
can infect with little free moisture under high humidity (Jones et al., 2014).
Due to legal restrictions on crops with continuous harvest, such as tomato
and cucumber, options for chemical control are limited. What could be
beneficial for greenhouse horticulture is the improved efficiency of microbial
BCAs.

2.3 Biological control agents

Biological control agents (BCAs) are living organisms that can control
and suppress pathogens (Stenberg et al., 2021; Tariq et al., 2020). Some
known BCAs include parasitoids, bacteria and fungi (van Lenteren et al.,
2020). Bacterial BCAs have shown promising plant health promoting and
protection results in greenhouse settings, such as Bacillus amyloliquefaciens,
which is both a biostimulant and a BCA (Luo et al., 2022; Salvatierra-
Martinez et al., 2018).

Microbial BCAs can have an array of modes of action (Legein et al.,
2020). These can be divided into direct or indirect mechanisms (Figure 3).
Direct modes of antagonism require that the BCAs and the plant pathogens
occupy the same niches (Sylla, 2013). Indirect modes of action can be driven
by induced reactions within the host as a consequence of interacting with the
microorganism. One of the most important direct modes of action that may
control a plant pathogen is that of competition. Competitiveness of the
introduced BCA in the new habitat is a main requirement in order to
successfully combat pathogens. Competition for resources and space may
allow BCAs to limit or inhibit pathogen establishment (Kinkel & Lindow,
1997). Similarly as important is antibiosis, e.g. the production of
antimicrobial metabolites, as noted in the case of several Pseudomonas spp.,
one of these is phenazine-1-carboxylic acid produced by P. chlororaphis
(Chi et al., 2024; Milner et al., 1997). Another example is Streptomyces
griseoviridis, which can express hyperparasitism (Authority et al., 2020;
Warsito & Kusumawati, 2020). Quorum sensing and quenching is another
form of direct disease suppression whereby the BCA can directly affect a
pathogen by modulating the pathogen’s behaviour (Legein et al., 2020).
Other direct modes of action include the production of biosurfactants, which
are compounds that reduce surface and interfacial tension, and biofilm
formation, which allows for the adaption and survival of microorganisms in
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fluctuating environments (Chew & Yang, 2016; Costa et al., 2018; Dunne,
2002). The production of microbial volatile organic compounds (VOCs)
(Weisskopf et al., 2021), is also another mode of action.
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Figure 3. Examples of direct and indirect modes of action that can either be caused or
used by bacterial biological control agents (Tllustration: M. Hellstrém, using
BioRender.com).

The main indirect mode of action is induced systemic resistance in the
plant, which includes the production of precursors for plant hormones or
other substances that can control phytopathogens. In many cases, BCAs are
often equipped with multiple modes of action, an example being Bacillus
amyloliquefaciens, which is capable of producing secondary metabolites and
inducing systemic responses (Beris et al., 2018; Li et al., 2015). All modes
of actions employed by the three BCAs used in the thesis can be found further
down in Table 2, segment 4.1 Biological control agents.

2.4 Phyllosphere and the phylloplane

The term phyllosphere was first coined by Last (1955) and Ruinen (1956).
The etymology of the word comes from the Ancient Greek words “@OAAov”
meaning leaf, and “cdipa” meaning sphere. Specifically, the leaf surface
can be defined as the phylloplane (Andrews & Harris, 2000; Lindow &
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Brandl, 2003). “A plant does not live alone but rather as an assemblage of
interacting organisms” (Andrews & Harris, 2000).

The phyllosphere is often described as an unwelcoming environment,
prone to fluctuations of several abiotic factors such as temperature, humidity,
light (wavelength) intensity and exposure, all of which can affect the
microbial community composition and function in the phyllosphere
(Andrews & Harris, 2000; Juniper, 1991; Lindow & Brandl, 2003; Thapa &
Prasanna, 2018). This microbial habitat could have a great effect on how well
the introduction of BCAs goes. Successful BCA establishment could be
explained through different ecological concepts taking plant architecture and
leaf morphology into account. The concepts that pertain most for this thesis
will be discussed below.

2.4.1 Ecological concepts in the phyllosphere

Several ecological concepts can affect the function and structure of
native or introduced microorganisms in the phyllosphere. At any given
moment, there is a constant shift in the relative abundance of taxa within the
microbial communities in the phyllosphere (Koskella, 2020). This is because
of intra- and inter-species interactions occurring across ecological and
evolutional timescales. One main driver of these changes could be defined
as competitive exclusion (Grime, 1973), as several species compete for the
limited space and nutrients at all times, due to the diverse nature of the
phyllosphere microbiome. Leaves have been found to have a carrying
capacity of 107 individual cells per cm? and therefore competition is prone to
occur (Remus-Emsermann & Vorholt, 2014). This competition will catalyse
reactions and cause the organisms with the greatest phenotypic plasticity to
outcompete the others (Turcotte & Levine, 2016).

Microorganisms differ in capacity to utilise nutrients, as depicted by the
resource saturation limitation theory (Goelzer & Fromion, 2011), e.g., if they
are an r- or K-strategists (Andrews & Harris, 1986; Pettersen et al., 2021). -
strategists use readily available nutrients, have a shorter life span, proliferate
in uncrowded conditions and have an initially high population density under
crowded conditions to compensate for their high mortality (Andrews &
Harris, 1986). On the other hand, K-strategists survive under nutrient
deficient conditions; have a long and low growth phase, especially in
uncrowded conditions. The population density dynamics of K-strategists
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tend to be of high equilibrium due to their competitive nature. They are more
tolerant of inhibitory chemicals than r-strategists.

Microbial invasion is an ecological concept that involves an intruder
entering an unfamiliar environment, establishing itself in it and later
dispersing into another environment if a new nutrient pool becomes available
(Mallon et al., 2015). Invasion of any alien microorganisms, including
BCAs, not only comes along with intrusion of an already inhabited
environment but also causes a disturbance by competing for both space and
resources. The phyllosphere comprises of microhabitats (Leveau, 2019;
Leveau & Lindow, 2001) and one leaf (the phylloplane) could be viewed as
a lone island. Similarly, as noted in the invasion concept the theory of island
biogeography is determined by three processes: immigration, evolution, and
extinction (Whittaker et al., 2017). In both contexts, the newly introduced
BCAs must successfully establish and reproduce before dispersing.

Due to the variability of the phyllosphere microbiota, several niches could
occur in the phylloplane and as such lead to niche partitioning and
realisation. Niche partitioning or differentiation is a form of coexistence that
is driven by a lower interspecific nutrient competition when compared to the
higher intraspecific competition (Griffin & Silliman, 2011). This is as the
species can consume different forms of a limiting resource or use the same
limiting resource at different times. What limits the population growth of a
species is the species itself, within niche partitioning, and it thus “acts to
promote the long-term coexistence of competing species” (Griffin &
Silliman, 2011).

When it comes to the introduction of BCAs in the phyllosphere they do
not necessarily get to choose their niche but in order to survive, they need to
conform to the niches present before constructing one. Niche conformance
is when an organism adjusts their phenotype in a given environment to match
its surroundings, thus enhancing the organism’s fitness (Miiller et al., 2020).
Niche construction is the process where the environment is modified by the
organism and influences one or several selection pressures of another
organism, which could be beneficial from the perspective of an introduced
BCA in the phyllosphere.

In most cases, there is an overlap in ecological concepts, and as such,
several could be present in any given system.
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2.4.2 Crop stand, leaf types — plant architecture

One of the largest hurdles when introducing microorganisms to the
phyllosphere of a crop is that of the topography of the leaf itself (Andrews,
1992; Mechaber et al., 1996). The topography of a leaf refers to leaf contours.
This is especially true as a leaf is not a homogenous habitat (Remus-
Emsermann & Vorholt, 2014). Vast differences have been noted in the
topography of older leaves when compared to young leaves. Older leaf
surfaces tend to have less regular patterns of surface morphology and lack
broad elevated surfaces. In contrast, young leaf surfaces are notably
characterised by a pattern of plateaus with elevation differences (Mechaber
et al., 1996). The age of the leaf could determine how well an introduced
microorganism in the phyllosphere establishes itself. Escherichia coli
O157:H7 and Salmonella enterica have been found to have an increased
ability to colonise young leaves of romaine lettuce when compared to leaves
from the middle of the crop are older (Brandl & Amundson, 2008).

Due to a leaf's vastness from a microorganism's perspective, several
microhabitats can occur within it (Leveau & Lindow, 2001). These
microhabitats can experience fluctuations in irradiation and temperatures, in
the availability of nutrients and the competition from native microbiota
(Lindow & Brandl, 2003; Vorholt, 2012). The organism’s ability to adapt,
attach and use the available nutrients, irrespective of the leaf morphology, is
fundamental for the successful establishment of microorganisms in the
phyllosphere. The introduced microorganisms need to adapt to the number
and position of stomata, the density of the veins and trichomes, and the
cuticle presence of hydathodes (Andrews, 1992). When entering the
phyllosphere, the introduced microbial cell or spore is first met by the cuticle,
a protective hydrophobic layer, the aerial epidermis of all land plants (Yeats
& Rose, 2013), which may hinder the introduction. The introduced BCAs
must be able to adapt to the plant surface's physical and chemical
environment. Schreiber et al. (2005) found that epiphytic bacteria such as
Pseudomonas graminis were found to alter leaf surface permeability due to
biosurfactant production that resulted in reduced barrier properties of waxy
leaves of Hedera and rough Prunus leaves. Trichome density has been
associated with a higher bacterial diversity when studied on tomatoes
(Kusstatscher et al., 2020).

Another plant architectural aspect that could affect the introduction of
microorganisms in the phyllosphere is the leaf placement within the canopy.
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In the case of a trellising crop such as tomato, there will be a large difference
in the irradiation gradient within the canopy. Top leaves will experience
higher light exposures that could affect the overall photosynthetic rate and
thus affect the temperature within the canopy. These temperature differences
could be partially due to plant density or the use of either LED or HPS lamps
(Kimet al., 2019; Westreenen et al., 2020). The light environment will differ
greatly within the canopy due to absorption, reception and scattering
(Schipper et al., 2023). Differences could also occur within the leaf due to
the reflection occurring in the intercellular air pockets and the absorption in
the chlorophylls and carotenoids (Vogelmann & Gorton, 2014).

2.5 Challenges of biological control agents in the
phyllosphere

When introducing bacterial BCAs in the canopies of greenhouse crops,
several challenges must be overcome. As previously mentioned, the
phyllosphere is rather heterogeneous, especially compared to the rhizosphere
(Andrews, 1992; Remus-Emsermann & Vorholt, 2014). Similarly, to when
applied to the rhizosphere, BCAs in the phyllosphere need to compete with
the native microbiota, find and realise a niche in order to survive. Leaf
morphology, e.g., cuticle thickness, number of stomata and trichomes, may
have an effect on BCA establishment. Morphologically, leaves can vary
immensely between species, as in the case of begonias (waxy) when
compared to tomato (trichome dense, non-waxy) (Gausman & Allen, 1973).

Due to the nature of the topography of the leaves microhabitats can occur.
Differences in these microhabitats could lead to local leaf surface wettability
differences, which could affect BCA spray effectiveness by determining
droplet adhesion or spread (Mechaber et al., 1996). These microhabitats
could be crucial in how well the introduced BCAs survive in the
phyllosphere.

Environmental parameters such as temperature have been found to be
drivers of the population dynamics of arthropods, bacteria and fungi
(Kruidhof & Elmer, 2020). Choosing BCAs that can adapt and survive within
the canopy of a crop in a greenhouse setting, irrespective of the temperature
gradient, may be challenging. Environmental factors like light, humidity, and
temperature are often steered within greenhouse production based on optimal
plant growth parameters (Huché-Thélier et al., 2016). These parameters are
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often assumed to be optimal for introduced BCAs. Despite the decisive role
of light in greenhouse production, little is known about the effect of visible
light on the lifestyle choices of microorganisms in the plant environment
(Alsanius et al., 2019). The use of light when introducing BCAs to the
phyllosphere could be key in overcoming challenges that are associated with
their introduction.
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3. Aims and objectives

Against the mentioned background, the primary aim of this thesis was to
study the effect of visible light on non-phototrophic biological control agents
(BCASs), in-vitro and in-vivo. The research focussed on determining if light
distribution and exposure dose could affect the establishment of the BCAs in
the canopy of greenhouse grown crops. It was also to study if sole carbon
utilisation of non-phototrophic BCAs could be affected by different light
treatments.

The main questions of the thesis were:
a) Could BCA establishment be promoted by modifying the light
environment?
b) Does the addition of a sole carbon source in combination with light
aid the introduction?
¢) How does the combination of light and sole carbon source affect
BCAs’ lifestyle decisions?

This was further divided into several objectives to:

e Examine if different leaf types could affect BCA establishment in
two greenhouse crops under white light

e Disentangle the realities of plants and microorganisms in the
phyllosphere with respect to the light environment (Paper I)

e Determine if different light treatments and intensities created
within a canopy can affect BCA establishment in a greenhouse
crop (Paper II)

e Determine if exposure dose can impact BCA establishment in a
greenhouse crop (Paper I and II)
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Investigate how the sole carbon utilisation of the three BCAs is
affected by light treatments (Paper III)

Explore if there are any ecological implications for P. chlororaphis
when exposed to minimal medium conditions and varying light
treatments (Paper IV)

Examine what different exposure doses, minimal medium
conditions and light treatments do to P. chlororaphis when applied
on detached leaves (Paper IV)



4. Materials and methods

4.1 Biological control agents

Information about the biological control agents (BCAs) used in this thesis
can be found in Table 2. All BCAs were equipped with spontaneous
antibiotic resistance after pre-culturing on agar plates containing lower doses
of antibiotics over time. All isolates were stored as cryocultures at -80 °C.
In preparation for any experiment, the BCAs were pre-cultured on full-
strength tryptic soy agar (TSA; BD 236950, Becton, Dickinson & Company
Sparks, USA) plates and grown as stated in Table 2.

Table 2: Information about the biological control agents (BCA) used in the thesis:
Species, strains, specific antibiotic resistance, growing conditions, commercial products
currently approved in Sweden and its use.

Species

Strain
Antibiotic
resistance

Growing
conditions

Growing
medium

Bacillus Pseudomonas Streptomyces
amyloliquefaciens chlororaphis griseoviridis
DSM7 50083 CBS904.68
Streptomycin 100 Ampicillin 100 pg mL™!
pug mL!

25 °C for 48 h, 25 °C for 24 h, set on 200 rpm shaking
with no shaker when in broth

Full-strength tryptic soy broth (TSB) or tryptic soy agar (TSA)

supplemented with the respective antibiotic
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Commercial
products

Registered
use of the
commercial
products

Modes of
action

Taegro®

Against grey
mould and
powdery mildew
diseases in
greenhouse
vegetable and
strawberry crops,
fungal diseases in
vineyards

e Secondary

metabolites
and antibiotics
e.g.
bacillomycin
D, surfactins,
acetoin

e Competition
e Induced

systemic
resistance

Cedomon®

For seed priming
against fungal
diseases

e Secretion of

secondary
metabolites
and
antibiotics e.g
proteases,
siderophores,
phenazine,
N-acyl
homoserine
lactones

Mycostop®

Either as seed

priming or foliar
application against
fungal diseases in
greenhouse grown
herbs, vegetables or

ornamentals

Root
colonisation
Hyperparasitism;
produces chitin
and glucanas
Antibiotic
production e.g.
streptomycin
Secondary
metabolites e.g.
heptaene
polyene

References used for the modes of action: Arrebola et al. (2019), Authority et al. (2020), Chi
et al. (2024), Chowdhury et al. (2015), Dimopoulou et al. (2019), Lahdenper et al. (1991),
Luo et al. (2022), Puopolo et al. (2011).
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4.2 Experimental systems and plant material

All experiments were conducted in the Vegetum greenhouses (Paper 11 and
IV) or in the biosafety level (BSL) 2 laboratory (Paper III and IV) in Alnarp,
at the Swedish University of Agricultural Sciences (SLU).

Table 3: Overview of the different systems, experiment/paper, biological control agents

(BCAs) and lighting treatments used in the thesis.

System

Greenhouse
(in-vivo)
Greenhouse
(in-vivo)

Laboratory
(in-vitro)

Greenhouse
(in-vivo)
Greenhouse
(in-vivo)

Light treatments
Experiment/
Paper BCAs Dapic 400 420 :zg/ 530 600
nm nm nm nm
nm
Begonia .
and tomato
Large-scale - % -
tomato (IT)
Omnilog
and KEGG - % % - - %
analysis (IIT
&1V)
Detached % % % %
leaves (IV)
Poinsettia - % - - %
av)

660
nm

White
light

An overview of all the light combinations and systems can be found in
Table 3 and a list with information about the plant material can be found in
Table 4. Due to the removal of the tomato cultivar ‘Picolino F,” from the
market, a switch to the commercial cultivar ‘Cappricia®” F,” was made.
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Table 4: Species of plant materials used, why they were chosen and their origin.

Plant material Chosen because of: Origin
e Highly susceptible to
Tomato (Solanum grey mould (Botrytis Seeds were
lycopersicum L.) cinerea) purchased from
cv. ‘Picolino Fy’ o High number of Olssons Fro AB
trichomes

e Commercial cultivar

that is susceptible to

Tomato (Solanum Seeds were

lycopersicum L.) gl.‘ey mould (Borytis purchased from
cv. ‘Cappricia®* Fy’ cz?erea) Semenco AB
e High number of
trichomes
Begonia (Begonia e Cuticle properties Purchased as rooted
x hiemalis) cv. (waxy) cuttings from K.E.
‘Rebecca’ and e Low number of Petterssons nurseries,
‘Blitz’ trichomes Helsingborg, Sweden
e Compact crop
Poinsettia architecture that aided = Purchased from
(Euphorbia the study of light Plantagen AB, Lund,
pulcerima) distribution in the Sweden
canopy

All tomato plants were grown from seed in 96-well plug trays in growing
medium (K-jord, Hasselfors Garden, Sweden) in the university greenhouses.
The temperature was set to 22 °C + 2 °C, with the ventilation onset set to 25
°C and a relative humidity of 60%. The seedlings were re-potted at a density
of one plant per pot (3.375 L) in the same growing medium that was
supplemented with fertilizer (5g L™')(Basacote® Plus 3M 16-8-12(+2+TE),
Compo Expert, Germany). Similarly, the rooted begonia seedlings were also
re-potted in the same growing medium containing the added fertiliser.

All crops used throughout the thesis were exposed to a photoperiod of 14
h under high pressure sodium lamps (HPS lamps, Philips Greenpower 400
W, Philips, Eindhoven, Netherlands) until they were to be used for an
experiment. For the specific mono- and polychromatic light treatments LED
lamps (10.5 — 390 W) (Heliospectra AB, Gothenburg, Sweden) were used at
an intensity of 50 pmol m? s, Plants were watered as required.
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Effect of leaf morphology a comparison between Begonias and Tomatoes

In a small-scale experiment, the three BCAs were applied by foliar
application to two begonia cultivars (Table 3) and to one tomato cv. ‘Picolino
F1’. The BCAs were prepared as described in Paper II. The bacterial densities
were set to log 8 CFU mL™" in 0.085% NaCl. The BCAs were applied using
hand-held spray bottles until runoff from leaves was noted, as described in
Wilson and Lindow (1992). The plants were left to dry for 10 min before
being placed under the full spectrum lighting.

Several leaves per plant, three replicates per measurement, were
harvested after 2, 4, 6 and 24 hours post inoculation (hpi). Leaves were
weighed and then macerated (Smasher; bioMérieux, Inc., 100 Rodolphe
Street, Durham, NC 27712, U.S.A.). The tomato samples were macerated for
30 s, and the begonia samples were macerated for 60 s, all in 50 mL Tris-
buffer (0.01M, pH 8, Tris(hydroxymethyl)aminomethane hydrochloride,
Merck, Germany). The samples were enumerated by viable counts.

Large greenhouse experiment (Paper 1)

In paper 11, 65-day-old tomato plants were exposed to four distinct light
treatments (420, 530 or 660 nm and white light) once they had reached
phenological stage 6, based on the BBCH scale (Feller et al., 2001). Plants
were placed at a density of approximately 20 plants m?, with edge plants
surrounding the entire perimeter. The bacterial inoculum was prepared as
described in Paper II, Hellstrom et al. (2024). The bacterial inoculums were
sprayed (Figure 4) until runoff was observed and left to dry for 10 min.

Leaves were harvested from two placements within the canopy at 0, 4, 8,
12, 24 and 48 hpi after being exposed to one wavelength at a light intensity
of 50 pmol m? s’!. Six replicates were harvested per measurement and
placement in the canopy. The leaf samples were macerated for 30 s, all in 50
mL of 0.1 M TRIS buffer. The samples were enumerated via viable counts
and digital droplet PCR (ddPCR), which will be discussed further down. The
experiments were conducted during the course of one year. Blackout screens
were used throughout the 48-hour light treatments to shield from any natural
sunlight.
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Figure 4: Application of BCAs by Maria Karlsson, to the phyllosphere of tomato plants
prior to a light treatment (Photograph: M. Hellstrom).

Carbon source utilisation (Paper Il and IV)

Phenotypic microarray (PM) was used to study the effect of light on sole
carbon utilisation of the three BCAs, based on procedures described by
Gharaie et al. (2017) and Alsanius et al. (2021). Two sole carbon source
panels: PM1 and PM2, with a total of 190 sole carbon sources, with six
replicates, were used per BCA and light treatment. The plates were prepared
as described in Paper 111, Karlsson et al. (2023). The panels were exposed to
a total of six light treatments (Table 2) and were exposed over the course of
96 h at an intensity of 50 umol m? s™!, per light treatment. The sole carbon
utilisation was quantified as the colour change of tetrazolium blue due to
respiration. It was measured within the OmniLog incubator (OmnilLog,
catalog number 93182, Biolog Inc., United States), using the internally
controlled camera system. The PM panels under the dark treatment were kept
in the incubator throughout the experiment and monitored every fifteen
minutes. The PM panels that were light treated were physically moved from
under their respective lamps for the readings that occurred at 0, 6, 10, 24, 30,
48, 54, 72 and 96 hpi. All output values were expressed in OmnilLog units.
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Detached leaf assays (Paper 1V)

To study the effect of the addition of a sole carbon source, exposure dose
and light quality, detached leaf assays were used (Figure 5). Tomatoes were
grown as previously described, and young leaves were harvested high in the
crop canopy on the same day as the experiments. P. chlororaphis was pre-
cultured and suspended in four sole carbon sources (20mM D-arabinose,
20mM D-ribose, 20mM uridine, 20% glucose) selected based on the biofilm
data acquired in Paper III and in sterile distilled water. The full procedure
can be found in Paper IV.

Five light regimes were tested: darkness, white light, 420, 530 or 660 nm.
The regimes involving the four light qualities were tested at two intensities:
50 or 100 pmol m? s The inoculated leaves were exposed to light for either
30, 60, 120 or 240 min.

#u.=i~4-l----x

Figure 5: Detached leaf assays used to detect if biofilm could occur on tomato leaves
exposed to different light treatments. This was post application of P. chlororaphis in
combination with sole-carbon sources. All drops were added randomly (Photograph: M.
Hellstrom).

Post light treatment the leaves were stained using a modified method
described by Carrau et al. (2023). The leaves were immersed for 20 minutes
in 0.1% crystal violet solution (Sigma-Aldrich Co., MO 63103, USA). Post
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immersion leaves were washed carefully with distilled water and left to dry.
Biofilm occurrence was scored using an arbitrary visual scale (Paper 1V,
Table S1).

Light spectrum distribution (Paper Il and IV)

Spectral irradiance (uW cm™ nm™) of the four light treatments (420, 530,
660 nm and white light) used in the Paper II, were measured at two
placements in the tomato canopy, top tier and middle tier, using a JAZ
spectrometer (Ocean Optics, USA).

Similarly, the spectral irradiance was also measured across 1 m* of 36
poinsettias (Figure 5) at three distinct heights. Measurements were taken
across 12 points across the poinsettias (Paper IV, Figure S2b). More
specifically measurements occurred at 0.22 m next to the plant, under the top
leaf at 0.22 m, under the leaves at 0.15 m and under the leaves 0.11 m. The
intensity of all tested wavelengths (Table 3; 400, 420, 450, 530, 600, 660
nm) was set at 50 pmol m? !,

Figure 6: An example of one of the light treatments (660 nm) used to study the light
distribution across and within the area of 36 poinsettias (Photograph: M. Hellstrém).
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4.3 Analyses

Detailed information about the plant and microbial analyses performed
can be found in Papers II-IV.

4.3.1 Plant analyses

Non-destructive plant physiological responses to the several light
treatments were conducted throughout Papers II and IV. Measurements
included: photosystem efficiency and stomatal conductance (L.MAN-
LCpro, ADC BioScientific Ltd., United Kingdom), chlorophyll content
(PAM-2500 chlorophyll fluorometer, Heins Walz GmbH, Effeltrich,
Germany). Destructive methods were used to quantify the leaf surface area
(cm?) of control plants in Paper II.

4.3.2 Culture dependent microbial analyses

Viable counts were used to enumerate the BCAs for all in-vitro
applications (begonia and tomato experiment and Paper II). The plant
samples were serially diluted in 0.85% NaCl and plated on the TSA plates
containing the respective antibiotic (Table 3, only for Paper II). The drop
plate method was used in Paper 11, and viable counts were assessed as colony
forming units per centimetre leaf area (Log CFU+1 cm). In the case of the
begonias and tomato experiment, viable counts were assessed as colony
forming units per gram leaf fresh weight (Log CFU g™).

In paper 111, biofilm formation was assessed as described by Alsanius et
al. (2021), whereby the microbial suspension was removed from each well
found in the PM plates, the plates were washed, and 100 pl of 1% crystal
violet solution was added. After incubating for 15 min the plates were
washed with distilled water and left to dry. The next day, 100 ul of 95%
ethanol was added one hour before the spectrophotometric measurements at
550 nm (Expert 96TM spectrophotometer, AsysHiTech). Similarly, based on
a method by Gharaie et al. (2017), biosurfactant production was determined
using a drop collapse test.
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4.3.3 Culture independent microbial analyses

For each measurement taken throughout the large greenhouse
experiment, six samples for each light treatment and placement in the canopy
were extracted for DNA and RNA analyses, as described in Paper II. The
samples were analysed using digital droplet PCR (ddPCR) with their
respective 16S rRNA primers (Paper 11, Table 1).

4.3.4 Statistical analyses

Statistical analyses were performed primarily in R-Studio (R Core Team,
2021) (Papers II-1V).

In Paper I, a linear mixed model approach, LMM, ‘Imer4’ (Bates et al.,
2015), was used with a random factor set as the plant to compensate for the
dual measurements that occurred per plant (leaves were harvested at two
placements). Several analyses of variance (ANOVA) were used to analyse
the viable counts and the biofilm data in Papers II and III.

In Paper 111, the carbon utilisation data was extracted using the OmniLog
PM kinetic analysis software. The data was further analysed using R-Studio's
‘opm’ package (Vaas et al., 2013). The KEGG pathways were created with
data extracted from Paper III using the 'BiobManager’ packages (Morgan &
Ramos, 2024). More detailed descriptions of the statistical analyses used can
be found in each paper.
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5. Selected results and discussion

Plants are often considered holobionts (Berg et al., 2017;
Vandenkoornhuyse et al., 2015). Microbial communities residing in the
phyllosphere have been found to mediate plant health, contribute to several
ecosystem functions and increase resilience against biological and
environmental stressors (Manikandan et al., 2024; Vacher et al., 2016).
Limited studies have examined how visible light affects the native or
introduced organisms such as BCAs in the phyllosphere of greenhouse
grown crops. This is even though light is a decisive environmental factor
affecting all living organisms (Tierney et al., 2017). This thesis aimed to
decipher if light quality (wavelength), distribution and exposure dose could
affect non-phototrophic BCAs. Also, if different wavelengths could invoke
altered sole carbon utilisations in the three non-phototrophic
microorganisms.

Based on the work conducted throughout this thesis, it was made evident
that visible light, be it in a greenhouse or a laboratory setting, could affect
the lifestyle choice of the non-phototrophic bacterial BCAs (Papers 1I-1V).
This could be due to all three belonging to species with known photosensory
proteins (Table 1). Moving forward, the focus will be answering the
objectives in section 3.

5.1 Impact of leaf morphology

Leaf morphological properties could play a crucial role in the foliar
application of bacterial BCAs. Leaf surfaces are not homogenous;
differences can occur due to trichome and vein densities, the number and
positions of stomata, cuticle structure, wax composition, and the presence of
hydathodes (Andrews & Harris, 2000; Remus-Emsermann & Vorholt,

49 <
7\



2014). In order to establish effectively, BCAs must be able to adapt to these
variations. Phyllosphere bacteria can use various colonisation strategies such
as leaf habitat modification, aggregation and ingression (Beattie & Lindow,
1999).

In the begonia and tomato experiment, large differences in re-isolation
counts occurred for most BCAs under the white light treatment. Begonia
leaves had lower numbers for all introduced BCAs after six hours post
inoculation (hpi), whereas tomato leaves resulted in higher numbers for two
of'the three organisms (Figure 6). This could be due to the distinct differences
in the two crops' leaf thicknesses and cuticle compositions (Gausman &
Allen, 1973).

B. amyloliquefaciens P. chlororaphis S. griseoviridis

Begonia| I I .

2 4 6 24 2 4 6 24 2 4 6 24

Hours post inoculation (hpi)

Average log CFU g'l

Tomato fresh leaves

Crops

(=R S R )

Figure 7: Average log colony forming units (CFU) g'! fresh leaves of begonia and
tomato post biological control agent (BCA) application

By visual comparison, it was noticeable that the begonia leaves were
waxy with few trichomes when compared to the dull trichome-dense tomato
leaves. The microscopic structure of the cuticle could have influenced BCA
attachment. Waxy cuticles are often hydrophobic, functioning as a physical
barrier and self-cleaning surface (Yeats & Rose, 2013), which could have
deterred BCA attachment in begonias. A mechanism that could have aided
BCA attachment could be biosurfactant production, which was noted when
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the three BCAs were exposed to darkness and capric acid in-vitro (Table 1,
Paper III). S. griseoviridis was the most prominent two hpi on both crops,
though no colonies were re-isolated past six hpi on the begonia leaves.

Trichomes, on the other hand, may have provided refuge for the BCAs.
The relatively thin leaf cuticle could have facilitated access to carbon sources
essential for BCA survival in tomatoes. On the other hand, a dense trichome
layer, like the cuticle, could act as a physical barrier, complicating BCA
introduction and re-isolation. This could be the case for B. amyloliquefaciens
as no colonies were re-isolated from tomato leaves. Trichomes can
discourage attachment or trap BCAs, lowering bacterial plate counts. Tomato
trichomes are predominantly glandular and secrete metabolites, often
deterring pathogens, fungi, and herbivorous insects (Kortbeek et al., 2021).
These findings raise intriguing questions about whether wetting agents,
which reduce surface tension and counteract the hydrophobic effects of
cuticle waxes, could enhance BCA establishment in the phyllosphere of
waxy crops such as begonias.

5.2 Impact of light quality, exposure dose and placement
in the canopy

The objective of Paper I; Alsanius et al. (2024), was to discuss if the
realities of plants and microorganisms were the same concerning the light
environment. It was identified that there is a discrepancy in how well the
light environment is described with respect to bacteria and light. As
previously mentioned, light can be an enabler or a stressor, depending on the
organism. Plants, being phototrophic, require light as an energy source. Non-
phototrophic bacteria and fungal pathogens can on the other hand, sense light
via several photosensory proteins (Table 1) (Ohlendorf & Maoglich, 2022).
The primary finding of the opinion note was that accurate reporting of light
parameters is crucial for reproducibility. Information that should be stated in
bacteria-light interactions are light intensity, photoperiod, wavelength and
exposure dose. Proper understanding and definitions of light measurement
methods are vital for reliable scientific communication and clinical efficacy.

The impact of light quality, exposure dose and canopy placement were
studied for three non-phototrophic BCAs in the phyllosphere of greenhouse
grown tomato plants (Paper II). Several factors must align for BCA
establishment when introduced into the harsh phyllosphere environment.
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The newly introduced BCAs must exhibit strong invasive capabilities.
According to the invasion concept, an invader should initially disperse,
establish, grow and spread whilst expressing a mode of action against a
pathogen (Alsanius et al., 2020; Mallon et al., 2015). Four traits are
associated with increased invasion aptitudes: high growth rates, good
dispersal capability, phenotypic plasticity and genetic diversity (Mallon et
al., 2015). Since good dispersal is a trait of a successful invader, two of the
three BCAs used (B. amyloliquefaciens and S. griseoviridis) belong to
sporulating species (Daza et al., 1989; Galli et al., 2024), which could aid
them when found in suboptimal environments. Bacillus spp. are known for
their ability to produce long-lasting resistant endospores (Galli et al., 2024)
and Streptomyces spp. produce over two-thirds of naturally occurring
antibiotics (Bubici, 2018). Furthermore, Pseudomonas spp. are readily
abundant in the phyllosphere of tomato and have several species and strains
with antagonistic properties (Flores et al., 2023; Galli et al., 2024). In a study
by Murillo-Roos et al. (2022), they found that when growing two
Pseudomonas spp. as a pair, cooperative niche exploration was observed. If
this were to occur in the phyllosphere when, introducing a BCA such as P.
chlororaphis this could be most advantageous.

Different light qualities and intensities have been found to induce
antibiotic formations, biosurfactant production, biofilm formation and
increased virulence in non-phototrophic microorganisms (Alsanius et al.,
2021; Bonomi et al., 2016; Kahl et al., 2022; Wu et al., 2013). Many of these
modes of action could allow for increased BCA establishment and efficacy.

Our study found that exposure dose, light quality (wavelength) and light
distribution within the canopy were decisive factors in how well the chosen
BCAs were re-isolated from the phyllosphere of tomatoes. This was
determined both via viable counts and through absolute quantification of
cDNA and DNA by ddPCR, the latter allowed for the comparison between
active and non-active bacterial cells. Different light quality preferences were
observed for the three BCAs (Figure 8).

S. griseoviridis showed generalist behaviour by having the highest re-
isolation counts under all light treatments (Figure 3, Paper II). This was
irrespective of placement in the canopy for all but the 530 nm treatment, with
a significant difference between the top and middle tier (Figure 4, Paper II).
In high light intensities, green light has been found to penetrate deeper into
the canopy, leading to more uniform light distribution within leaves,
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potentially increasing photosynthetic efficiency (Liu & van lersel, 2021).
This uniformity in light distribution could possibly explain why all three
BCAs thrived under the green light treatment (Figure 8). Phenotypic
plasticity was noted for P. chlororaphis under the 530 nm treatment, as there
was a substantial increase in the cDNA copies between 12 hpi and 48 hpi
indicting that the organism adapted to the light environment (Figure 5b,
Paper II).

Figure 8: Average log CFU +1 cm™ of the three biological control agents (BCAs; S.
griseoviridis, P. chlororaphis, B. amyloliquefaciens) re-isolated from tomato leaves
after 48 h of exposure to poly- (monochromatic (LED; blue: 420 nm, green: 530 nm,
red: 660 nm).

All three organisms had the highest re-isolation counts under the white
light treatment. Interestingly, the white light treatment used in the
greenhouse experiments had distinct peaks in the blue spectrum (Figure 2
and Table S1, Paper II). The high re-isolation counts could be partially
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explained due to the activation of photosensory proteins found in the blue
spectrum, such as LOV and Cry/PHY proteins, which have been identified
in Bacillus, Pseudomonas and Streptomyces species (Table 1). In order to
determine if this is so, further transcriptomic analyses would be required.

The lowest combined re-isolation counts occurred under the 420 and the
660 nm treatments (Figure 8). This is unfortunate as red wavelengths have
been found to suppress powdery mildews by suppressing conidia formation
(Suthaparan & Stensvand, 2024) and B. cinerea has been shown to be
affected negatively by 405 nm treatments (Imada et al., 2014). What could
possibly help is the combination of a sole carbon source together with a blue
or red wavelength that would induce biofilm formation in the BCA, as noted
in the in-vitro experiments in Paper III, Karlsson et al. (2023). This would
allow for a multipurpose light effect in a greenhouse setting.

Based on the results from Paper II no one recipe could be found even
though the time of sampling and wavelength, exposure dose, did lead to
significant statistical differences for all BCAs (Table 2, Paper II). A canopy
effect (comparison of placement and light treatment) was observed for P.
chlororaphis under the white light treatment and canopy effects occurred for
B. amyloliquefaciens and S. griseoviridis under the 530 nm treatment. This
indicated that exposure dose, wavelength and placement in the crop canopy
could affect the establishment of bacterial BCAs in the phyllosphere of
greenhouse grown tomato.

5.3 Impact of light quality under low nutrient availability

When introducing bacterial BCAs to the phyllosphere, they need to
successfully compete for limited space and nutrients. Organic nutrient
availability in the phyllosphere governs the ease in which microorganisms
can colonise. Several factors can influence nutrient extrusion in the
phyllosphere, such as temperature, UV radiation and the relative humidity
(Leveau, 2019; Leveau, 2006). Microorganisms in the phyllosphere have
been primarily found to utilise sugars diffused through the plant apoplast,
though the cuticle often impedes this diffusion (Van Der Wal & Leveau,
2011). Within greenhouse production, light is often modified to suit the
needs of the crops grown, leading to optimised photosynthetic activity,
biomass production and plant architecture (Morrow, 2008). Kong et al.
(2024) found that medium intensity of white light resulted in the highest
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contents of leaf soluble sugars, cellulose, and free amino acids in lettuce.
Light intensity also modulated the functional composition of the
phyllosphere prokaryotic community. As light is a global regulator for both
plants and microorganisms a focus on investigating what the different light
qualities could induce in the non-phototrophic BCAs based on phenotypic
microarray was used, Paper III. The results were later used to explore if there
are any ecological implications for P. chlororaphis and if the combination of
sole carbon sources and light could induce biofilm formation, Paper IV.

A total of 190 carbon sources were tested under six light treatments (at
intensities of 50 pmol m™ s) for a total of 96 hours. The highest carbon
utilisation based on the AUC values occurred for B. amyloliquefaciens under
darkness and the 460 nm treatment (Figure 9).

Bacilins amyloli i Psend i Streptomyces griseoviridis
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Figure 9: Percentage of carbon sources utilised under light regimes, at an intensity of
50 pmol m? 5!, for B. amyloliquefaciens, P. chlororaphis, S. griseoviridis. Area under
the curve (AUC) values ranged from 0 to 25,000. (Originally found as Figure 2 in
Paper III)
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Moreover, B. amyloliquefaciens exhibited generalist behaviour under 460
nm by utilising most of the available carbon sources (Figure 1, Paper III). S.
griseoviridis had low carbon utilisation throughout all light treatments. A
medium respiration was only noted for 3% of the tested carbon sources.

In the case of P. chlororaphis most carbon sources could be utilised
irrespective of the treatment, though a higher proportion was noted under the
420 nm treatment (Figure 9). This was also observed in the reaction norms
and the KEGG pathway analyses, where a higher proportion of the sole
carbon sources were used under the 420 nm treatment (Figure 1, 3 and 4,
Paper IV). When looking closer into cascade effects within key biochemical
pathways such as the citrate cycle, a clear effect of the 420 nm treatment with
increased use of succinate and malate (Figure 3, Paper IV). Succinate is a
carbon source which is preferred by P. aeruginosa and has been linked with
increased biofilm formation (McGill et al., 2021; Riquelme & Prince, 2021).
In a study by Gharaie et al. (2017), they found that for another non-
phototrophic Pseudomonas sp. DR 5-09, blue light had the most pronounced
effect on substrate utilisation patterns.

Based on the results, phenotypic plasticity was noted for all three BCAs
as adaptations occurred over time as a result of the sole carbon source
utilisation with respect to the light treatments. The phenotypic plasticity
observed was strain, light treatment and source dependent (Figure S1 and S2,
Paper III). The BCASs' ability to use the limited nutrients present could be
indicative of whether light could induce »- and K-strategies (Andrews &
Harris, 1986). Being that the concentrations of the sole carbon sources found
in the PM plates are approximately 10 — 20 mM, an increase in utilisation
could possibly indicate a shift within the BCA. This is, as an r-strategist
would grow rapidly when there is an abundance of nutrients (Pettersen et al.,
2021). On the other hand, in a competitive environment, the slower-growing
K-strategist will dominate, as its dietary needs are not as stringent as those
of r-strategists. By examining the invasion and the resource saturation
limitation theories, what could determine if a BCA 1is successful in
establishing in the phyllosphere is if they can shift between being an - or a
K-strategist. Based on the experimental set-up the three BCAs were only
exposed to low nutrient availability and as such, any growth could indicate
that they were acting like a K-strategist.

Only capric acid was found to induce biosurfactant production in all three
BCAs under different light spectra at a light intensity of 50 pmol m? s’
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(Table 1, Paper III). Biosurfactant production is an essential mechanism for
the establishment of microorganisms in a new environment. Choosing a sole
carbon source that could, in combination with light, induce biosurfactant
production could perhaps enable the BCA to invade and better attach to the
surface of interest such as in the case of begonia leaves. Other studies have
shown that other organic compounds such as amino acids could enhance
biosurfactant production (Alsanius et al., 2021; Guerra-Santos et al., 1986).

Another essential mechanism of a good BCA is that of biofilm formation,
as it allows for enhanced resilience of bacterial communities residing in the
film due to the diverse ecological niches present (Gomez-Pérez et al., 2024).
In the case of the introduction of BCAs in the phyllosphere niche
construction and realisation could be most beneficial as this would allow for
a better establishment whilst also affecting the pathogen negatively. Biofilm
formation was detected for all three BCAs under several light treatments
(Table 2, Paper III). Most occurred for P. chlororaphis, the only one were
biofilm formation was seen under all light treatments. Selected sources based
on these results, D-ribose resulted in biofilm formation under the red and
dark treatments, uridine led to biofilm formation under 460 nm, were used to
study biofilm occurrence when in combination with P. chlororaphis on
detached leaf assays (Figure 10).

Biofilm formation as assessed through crystal violet staining, occurred
under all light treatments irrespective of drop placement as the carbon
sources were added in a random fashion. No effect of light intensity or
exposure length was observed (Table S2, Paper IV). The glucose treatment
resulted in the darkest biofilms when compared to the other selected carbon
sources (Figure 10). Biofilm formation was noted even when only sterile
distilled water was used in combination with P. chlororaphis. This could
indicate that leaf wetness or humidity may play a key role in the
establishment of microorganisms on a leaf.

Restricted leaf water activity has been reported to restrict microbial
growth in food preservation, were decreased activity was found to prolong
the lag phase, ultimately decreasing the cell growth rate (Tapia et al., 2020).
Similarly, in the phyllosphere, the water content plays a fundamental role in
plant-microbe interactions, though all the interactivities are not yet
understood (Aung et al., 2018). In a study by Monier and Lindow (2004),
they found that under moist and humid conditions bacterial aggregates were
found at higher rates near the base of glandular trichomes. This could
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potentially explain why, in the case of the trichome-dense tomato leaves used
in the detached assay, a biofilm formation could be detected when only
sterile distilled water was used in combination with the bacterium.
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Figure 10: Average scores for all drops that were crystal violet treated. Detached tomato
leaves exposed to five light conditions (monochromatic 660 nm, 530 nm, 420 nm;
polychromatic white; darkness) under two intensities (50 pmol m™ s’; 100 pmol m? s!)
and for three time points post inoculation (30 min, 60 min, 120 min) of P. chlororaphis.
Six substrates (four sole carbon sources (D-arabinose, glucose, D-ribose, uridine),
control treatments: water with the bacterium, water without bacterium) were added
randomly on each leaf with three biological replicates used. (Originally found as Figure
5 in Paper IV).
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6. Conclusions

The main findings of the thesis were that:

Combining a cultural control together with a biological could
offer a new integrated pest control strategy

Light spectrum modification is capable of inducing
biosurfactant and biofilm in non-phototrophic bacterial BCAs

No general light recipe could be identified for the three BCAs
Light distribution can vary within the crop canopy

Application to the canopy may lead to different results
depending on the bacterium and plant species used

Light and nutrient preferences can be species dependent

Combining cultural dependent and culture independent
methods could complement one another when evaluating BCA
re-isolation from the phyllosphere

Light could trigger cascade effects in key biochemical
pathways e.g. carbon pathway and citrate pathway in non-
phototrophic bacteria
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7. Future perspectives

There are still a number of questions when it comes to understanding the true
effect of light manipulation to suit the needs of non-phototrophic
microorganisms, in the phyllosphere of greenhouse crops. The phyllosphere
is a complex ecosystem and the need for BCAs that can invade and can
realise a niche in the phyllosphere will continue to grow. Especially based
on our needs for a more sustainable crop production.

Some aspects that could be looked into are:
* Using transcriptomics to decode which mechanisms light
treatments and exposures affect within a bacterial BCA

¢ Consider how light treatments affect leaf exudates on crops of
interest

¢ Compare leaf exudates to phenotypic microarray data

% Examine if the temporal differences in the humidity and
temperature within the canopy of a trellising crop like the tomato
can vary depending on light treatment

«  Compare different white lights to determine if similar results can
be obtained when combining other ratios of blue and green

wavelengths

% Apply ecological concepts when identifying potential BCAs
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Investigate if light together with a nutrient source could aid the
exploitation of multiple modes of action when using consortia

Explore the consequences of introducing BCAs to the
environment from an ecological perspective



8. Sustainability reflections

According to Santos et al. (2022), “sustainable agriculture requires the
recruitment of bacterial agents to reduce the demand for mineral fertilizers
and pesticides such as bacterial endophytes.” This thesis may not pertain to
bacterial endophytes but rather epiphytes, but the sentiment is the same. In
order to reduce our dependencies on both pesticides and mineral fertilisers,
bacterial agents could and should be used instead. In an ever growing
population, the demand for more and safer products will continue to expand.
As mentioned in the introduction the world population will be peaking at
approximately 10.3 billion in approximately 50 years. This may seem too far
into the future, but now is the time to try to find solutions. One possibility
could be combining microbiome research together with breeding programs
to identify microorganisms that could both stimulate and protect the crop of
interest.

Several sustainability development goals (SDGs) have been covered both
directly and indirectly by this thesis. Some of these goals include SGD 3:
Good health and well-being, which could be achieved by avoiding the use of
chemical pesticides needed to combat fungal infections in greenhouse
environments and as such target 3.9 could be met. Other goals include SDG
11: Sustainable Cities and Communities and 12: Responsible Consumption
and Production, which are sustainability-oriented and interlinked. Lastly,
two other SDGs, that this thesis could fall under include 13: Climate Action
and 14: Life below water. By using biological control agents to eliminate
unwanted organisms in a greenhouse setting, there will be a decreased need
for chemical pesticides, which in turn would decrease the leaching of
chemicals into the water ecosystems.

There is still a lot to uncover, but this thesis may be a small part of the
bigger picture. Even the smallest of successes could bring about changes.
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Popular science summary

The use of chemical pesticides needs to be reduced to promote
sustainability in both food and ornamental plant production. One possible
alternative is using other living organisms that can negatively affect harmful
pathogens. Organisms such as bacterial biological control agents (BCAs)
have several tools that allow them to control pathogens. Some of these tools
include the production of substances that either harm or are disliked by
pathogens and, by occupying space, preventing pathogens from accessing
the plant.

However, there are some challenges that beneficial bacteria must
overcome to protect the plant. As the plant surface is not a welcoming
environment, it is sometimes hard for the BCAs to establish. For the BCAs
to work well on the harsh plant surface, they need to attach to the leaves,
compete with other microbes and multiply. One thing that could help the
introduced bacteria is light! Interestingly, light has been found to affect even
organisms that do not use it as an energy source. Organisms that do not use
light in this way are called non-phototrophic. Recently, it has been shown
that light can help non-phototrophic bacteria form protective layers called
biofilms and produce substances that improve their survival.

This thesis set out to look into how visible light affects three types of
beneficial BCAs in both laboratory and greenhouse settings. By testing
different wavelengths, we found that under nutrient-low conditions in the
laboratory, two of the three bacterial species, Bacillus amyloliquefaciens and
Pseudomonas chlororaphis, preferred the blue light treatments. In contrast,
the third species, Streptomyces griseoviridis, preferred the red treatment.
Biofilm formation could occur depending on the combination of nutrient,
light treatment and bacterium. The same preferences were not seen when the
three BCAs were introduced to tomato leaves in the greenhouse. All BCAs
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preferred the green and white light treatments in the greenhouse setting. S.
griseoviridis grew well regardless of the light treatment, and B.
amyloliquefaciens disliked the red light treatment the most.

The results revealed that the type of visible light matters and that no one
recipe could be used. By combining two non-chemical methods: a biological
(BCA) and a cultural (light) control method, this offers a new integrated
pathogen control strategy. These insights could help develop future
beneficial bacterial controls in greenhouses and hopefully lead to more
sustainable growing practices.
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Popularvetenskaplig sammanfattning

Anvindningen av kemiska véxtskyddsmedel behdver minska for att
frimja en hallbar livsmedels- och prydnadsvixtproduktion. Ett mojligt
alternativ ar att anvénda andra levande organismer, som bakterier, som kan
paverka skadliga patogener negativt. Organismer som biologiska
bekdmpningsmedel (BCAs) har flera verktyg som gor det mdjligt for dem att
kontrollera véxtskadegorare. Nagra av dessa verktyg inkluderar
produktionen av imnen som antingen skadar eller ogillas av patogener. Aven
genom att ta upp plats hindrar BCA véxtskadegorare fran att komma &t
vaxten.

Det finns dock vissa utmaningar som nyttobakterierna maste klara av
innan de kan skydda véxten. Eftersom véxtens yta inte &r en vilkomnande
miljo kan det ibland vara svart for BCAs att etablera sig. For att BCAs ska
fungera effektivt mot vixtskadegérare maste de fdsta sig vid bladen,
konkurrera med andra mikroorganismer och foroka sig.

En sak som skulle kunna hjéilpa de introducerade bakterierna ar ljus!
Intressant nog har det visat sig att ljus paverkar dven organismer som inte
anvander det som energikilla. Organismer som inte anvinder ljus pa detta
sitt kallas icke-fototrofa. Nyligen har det visats att ljus kan hjélpa icke-
fototrofa bakterier att bilda skyddande lager, s& kallade biofilmer, och
producera &mnen som forbéttrar deras overlevnad.

Denna avhandling undersokte hur synligt ljus paverkar tre typer av
fordelaktiga BCAs i bade laboratorie- och vixthusmiljoer. Genom att testa
olika véglédngder fann vi att under néringsfattiga forhéllanden i laboratoriet
foredrog tva av de tre bakteriearterna, Bacillus amyloliquefaciens och
Pseudomonas chlororaphis, behandlingar med blatt ljus. Daremot foredrog
den tredje arten, Streptomyces griseoviridis, behandling med rott ljus.
Bildandet av biofilmer kunde ske men det var beroende pad kombinationen
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av néring, ljusbehandling och bakterie. Samma preferenser observerades inte
nir de tre BCAs introducerades till tomatblad i véxthuset. Alla BCAs
foredrog behandlingar med gront och vitt ljus i vixthusmiljon. S.
griseoviridis véxte bra oavsett ljusbehandling, medan B. amyloliquefaciens
ogillade mest behandlingen under rott ljus.

Resultaten visade att typen av synligt ljus spelade roll och att inget
entydigt recept fanns. Genom att kombinera tvd icke-kemiska metoder: en
biologisk (BCA) och en kulturell (Ijus) erbjuds en ny integrerad strategi for
vixtskadegorarbekdmpning. Dessa insikter kan hjélpa till att utveckla
framtida anvindningar av nyttobakteriekontroller i vixthusmiljoer och kan
forhoppningsvis leda till mer hallbara odlingsmetoder.
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ATTAN ETTIOTAPOVIKN TTEPIANWN

H ypniion ynmuxodv gutoopprakmyv mpémetl vo Letmbel yuo va tpowbnbei n
Blocipwdmrta 1600 otV TOPAYOY TPOPIUOV OGO KOl KOAAOTIGTIK®V
ovtov. Mo mhavy evaAloktiky Avon gival 1 ypnon GAlev (oviavov
0pYOVICUAV 7OV UTOopoVV va EMNPEACOVY apvNTIKA TOVG emPraPeic
nafoyovoug mapdayovtes. Opyavicpol OTmG To PaKTHPLOL TOV AELTOVPYOVY MG
Poroywcoi éreyyor (BCAs) dwbétovv O1dpopa epyokeio. mOL  TOLG
EMTPEMOLY VA ELEYYOLV TOLG TTaBoyovovg Tapdyovies. Opiopéva and avtd
T gpyodeia TEPLOUPAVOLY TNV TAPOY®OYT OLGIMV TOL gite PAdmTOVY glte
amoBoppvvovy Tovg TaBOYOVOLG OPYOVIGHOVS, KAOME Kol TV KOTAANYM
y®dpov, eunodilovtag £1ot v TpodSPaot TV Tadoydvav 6To QUTO.

Q61660, VITAPYOLY OPIGUEVEG TPOKANGELG TOV TIPEMEL Vo EEMEPAGOVV TaL
EVEPYETIKA POKTNPLOL Y10 VO TPOOTOTELGOLY TO PUTO. H emipdveia Tov putov
dgv glvar rao&evn kot cuyvd Kabiotd duckoAn v eykatdotacn tov BCAs.
Mo va Ae1TovpynoovY OMOTEAEGUOTIKA OTNV OTOLTNTIKY EMPAVELD TMV
@OAM oV, Ta BCAs mtpénel vo, tpookoAAn0ovv ota pOAAD, VO OVTOY®VIGTOVV
GAAOVG LKPOOPYAVIGHOVG KOl VO TOAAUTAQGIOCTOVV.

Kdétt mov 0o pmopovoe va fondncel ta sicayduevo. Paktipla ival o
ong! Elvar evolapépov 6tTL €xel Ppebel mmg to Qg emnpedlel akdun Kot
OpPYOVIGHOVG TOV OEV TO YPTNGLULOTOOVY ®G TNyn &vépyelag. Avtoi ot
opyavicuoi ovopalovtat un eototpo@ikoi. [Ipoceara, £xel amoderydei ot
T0 Q¢ umopei va fondnoetl Ta U pOTOTPOPIKA PakTiplo Vo oynUaTicovy
TPOCTUTEVTIKEG GTPAOGELS, TOL ovoudlovtal Bropepfpdves, Kot va mapdyovy
0VGieg oL PedTidOVOLY TNV EMPi®ON TOLG,.

AV N SIMAUATIKN EpYacia giye MG GTOYO VO, SIEPEVVNGEL TAC TO OPOTO
QMG eMNPedlEL TPELG TOTOVG EVEPYETIKMY PLOAOYIKAOV TapaydVTmOV EAEYXOV
(BCAs) 1060 og gpyactnplokéc 660 Kol o€ Ogppoknmiokég cuvOnked.
Aoxipdlovtog S1opopeTIKA UAKN KOUOTOG, dmloThbnke 0Tl 68 cuvOnkeg
YOUNADV OpeNTIK®V OTOLEIMV OTO €PYOOTNPO, dVO Omd T Tpio €i0M
Bakmpiowv, Bacillus amyloliquefaciens wav Pseudomonas chlororaphis,
npotwovoay TiG Oepomeieg pe pmie @ Avtibeta, to Tpito &idog,
Streptomyces griseoviridis, npotipovoe 1t Oepancio pe kokkvo ewg. O
oyNUaTIcUOC Propepppavav pmopovoe vo mpoyuatorombei avaroya pe to
Openticd otoryeio, tn Oepameio pe @oc ko o Poktiplo, kdtL mov Oa
LTopovGE va etvor EEPETIKE ETMPEAEC.
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Qact600, 01 1deg mpotunoelg oev mopatnpnonkoy otoav ot tpeic BCAs
glonyOnoov og pALa vioudtag 6to Beppoknmio. Xe ot T pvduion, 6rot
ot BCAs mpotiuncav 11 Oepaneieg pe mpdowo kot Aevkd owg. To S.
griseoviridis avamtoydnke kald aveEdptnta and ) Oepaneia pmTOS, EVAO TO
B. amyloliquefaciens @évnke vo amo@edyel T0 KOKKIVO POC.

Ta anotedéopato amokdAvyov OTL T0 €005 TOV OPATOL EMTOG £)EL
onuocioc Kot Ott dev umopel va €QOPUOCTEL Lo eviaic «GLVTOYT.
Yvvovdalovtag 600 un ynuikéc pebodovg o froroykny (BCAs) kot o
TOMTIGUIKY  (¥prion  ¢oT0g) HéBodo  eAéyyov mpocEEpeTal o véa
GTPOTNYIKT OAOKANPOUEVTS KATATOAEUNONG TapaGiTOV. AVTH TO gVPTATO
0o pmopovoav va, Pondnoovy oty avamntuén HEAAOVTIKMOV EVEPYETIKMV
Bakmnplokdv pebBodwv eréyyov oe Beppoxnma koi, eimifovroc, va
00N YNGOLV GE O PLOCIUES TPOUKTIKES KAAMEPYELS.
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Plants and crop stands are considered holobionts, colonized by both autotrophic
and by non-phototrophic heterotrophic microbiota. The dilemma in the exisiting
body of studies is that the focus is primarily directed towards environmental
specificties relevant for phototrophic organisms (predominantly plants), but does
not take into account non-phototrophs. By definition, non-phototrophic
heterotrophic bacteria do not use light as an energy source. Light energy and
wavelength are rather used as a signal that can provoke shifts in both their
metabolism and microbial lifestyle. Reaction and recovery time can vary between
organisms and is dependent on the organism'’s physiological stage. The length of
the lighting event affects the energy an organism is exposed to. We argue that to
obtain a deeper and more distinct understanding of light exposure (irradiance,
exposure length), quantity (light intensity), and quality (wavelength/spectral
distribution, bandwidth at full-width half-maximum) related mechanisms on
non-phototrophic bacteria in the phyllosphere, the light environment needs
to be further strictly characterized. This includes information on the actual
energy hitting planktonic or sessile non-phototrophic bacteria resident on and
inside plants aboveground. Mapping the light environment in ecosystems aids in
unraveling light-phyllosphere interactions and strengthens their transdisciplinary
character. This issue is fundamental in order to revisit and repeat others’
experimental approaches and findings but also to be able to translate findings
into further action.

KEYWORDS

energy, exposure dose, irradiance, light intensity, non-phototrophic phyllosphere
bacteria, phyllosphere environment

1 Introduction

Based on premises rather than experimental evidence, the phyllosphere is often
characterized using atmospheric rather than boundary layer conditions (mainly
temperature and to some extent relative humidity) as a basis of its description
(Alsanius et al., 2019). Light conditions are often incomplete in microbial studies, such
as day length, crop stand, light spectrum, and light intensity, are often ignored despite the
overruling influence of light on primary (photosynthesis) and secondary plant processes
(biomass formation, crop development, secondary metabolisms) which could influence the
plant microbiota.
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Alsanius et al.

BOX 1 Definitions

10.3389/fphbi.2024.1432066

Term Definition
Daily light integral The number of photosynthetically active photons (photons in the PAR range) accumulated in a square meter =~ mol m >
during a day. The daily light integral measures light quantity.
Exposure dose Light irradiance multiplied with the length of exposure (exposure time) Jm?or W
Exposure dose = Light irradiance (J or W m?) (where the light intensity is also taken into account) x Exposure time = m™ s
(s)
An example can be found in the Supplementary Material S1
Exposure length, exposure time Duration of light treatment s, min, h
Irradiance Energy passing through a unit cross-sectional area per unit time. W m™
Intensity The number of photons at a certain period of time
Light intensity (Quantum meter) Number of photons hitting an area in unit time. pmol m™2s™!
Light quality See spectral distribution
Photon flux Number of photons hitting an area per unit time
Photoperiod Period of time each day during which an organism receives light; usually indicated by length of light and dark | h
interruption period.
Photosynthetic Photon flux density Number of the number of photosynthetically active photons striking a surface each second pmol m~2 7!
(PPFD)
Spectral distribution Relative number of photons within the different wavelengths emitted from a light source. Spectral distribution
reflects light quality.
Visible light Part of the electromagnetic radiation spectrum that can be observed by the human eye. nm
‘Wavelength The distance between two corresponding points in a light wave, an electromagnetical wave nm

*for conversion between different units, please consult Goncalves dos Reis and Ribeiro (2020).

In crop science, visible light, ranging from 380 nm (violet) to
750 nm (far-red light), is usually in focus. Given the plants’ ability
to transform light into energy, light is usually expressed as
photosynthetic active radiation (PAR; 400-700 nm) and
photosynthetic photon flux density (PPFD; pmolm™ s™').
PAR and PPFD units have been applied in studies of
interactions between plants and UV- or infrared-light. Plants
and crop stands are considered holobionts, colonized by both
autotrophic and by non-phototrophic heterotrophic microbiota.
Although the latter ones do not directly depend on light as an
energy source, there is growing evidence that their metabolism
uses light (light quality: light spectral distribution; wavelength,
exposure dose that can affect the circadian rhythm) as signals
(Losi and Girtner, 2021; Kahl et al., 2022; Wollmuth and
Angert, 2023).

The interdependence of light quality and aerial fungal plant
pathogens is well known (see Alsanius et al., 2019, see Beattic et al.,
2018 and references in both). Several studies indicate that spectral
distribution induced shifts in bacterial lifestyles (planktonic, sessile),
metabolic activity and environmental stress responses can occur
when exposed to different wavelengths and intensities (Wu et al.,
2013; Gharaie et al., 2017; Alsanius et al., 2019; Alsanius et al., 2021;
Kahl et al., 2022; Hatfield et al., 2023). Moreover, the presence or
absence of light can impact biofilm formation, as can light quality
influence respiration of non-phototrophic bacteria (Kahl et al.,
2022); redox stages in zones affected by different previous
lighting stimuli could be endured upon changes in light
conditions. Thus, irradiance based measures, such energy (W
m™) and exposure dose (W m™ s7'; ] m™) rather than just
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photon density ought to be mentioned when describing the
phyllosphere environment in relation to light exposure (see Box 1).
We postulate that
® To study light-phyllosphere interactions, non-phototrophic
organisms’ perception of light (radiation) must be considered
® PAR based descriptions of the light environment, only focuses
on plants’, and associated phototrophic organisms’ ability to
utilize light.
Thus energy based information must be used to study the fate of
non-phototrophic organisms in the phyllosphere.

2 Plant-light interactions

Plants use light as a primary energy source via photosynthesis,
but light also informs the plant about the time of day, time of year,
and about its surroundings (e.g., if the plant is shaded by other
plants) (Wassink and Stolwijk, 1956). The photosynthetically active
spectrum is normally generalized to 400-700 nm in wavelength, the
range of 380-710 nm has also been suggested (McCree, 1972).
However, wavelengths shorter (Ultraviolet light, UV) and longer
(Far red, FR, Infra-red, IR) than the photosynthetically active
wavelengths will further affect the plant in several ways. For
measuring photosynthetic light, special PAR-sensors (quantum
sensors) have been developed, giving values in the unit pmol m™
s™' (Ryer, 1997). Information about light intensity in combination
with daily photoperiod can be integrated into a daily light integral
(DLI), expressed in mol m~> day ™', which is a commonly used unit to
quantify photosynthetic light. Spectral distribution within the
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The plant holobiont as affected by light. (A) Light quantity (light intensity, irradiance) and light quality (spectral distribution) of white LEDs in the

canopy of a Poinsettia (Euphorbia pulcherima) crop under greenhouse conditions. Light quantity and quality parameters were measured above the
canopy as well as beneath the apical and basal leaves of Poinsettia plants placed directly under the LED (centre), or at 20 cm distance from the central
plant (front, back). Light quantity decreases from the top to the bottom (note deviating y-axes). Differences also occurred with respect to the
position of the plant in the crop stand. With respect to light quality, the light spectrum is distorted from high relative abundance of blue light above the
canopy to higher relative abundance of red and far-red or just far-red bands beneath the apical and basal leaves, respectively. (B) Light quantity and quality
hitting a leaf surface, light may be absorbed, refracted, or reflected. The leaf surface structure, but also the morphology and thickness of different leaf
layers, the nature of pigments and their distribution play a key role for the transmittance of light through the leaf. (C) Spectral bands absorbed by different
photosensory proteins (cryptochrome/photolyase, CRY/PHR; photosensory yellow protein, PYP; light-oxygen-voltage, LOV; sensor of blue light utilizing
flavin adenine nucleotide, BLUF; Sensory rhodopsin; bacteriophotochrome, PHY) of non-phototrophic bacteria. The dots indicate the peak absorption
within each wavelength spectrum for each photosensory protein. Recent results indicate that PHY also may act within the blue spectrum (Hatfield et al.,

2023). (lllustration: B. Alsanius and M. Hellstrém, supported by Biorender.com).

photosynthetic light, and the amounts of UV-, FR- and IR-light can
be measured using a spectroradiometer (Ryer, 1997), informing of
the spectral irradiance for each wavelength in the units pmol m™
s ormW m™.

However, light measurements in growing systems are normally
performed above the canopy. As soon as the light enters the canopy,
the intensity and spectral distribution is altered due to absorption
and reflection; this is a fact that is often overlooked when discussing
the full lighting effect on and within plants (Figure 1).

3 Photoreception of non-
phototrophic bacteria
Photosynthetic prokaryotes and some non-phototrophic
bacteria are equipped with photosensory proteins. For non-
phototrophic  bacteria, in total, six different photosensory
proteins have been identified with an array of absorption spectra
within the visible and non-visible light spectrum (Figure 1). These
include phytochromes (PHY) (Auldridge and Forest, 2011)
absorbing red and far-red light, photoactive yellow proteins
(PYP) (Kumauchi et al, 2008; Meyer et al., 2012), rhodopsins

which are retinal binding receptors and provide light dependent
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ion transport (Ernst et al, 2014), blue light absorbing proteins
cryptochrome/photolyase (Cry/PHR), blue light using flavin
adenine dinucleotide (BLUF-FAD) and light oxygen voltage
(LOV) domain (Gomelsky and Hoff, 2011; Wu et al., 2013).

The typical phytochrome architecture consists of three
conserved domains: PAS (Per-ARNT.Sim), -GAF (cGMP
phosphodiesterase/adenylate) and PHY (Phytochrome specific).
In bacteria, biliverdin is used as a chromophore (Bhoo et al,
2001). The structure of PYP has a typical PAS domain and is
often referred to as the prototype of proteins in this domain
(Imamoto and Kataoka, 2007). The BLUF domain proteins can
both be standalone BLUF domains or be coupled to
phosphodiesterase (EAL) domains. Almost 70% of BLUF
domains are not connected to EAL. The second most common
structure of the BLUF domain is a BLUF-EAL combination
(Kanazawa et al, 2010). The small photosensory protein LOV
belongs to the PAS domain and is linked to histidine protein
kinase (HisKa), di-guanylate cyclase (GGDEF) and EAL domains
(Van der Horst et al., 2007).

Photosensing in bacteria can cause a cascade of reactions inside
the cell. Signalling molecules and regulatory proteins can result in a
change of gene regulation that can alter the behaviour and lifestyle of
the bacteria involved. LOV, PYP and BLUF have under different
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Exposure dose information - a fundamental detail in studies on light response of non-phototrophic bacteria. (A) Outputs of three LED devices within

the violet-blue spectrum. Wavelengths specified for the LEDs were 400 nm, 420 nm, and 450 nm, respectively. Regauging the three LEDs displayed that
peak relative abundance deviated from the specifications and that spectral width characteristics varied considerably between the three LEDs as expressed
by bandwidth at full-width half-maximum (indicated by the red line) and spectrum range output. To calculate the exposure dose, these
characteristics need to be described. (B) Response to electromagnetic radiation differs between different photoreceptors, bacterial organisms and
strains, but also between different phases within. Activation time might range between microseconds to seconds, transition from photoactivation to gene
expression (transition time) between seconds to minutes and regeneration time between seconds to hours. (lllustration: B. Alsanius and M. Hellstrém,

supported by biorender.com).

light conditions shown to control the transition between
planktonic single cell lifestyle into a sessile multicellular
lifestyle. The key player in this is the second messenger c-di-
GMP with the help by GGDEF and EAL, which is responsible in
the synthesis and the hydrolysis of c-di-GMP (Hengge, 2009). If
the concentration of c-di-GMP increases in the cell, the motility of
the flagella is inhibited and thus the synthesis and excretion of the
biofilm component is stimulated. There is also evidence that both
LOV and PHY regulates swarming motility in the pathogen
Pseudomonas syringae and that there is cross talk between these
two proteins (Wu et al., 2013). In Escherichia coli, the BLUF-EAL
protein YcgF does not hydrolyse c-di-GMP but instead binds to the
repressor YcgE during blue light exposure. This leads to activation
of both biofilm matrix production and of acid resistance genes and
downregulation of adhesive curli fimbriae. Moreover, the
expression of YcgF and YcgE was activated strongly at low
temperatures (Tschowri et al., 2009).

Light can also change the utilization patterns of nutrients in
bacteria and thus affect several metabolic pathways when bacteria
are exposed to different light spectra (Miiller et al., 2017; Alsanius
et al,, 2021; Karlsson et al,, 2023). Recent results on P. syringae pv.
syringae demonstrate that non-phototrophic bacteria employ light
information to sense and prepare for environmental changes, such
as water stress (Hatfield et al., 2023).

4 Discussion
In non-phototrophic bacteria, photoreceptors are globally

regulating metabolic functional activities (Hatfield et al, 2023).
Photoreceptors are thus high on the regulatory pyramid.
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Reaction and recovery time to light exposure can vary between
seconds to minutes and even hours (Ernst et al., 2014; Liu et al.,
2018). They deviate between different photoreceptor proteins and
wavelengths, as well as on the intensity of emitted light (Figure 2).
Furthermore, the light exposure and interval have been shown to
affect the circadian rhythm in various bacteria (Kahl et al., 2022;
Wollmuth and Angert, 2023), which have led to permanent
metabolic changes. By not defining all possible driving factors,
such as light intensity, wavelength and exposure time, a dilemma
occurs with respect to understanding how they can affect microbial
mechanisms, in particular of non-phototrophic bacteria within the
phyllosphere. For example, when comparing the two wavelengths
of 660 nm and 400 nm even though they have the same intensity
(500 pmol m™* s7') the total exposure dose is much higher in the
latter of the two (see example shown in Supplementary Material
S1). Some studies either state the wavelength used in treatment,
e.g., 420 nm, or just the colour perceived by the human eye, e.g.,
blue, and the intensity at which it was used for (PPFD) (Huché-
Thélier et al., 2016). This not only affects the reproducibility of
experiments and results, comparability, generalization of data but
also their translation to any applied setting. Thus, in the case of
studying light-microbe and phyllosphere interactions a defined
exposure dose is necessary.

Information about the light environment varies substantially
in several published studies. A Scopus literature survey, spanning
over a ten-year-period (2013-2023) and based on the search
terms (“bacteria” OR “biocontrol*”) AND (“light” OR
“irradiation” OR “light quality”) AND (“phyllosphere” OR
“leaf”) produced 21 eligible references and 29 individually
assessed experiments (Alsanius et al, 2024). Most of the
studies were conducted in vitro. A majority, but not all
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studies, stated light quantity. Either light intensity (37.9%) or
irradiance (48.3%) was used as a measure; no information was
given on the intensity distribution (as displayed in Hoenes et al.,
2015). Light quantity statements considered outputs from the
light source but did not take material properties of vials or
containers light transmittance into account, used for housing
the organisms during the experiment (as displayed in Gharaie
etal, 2017). The studies included various light sources delivering
either mono- or polychromatic (white) light. Light quality
parameters were poorly displayed and information on the
spectral distribution was mostly lacking. In studies including
monochromatic light, the peak value, but not the bandwidth, was
often mentioned. The spectral composition in polychromatic
light varies and information on the spectral range was not
always sufficient. Most studies indicated exposure time.
However, as light quantity and quality parameters were mostly
poorly described and thus the recalculation of exposure dose is
rather difficult.

As any environmental cue, light quality, exposure and dose
can have large effects on the plant as a holobiont. To direct and
manage photodependent responses in non-phototrophic plant
colonizing bacteria, deeper insights are required into the pace of
action caused by light within the crop stand. Reception,
scattering and absorption of light differs greatly within the
canopy as demonstrated by Schipper et al. (2023), but also
within the plant organs, e.g., leaf (Vogelmann and Bjorn,
1986; Vogelmann and 2014; Miller et al,
2016) (Figure 1).

Leaves tend to absorb approximately 80% of the light they
receive. Within this percentage, some of it is reflected due to light
scattering within the intercellular air pockets inside a leaf.
Further, several leaf organs can alter the spectral quality of the
received light such as chlorophylls and carotenoids due to
absorption. This alteration causes steep internal gradients
within the leaf tissue and thus at different depths there are
diverse light environments for chloroplasts. One other factor
that can cause a light gradient is the leaf angle itself, this as light
direction and quality is affected greatly by it (Vogelmann and
Gorton, 2014) (Figure 1).

A majority of studies on light-non-phototrophic bacteria-
phyllosphere interactions have only been conducted under
in vitro conditions. Substantially fewer studies involve plants
and crop stands. However, the experimental conditions (light
intensity, wavelength, photoperiod, exposure dose, humidity,
temperature) are not always stated (Alsanius et al, 2024). To
apply and follow up photo-dependent bacterial mechanisms in
crop stands, distinct characterization of plant canopy conditions
are necessary. This is needed to better understand the plant
holobiont and to foresee light related events in both natural
and cultured crop stands. Thus, it is vital to re-evaluate findings
presented in the literature from the perspective of light exposure
dose and related parameters to get a deeper and more distinct
understanding of the effect of light in light-microbe interactions,
especially in the phyllosphere. This would lead to a clearer
characterization of the ecosystems studied and allow for a
richer understanding of why light quality and quantity can have
the effect observed within the microbiota present or introduced to
on a plant.

Gorton,
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Supplementary Material S1. Exposure dose example

The exposure dose of an LED set at 660 nm at a light intensity of 500 umol m™ s™! vs and LED set
at 400 nm at a light intensity of 500 pmol m2 s':

Energy of one photon

E is the energy of the photon in joules
h is Planck's constant (approx. 6.62607015x107* m> kg s™!)
¢ is the speed of light (approx. 299792458 m s™) in a vacuum

A is the wavelength of the light in meters

Energy (J) of one photon of 660 nm:

Eeso = 6.62607015 x 1073% x 299792458
6.6 1077

Ee0=3.01 x 1077 ]

Energy (J) of one photon of 400 nm:
Ea00=4.97 x 1077 ]

Light intensity

Intensity (I) = 500 umol m s™!

Area (A) = 1 m? (assuming light is falling on a square meter area)

Convert intensity to photons per second:
Photons s' =1x A

Photons s' =500 x 10°x 1




Supplementary Material

Photons s'=5x 10*

Total energy output

Total energy output = Photons s X Ephoton
Total energy output (J m?2 s!):

- For a 660 nm lamp at 500 pmol m? s =1.50 x 10
- For a400 nm lamp at 500 pmol m? s'=2.48 x 10"

If the LEDs are switched on for 24 hours, the total exposure dose would be:

For a 660 nm lamp at 500 umol m™ s

e =1.50x10%2x (24 x 3600 s)
e =13x10"Jm?

For a 400 nm lamp at 500 umol m™ s

o =248x 1072 x (24 x 3600s)
e =215x10"Tm?2

The total exposure dose is approximate 44% lower for the 660 nm LED than for the 400 nm
device.

Alsanius, B.W.*, Hellstrom, M., Bergstrand, K.-J., Vetukuri, R.R., Becher, P. G., Karlsson. M.E. The power of
light from a non-phototrophic perspective: A phyllosphere dilemma. Front. Photobiol. - Photoecology and
Environmental Photobiology, 2. DOI: 10.3389/fphbi.2024.1432066
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Societal Impact Statement

The use of chemical plant protection products must be reduced to promote sustain-
ability in food production. One possible alternative is biological control agents
(BCAs), but their efficacy under commercial conditions does not always reach the
standard of chemical control agents. Previously, light has been found to induce mech-
anisms in bacterial BCAs that can affect their distribution and establishment. This
could promote BCA efficacy. We looked into how monochromatic and polychromatic
(which is what growers use) light treatments affected the occurrence of three BCAs
post-application. By combining two non-chemical methods: a biological (BCA) and a
cultural (light) control method, this offers a new integrated pest control strategy.
Summary

e The dynamics and functionality of beneficial and non-beneficial, non-phototrophic
bacteria can be influenced by light quality. We investigated if light could aid the sur-
vival of three bacterial biological control agents (BCAs; Bacillus amyloliquefaciens
DSM7, Pseudomonas chlororaphis 50083 and Streptomyces griseoviridis CBS904.68)
in the canopy of greenhouse-grown tomatoes at four light treatments.

o Tomato plants were exposed to 50 umol m=2 s~*

of either polychromatic light
(white) or monochromatic light (blue: 420 nm, green: 530 nm and red: 660 nm)
using DYNA LED lamps for a total of 48 h post foliar application of the BCAs.
Leaves were harvested from two levels in the canopy at the top and middle of
each plant at O, 2, 4, 8, 12, 24 and 48 h post inoculation. The occurrences of the
BCAs were quantified by plate count and droplet digital PCR (ddPCR).

e S. griseoviridis persisted under most treatments, whereas P. chlororaphis and
B. amyloliquefaciens preferred the polychromatic and green light treatments as
depicted by the viable count analyses. Significant differences between the DNA
and cDNA concentrations were only noted for P. chlororaphis, with prominent

wavelength effects.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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light environments.
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1 | INTRODUCTION

Due to an increased demand for both in-season and off-season prod-
ucts (Baskins et al., 2019), a higher proportion of the food production
has shifted to controlled environment agriculture (CEA) as higher
yields are possible. The shift has led to, among others, the need for
alternative plant protection measures, as growers in Northern Europe,
for example, have fewer chemical alternatives to cope with foliar dis-
eases in greenhouse crops with continuous harvest. Microbial biologi-
cal control agents (BCAs) could be a key alternative being more
sustainable and could aid in decreasing the development of resistant
pathogens, given that challenges regarding consistent establishment
and expression of biocontrol mechanisms can be resolved. One of the
greatest hurdles a microorganism needs to overcome within the phyl-
losphere of a crop is the topography of the leaf itself (Andrews, 1992).
The leaf is not as homogenous as one might expect (Remus-Emser-
mann & Vorholt, 2014).

An array of microhabitats occur within one leaf (Leveau &
Lindow, 2001), which in turn affect the survival of introduced
BCAs. After a life in a fermenter and a storage box, the BCA must
adapt to the fluctuations in cyclic and noncyclic environmental
variables such as temperature, irradiation and relative humidity once
introduced to the phyllosphere (Andrews, 1992; Remus-Emsermann &
Vorholt, 2014). The introduced microorganisms need to successfully
compete for space and resources within the already established
microbial aggregates on the leaf surface (Schlechter et al., 2023). This
in turn affects not only their survival but also their metabolic activity.
An in vitro study by Carlstrom et al. (2019) indicated that the
removal or late addition of certain strains did affect the community
structure to varying degrees with prominent priority effects. This
conveyed the complexity of intra- and inter-kingdom relationships of
leaf microbiota in a synthetic microbiota study in the Arabidopsis
phyllosphere.

The use of complementary lighting in CEA in Northern climates is
essential as available natural light is highly dependent on the season
(Modarelli et al., 2022). Different wavelengths can steer plant archi-
tecture, such as plant length, leaf size and thickness (Fan et al., 2013;
Zheng & Van Labeke, 2017). Plant canopies found in greenhouse set-
tings tend to be denser and more compact, resulting in sharper angles
of light infiltration (Slattery et al., 2018). This leads to extreme differ-
ences in irradiance intensities between the upper canopy layers when
compared with the lower canopy foliage, due to a shading effect
(Cutolo et al., 2023).

e Light exposure dose, placement in the canopy and wavelength were found to be

decisive factors for BCA re-isolation, indicating that they have different optimal

Bacillus amyloliquefaciens, ddPCR, greenhouse production, light emitting diode (LED),
Pseudomonas chlororaphis, Streptomyces griseoviridis, viable count

Light energy can modulate major aspects of the physiology of an
organism (Canessa et al., 2013). The metabolism of non-phototrophic
bacteria can be affected by light quality, as they are equipped with
photosensory proteins (Alsanius et al., 2019; Beattie et al., 2018;
Gharaie et al., 2017; Losi & Gartner, 2021). Several distinct types of
photosensory proteins, such as cryptochromes, phototropins, microbial
rhodopsins and bacterial phytochromes, have been described within
plant-associated bacteria and bacterial pathogens (Alsanius et al., 2021;
Hatfield et al., 2023; Imada et al., 2014; Wilde & Mullineaux, 2017;
Yu & Lee, 2013). Their photosensory proteins have been found to reg-
ulate the shift between a sessile and planktonic lifestyle in microbial
biofilm formation due to phototaxis (Gomelsky & Hoff, 2011; Hoff
et al., 2009; Purcell & Crosson, 2008). Light quality has also been
shown to cause both positive and negative changes in cell motility (Wu
et al., 2013). Foliar pathogens such as powdery mildew and grey mould
have exhibited phenotypic responses by being suppressed by different
light treatments (Canessa et al., 2013; Suthaparan et al., 2014).

The objective of this study was to investigate the integration of
BCAs in the phyllosphere of greenhouse tomatoes, aiming to enhance
their effectiveness. We hypothesise that the selection of light quality
(wavelength), exposure dose and placement within the canopy signifi-
cantly influences the occurrence and viability of BCAs. By investigat-
ing using a novel in vivo greenhouse experiment and sampling
methods, we studied how light quality and intensity, in combination
with the exposure length, affect the introduction of BCAs in the phyl-
losphere of greenhouse-grown tomatoes.

2 | MATERIALS AND METHODS

2.1 | Experimental design
We employed a four-factorial experimental design, with factor 1:
BCAs, factor 2: light quality, factor 3: exposure length and factor 4:
position in the plant canopy (Figure 1).

Three biological control agents were used, namely,
B. amyloliquefaciens DSM7, P. chlororaphis 50083 purchased from
DSMZ (Leibniz Institute, Braunschweig, Germany) and S. griseoviridis
CBS904.68 purchased from Centraalbuureau voor Schimmelcultures,
Utrecht, Netherlands. All strains were equipped with spontaneous
antibiotic  resistances to allow for specific re-isolation
(B. amyloliquefaciens: streptomycin 100 pg mL~?, P. chlororaphis and

S. griseoviridis: ampicillin 100 ug mL™Y). The spontaneous antibiotic
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Greenhouse

Experimental I-

Set-Up: DYNA LED - lamps set for
48 h at 50umol m?s™:

* 420 nm
* 530 nm
* 660 nm
« white light
Three BCAs used:
B. amyloliquifaciens
P, chlororaphis
S. griseoviridis

=

IR

Plants People Planet PPP 1o
[Open Access)

Sampling intervals
hours post inoculation \
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Quantification:
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FIGURE 1 A schematic overview of the greenhouse experimental set-up where three biological control agents (BCAs) were sprayed onto
tomato plants that were exposed to different light treatments for 48 h. Leaves were harvested from two placements (top and middle tier) in the
canopy at 0, 4, 8, 12, 24 and 48 h post inoculation and quantified by plate counts and digital droplet PCR (ddPCR) (illustration: M. Hellstrém,

supported by Biorender.com).

resistance was induced by preculturing the BCAs on agar mixtures
containing lower dosages of the respective antibiotics over time.

Four light regimes were chosen using mono- (blue: 420 nm;
green: 530 nm; red: 660 nm) and polychromatic (white) LED lamps
(DYNA LED, Heliospectra, Gothenburg, Sweden). The spectral distri-
bution is depicted in Figure 2, and lamp specificities can be found in
Figure S1 and Table S1.

The total exposure length stretched over 48 h, and samples were
taken directly after the onset of the experiment and after 4, 8,
12, 24 and 48 h. The occurrence of the biocontrol strains was moni-
tored in the basal (middle tier) and apical (top tier) parts of the tomato
plants.

2.2 | Biological control strain preparation

B. amyloliquefaciens was pre-cultured on full-strength tryptic soy agar
(TSA; BD 236950, Becton, Dickinson & Company Sparks, USA) for
48 h before transferring one colony to 6 mL of tryptic soy broth (TSB;
BD 211825, Becton, Dickinson & Company Sparks, USA). In parallel,
P. chlororaphis and S. griseoviridis were pre-cultured on full-strength
TSA for 24 h prior to transferring one colony to 6 mL of TSB. Cells of
P. chlororaphis and S. griseoviridis were grown for 24 h at 25°C on a
rotary shaker (200 rpm). B. amyloliquefaciens cells were grown for
48 h at 25°C with no shaker. The cells were washed twice by
repeated centrifugation (3200 xg, 10 min, 4°C) and re-suspended in
0.85% NaCl to a density of ODgyo = 1. A tenfold dilution was

prepared from the previous re-suspension in 0.085% NaCl for each
BCA that was used as the inoculum. A second dilution occurred with
the same ratio, and a total of 3 L were prepared for each organism
(P. chlororaphis and S. griseoviridis: average log 7.8 CFUmL™?,
B. amyloliquifaciens: average log 4.3 CFU mL™Y). The average absolute
quantification of DNA and cDNA copies of the undiluted and sprayer
content can be found in Table S2.

2.3 | Plant propagation

Tomato plants (Solanum lycopersicum L.) ‘Cappricia RZ F1’ (Rijk Zwaan
Distribution B.V., Netherlands) were grown under greenhouse condi-
tions. The temperature was set at 22°C + 2, with ventilation onset at
25°C; relative humidity of 60%; at a density of one plant per pot
(3.375 L) growing medium (K-jord, Hasselfors Garden, Sweden). Five
grams of fertiliser were added per litre of growing medium (Basacote®
Plus 3M 16-8-12(+2+TE), Compo Expert, Germany). The plants were
exposed to a photoperiod of 14 h under High Pressure Sodium lamps
(HPS-lamps, Philips Greenpower 400 W, Philips, Eindhoven, The
Netherlands). The plants were irrigated upon depletion.

24 | Light experiment

Sixty-five-day-old tomato plants, which had reached the phenological
stage 6 according to the BBCH scale (Feller et al., 2001), were placed
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FIGURE 2  Spectral distribution of the
four light treatments (DYNA LED lamps)
used in the greenhouse experiments.
Depicted is the absolute irradiance for
both the top tier (solid line) and the
middle tier (broken line) of the tomato
canopy, (a) white light; (b) blue: 420 nm
(note: varying y-axis); (c) green: 530 nm;
and (d) red: 660 nm. The secondary y-axis
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in rectangular formations on the greenhouse floor at a density of
approximately 20 plants m~2. Four rectangular formations occurred
per light treatment, as one BCA was sprayed per square. This was
done in the form of non-inoculated P. chlororaphis, B. amyloliquifaciens
and S. griseoviridis. Edge plants surrounded both around and in
between all treated and non-inoculated plants throughout the
experiment. The BCAs were individually sprayed using 5 L compres-
sion sprayers (GLORIA, Haus- und Gartengerite GmbH, Witten,
Germany), until runoff from leaves was observed as described in
Wilson and Lindow (1992). Plants were left to dry for 10 min before
any light treatment. For the continuous 48-h light treatments, post-
bacterial inoculation, plants were exposed to mono- and polychro-
matic light (420, 530 and 660 nm; white LED) using DYNA LED lamps
(10.5-390 W) (Heliospectra AB, Sweden, intensity: 50 umol m~2 s~*

0
360 390 420 450 480 510 540 570 600 630 660 690 720 750 780 810 840

at the top of the plant canopy). Blackout screens omitted all external
light throughout the LED experiments, post-inoculation. The relative
spectral irradiance distribution for each light treatment was measured
as was using a JAZ spectrometer (Ocean Optics, USA) (Figures 2
and S1).

2.5 | Analyses

2,51 | Plant analyses

After a 24-h exposure to LED light, six untreated control plants were
used to measure: chlorophyll content (PAM-2500 chlorophyll fluo-
rometer, Heinz Walz GmbH, Effeltrich, Germany), leaf angle (Angle
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Meter 360, Alexey Kozlov), stomatal conductance and photosystem
efficiency (LLMAN-LCpro, ADC BioScientific Ltd., United Kingdom), all
recorded using non-destructive methods (Table S3). Destructive
methods were used to quantify the leaf surface area (cm?) of the two
tiers within each control plant (LI-3100C, LI-COR Biosciences,
Nebraska, USA). The number of leaves, height and width of the plant
(cm) were also noted (Table S4). Dry weight (g) was measured after
drying the leaves at 80°C for 7 days.

2.5.2 | Viable count of BCAs post light treatment
Leaf samples were harvested after O, 2, 4, 8, 12, 24 and 48 hpi at
two placements within the crop canopy: top (apical) and middle
(basal) tier. Six plants were harvested per organism and time point.
Leaves were weighed and macerated (Smasher; bioMérieux, Inc.,
Durham, USA) for 30s at normal speed in 50 mL of 0.1 M TRIS
buffer using sterile plastic bags fitted with a filter (Separator
400, 180 mm*300 mm*70 um; Grade Products Ltd., Coalville, UK).
Samples for DNA and RNA extraction were taken after each macera-
tion by adding 600 uL DNA/RNA Shield™ (R1100-50, Zymo
Research, USA) to 200 pL of the sample in a cryotube for later analy-
sis. The remainder of the samples were serially diluted in 0.85% NaCl,
drop-plated on full-strength TSA supplemented with the respective
antibiotic compound to allow for selective re-isolation. Plates were
incubated at 25°C for 24 h, P. chlororaphis, S. griseoviridis, and 48 h,
B. amyloliquefaciens before being enumerated as log colony forming
units g ! (log CFU + 1 g %).

2.5.3 | DNA and RNA extraction

Six replicates for each light treatment and position in the canopy
collected at 4, 12 and 48 hpi were extracted using ZymoBIOMICS™
DNA and RNA Kit (Zymo Research, USA). The standard protocol
provided by the manufacturer was used, only deviating by proceed-
ing to Step 2 in the sample preparation as the samples were placed
in a DNA/RNA shield at the time of harvest and processed for 10
min at full speed before continuing with the DNA and RNA purifi-
cation step. A total of 700 pL per sample was used for Step 1 of
the DNA and RNA purification step, and 50 pL of the DNase/
RNase-free water was added instead of 100 pL at Step 6.

TABLE 1
Primer Sequence (5'-3') Target species
Ba_F CTGGACGTCGCAAAAGGCATTA B. amyloliquefaciens
Ba_R TTCTGCCGCATGCTCCAGA
PC_F CCCACCGACAGCCAGCAACG P. chlororaphis
PC_R CGGTCTTGTCGCTGATGCCG
STR_ACT  CGCGGCCTATCAGCTTGTTG S. griseoviridis
STR_LACT ~ CCGTACTCCCCAGGCGG

Annealing temp. (°C)

56

63

61

254 | Droplet digital PCR (ddPCR)

DNA and cDNA were used to quantify B. amyloliquefaciens,
P. chlororaphis and S. griseoviridis using an automated QX200TM
Droplet DigitalTM PCR system (Bio-Rad, USA). The cDNA samples
were prepared from extracted RNA samples using the iScript cDNA
Synthesis Kits, according to the manufacturer's instructions (Bio-Rad,
USA). A reaction mixture was prepared composed of 10 pL of QX200
EvaGreen Digital PCR Supermix, 0.5 pL each of forward and reversed
species-specific primers (Table 1), 4 uL of DNase/RNase free MilliQ
water and 5 puL of DNA or cDNA sample, leading to 20 pL in total.
Samples were put into the automated droplet generator (Bio-Rad,
USA). The plate containing droplets was sealed with pierceable alu-
minium foil using a PX1 PCR plate sealer (Bio-Rad, USA) set to 180°C
for 5 s. The PCR ran with the following thermal conditions (Touch
Thermal Cycler, Bio-Rad, USA): enzyme activation at 95°C for 5 min
followed by 40 cycles of denaturation at 95°C for 30 s, annealing and
extension for 1 min with the temperature specific for the primer used.
The procedure was finalised by signal stabilisation at 4°C for 5 min
and 90°C for 5 min and infinite hold at 4°C. After thermal cycling, the
plate was added into a QX200™ droplet reader (Bio-Rad, USA) for
reading. QuantaSoftTM software was used to analyse the data. Six
replicates per tier and light treatment were quantified per organism
and time point.

2.6 | Calculations and statistical analyses
Viable count results were log transformed prior to statistical analysis.
Based on the correlation between leaf area and weight, all values
were converted to log CFU + 1 cm™2. Exposure dose calculations
were based on formulas described by Alsanius et al. (2024) (Table S5).
All statistical analyses were conducted using RStudio (R Core
Team, 2021), and figures were compiled using packages ‘circlize’ (Gu
et al, 2014) and ‘ggplot2’ (Wickham, 2016). A linear mixed model
approach, LMM, ‘Imer4’ (Bates et al., 2015), was used with a random
factor, plant_id, set to compensate for the two measurements that
occurred per one plant. A four-way ANOVA was used to analyse the
data, with the average log CFU + 1 cm~2 leaf area set as a dependent
variable and placement, light treatment, BCAs and time of harvesting
were set as independent variables. Similarly, linear mixed models and
ANOVAs were used to determine if placement had an effect

Primer sequences used based on 16S rRNA to quantify the selected biological control agents (BCAs).

Source

Current study, modified from Wattiau et al. (2001)

Garrido-Sanz et al. (2017)

Al_husnan and Alkahtani (2016)
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irrespective of sampling time. LMMs and ANOVAs were used to ana-

lyse ddPCR data for each organism. For the initial analysis, the copies
ul~* cm~2 of either DNA or cDNA were set as dependent variables,
and the independent variables were the organism, placement within
the canopy, light treatment and time of harvesting.

3 | RESULTS
3.1 | Re-isolation of the BCAs

The plate counts of the three re-isolated BCAs from the leaves of
greenhouse-grown tomatoes differed greatly when exposed to the

four light treatments. S. griseoviridis had the highest total average log
CFU+1 cm™2 tomato leaves from both tiers under all light

B. amyloliquifaciens

P. chlororaphis

treatments, contrasting to B. amyloliquefaciens total under the
420 and 660 nm treatments, as no colonies were recovered after
4 hpi (Figure 3). For both P. chlororaphis and S. griseoviridis, a large dip
was noted between 0 and 4 hpi under the 660 nm treatment but con-
tinued at a steady rate thereafter. In general, samples collected from
the top tier had higher viable counts, and white light samples for all
three BCAs were highest irrespective of placement.

Statistical differences occurred for all three BCAs when compared
solely to time of harvest (hour), placement in the canopy and wave-
length exposed, as indicated by their high probabilities (* < .05,
** <01 and *** < 0.001) (Table 2). Similarly, the interaction between
hour and wavelength and BCA's resulted in significant differences
(Table S7). Sampling time and placement did have an effect on the
average log CFU + 1 cm™2 of P. chlororaphis. A canopy effect was
noted for all three BCA. However, a preference for placement,

S. griseoviridis
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FIGURE 3  Average log colony forming units (CFU + 1) biological control agents cm~2 tomato leaves at two placements in the crop canopy;
top tier and middle tier over time (n = 36, per organism, tier and light treatment, standard deviation, Table S6). The three introduced organisms
via foliar spray were: Bacillus amyloliquefaciens DSM7, Pseudomonas chlororaphis 50083 and Streptomyces griseoviridis CBS904.68. They were re-
isolated from greenhouse grown tomatoes starting at 0, 4, 8, 12, 24 and 48 h post inoculation of exposure to either white light (polychromatic) or

monochromatic (blue: 420 nm, green: 530 nm, red: 660 nm) light.
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TABLE 2

People Pl

Statistical summaries of ANOVAs based on linear mixed models (LMMs), one for each biological control agent (BCA)

(Bacillus amyloliquefaciens DSM7, Pseudomonas chlororaphis 50083 and Streptomyces griseoviridis CBS904.68) conducted separately. Hours post
inoculation (hour), placement and wavelength were taken into account when compared with the average log colony forming units (CFU + 1)
biological control agents cm™2 tomato leaves during the entire 48-h period (total n = 288). Bold numbers indicate significant effects where

p < .05. Six replicates were plated for each measurement and organism.

S. griseoviridis

Independent variable df Chisq p-value
Hour 5 47777 <.001
Placement 1 91.82 <.001
Wavelength 3 538.15 <.001
Hour x placement 5 7.59 .18
Hour x wavelength 15 92.82 <.001
Placement x wavelength 3 32.54 <.001
Hour x placement x wavelength 15 28.97 016

wavelength and time of sampling was only detected for P. chlororaphis
and S. griseoviridis.

Significant differences were detected between the interaction of
placement and the white light treatment impact on the average log
CFU+1 cm 2 of P. chlororaphis (p < .01), whereas no differences
were noted for S. griseoviridis and B. amyloliquefaciens (Figure 4a). For
S. griseoviridis, statistical significances (p <.001) were only observed
for its re-isolation under the 530 nm, indicating that placement had an
effect in combination with the green light (Figure 4c). A canopy place-
ment effect was detected for B. amyloliquefaciens under the 530 nm
light treatment (Figure 4c).

3.2 | ddPCR analyses

To study the effect of the four post-inoculation light treatments on
the BCAs and to discriminate the proportions of total present (DNA)
and alive (cDNA) introduced strains, ddPCR analyses were used. After
performing several ddPCR runs with no hits, B. amyloliquefaciens was
omitted from the analyses.

Under two light treatments, 420 and 530 nm, there was a gradual
decrease in the number of DNA copies over time for P. chlororaphis in
the middle tier (Figure 5a). An increase for all treatments was noted at
12 hpi in the number of DNA copies in the top tier for P. chlororaphis
(Figure 5a). The highest concentration was evident under the white
LED treatment for P. chlororaphis at both placements. Notably, an
increase in DNA copies occurred at 12 hpi in the top tier for all but
the 420 nm treatment. When comparing the number of copies of
cDNA for P. chlororaphis, a prominent increase occurred at 48 hpi at
both placements under the 530 nm treatment (Figure 5b). For
S. griseoviridis, there were some oscillations between all light treat-
ments over time in the number of DNA copies (Figure 5c). Under the
660 nm, there was a sharp increase at 12 hpi in the top tier and a
milder one in the middle tier. An increase was observed during the
12-h mark only in the middle tier for S. griseoviridis in the DNA copies
concentration. In the case of the absolute quantification of the cDNA,

P. chlororaphis B. amyloliquifaciens

Chisq p-value Chisq p-value

312.63 <.001 x 693.64 <.001 e
35.94 <.001 e 211 15

508.53 <.001 o 1409.7 <.001 o
11.69 .040 * 6.33 .28

124.90 <.001 x 397.75 <.001 x
23.50 <.001 e 9.30 .03 *
2592 .039 * 124.28 .06

a steady increase occurred under 530 nm for the top tier (Figure 5d).
A similar pattern was seen at 420 nm for the middle tier (Figure 5d).
In general, no major differences were observed for either the DNA or
the cDNA analysis for S. griseoviridis, which is concurrent with the
ANOVA results based on the LMM (Figure 5c,d, Table S9).

4 | DISCUSSION

When introduced into a novel environment like the phyllosphere, sev-
eral factors must align for BCA efficacy. In order to succeed, a newly
introduced BCA needs to effectively disperse, adhere and demon-
strate antagonistic behaviour (Alsanius et al., 2020). Our study found
that exposure dose, wavelength and consequently light distribution
within the canopy are fundamental factors governing the establish-
ment of introduced BCAs in the phyllosphere. Light quality was found
to be a decisive factor in how well BCAs were re-isolated from the
phyllosphere of greenhouse-grown tomatoes, both via viable counts
and through their absolute quantification using ddPCR. The three
BCAs had different light quality preferences as their re-isolation
counts varied highly dependent on the light spectra they were
exposed to, indicating that the choice of light quality can be crucial in
their introduction and establishment.

Several studies have demonstrated that light energy or even the
lack of it can control significant aspects of the physiology of non-
phototrophic bacteria (Canessa et al, 2013; Fessia et al., 2024;
Gharaie et al., 2017; Gomelsky & Hoff, 2011; Karlsson et al., 2023).
Some key responses include the induction of antibiotics, biosurfactant
and biofilm formation, swarming motility, and virulence caused by dif-
ferent wavelengths and intensities (Alsanius et al., 2019, 2021;
Bonomi et al., 2016; Kahl et al., 2022; Wu et al., 2013). We therefore
hypothesised that the selection of light quality (wavelength) in combi-
nation with the position within the canopy could significantly influ-
ence the occurrence and viability of selected BCAs.

The three BCAs used in our study can be found as main constitu-

ents in commercial biocontrol products. B. amyloliquefaciens is currently
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registered for foliar application in Sweden, whereas the other two are
primarily used to treat seed- and soil-borne diseases (Table S10).
Though all three have shown promise in the phyllosphere (Mina
et al., 2020; Raio et al., 2011; Vergnes et al., 2020). In the present study,
all BCAs belong to bacterial families that are known to harbour photo-
sensory proteins. Pseudomonas spp. are recognised for harbouring multi-
ple photosensory proteins that function in the blue spectrum, including
the light oxygen voltage *LOV-domain (Purcell et al., 2007), bacterial
phytochrome (Hatfield et al, 2023) and cryptochrome/photolyase
(Losi & Gartner, 2021). P. chlororaphis was expected to perform better
under the 420 nm treatment (Alsanius et al.,, 2021; Wu et al., 2013).
This was partially the case as the highest average log +1 CFU cm 2
over time was observed under the white light treatment, which in our
experiment had several peaks within the blue spectrum (Figures 2-4).
The 420 nm treatment did not result in neither higher CFU nor higher
absolute quantification values when compared with the other light
treatments for P. chlororaphis, but an increase was observed in the CFU
counts between 24 and 48 hpi (Figures 3 and 5a,b). Under the 530 nm
treatment, a substantial increase in the cDNA of P. chlororaphis was
noted after 48 hpi (Figure 5b), indicating that the bacterium potentially
adapted over time, suggesting phenotypic plasticity in both tiers. This
could be due to green light penetrating the leaf more effectively than
the other wavelengths (Lanoue et al., 2022; Terashima et al., 2009) and
thus may have had the greatest effect of all treatments irrespective of

420 nm FIGURE 4  Average log colony
forming units (CFU + 1) biological
Toi control agents cm 2 fresh tomato
%. leaves at different placements in the
canopy (middle tier in light blue and
top tier in yellow) after a total of 48-h
exposure to poly- (a: white light) or
monochromatic (b: blue: 420 nm, c:
green: 530 nm, d: red: 660 nm) light
(n = 288). The three organisms:
Streptomyces griseoviridis CBS904.68:
black, Pseudomonas chlororaphis
50083: purple and
Bacillus amyloliquefaciens DSM7:
orange, were re-isolated from tomato
leaves. Linear mixed models were
used to determine statistical
significances between interaction of
the viable count when compared with
Top placement and wavelength per
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where the bacteria were on the leaves. When compared with the abso-
lute DNA quantification, a decrease was otherwise noted over time
under most treatments, highlighting how it only conveys the total
amount of both live and dead cells, which in turn may not correlate to
the bacterium's metabolic activity (Figure 5a).

Photosensory proteins have been found in the LOV domain in
several Bacillus spp. such as Bacillus subtilis (Gomelsky & Hoff, 2011).
Yu and Lee (2013) studied the effect of light on B. amyloliquefaciens
JBC36 and its biocontrol efficacy when exposed to either 458, 524 or
645 nm at several intensities ranging from 40 to 240 pmol m~2 s,
They found, among others, that red light affected cell thickness on
swarming plates and caused a higher swarming motility rate. This
could possibly account for the lack of growth observed in the
B. amyloliquefaciens under the 660 nm treatment in this study
(Figure 3). Higher viable counts of B. amyloliquefaciens were enumer-
ated under the white light treatment (Figures 2 and 3). In our case, the
white light used had multiple peaks within the blue spectrum (403-
458 nm, Table S1), with smaller peaks in the green, red and far-red
spectrums (Figure 2a). It is tempting to speculate that the large dis-
crepancies in the peaks could signify that photosensory proteins
found in the blue spectrum, such as the LOV domain and crypto-
chrome/photolyase, may have been activated. To link the results to
the expression of the respective photosensory proteins, transcriptome

analyses would be required.
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FIGURE 5 Mean number of copies of either DNA (a, c) or cDNA (b, d) for Pseudomonas chlororaphis 50083 and Streptomyces griseoviridis
CBS904.68 copies (1l cm™2) at both tiers, top and middle tiers (standard deviations: Table S8). Samples were taken at three time points

(4, 12 and 48 h post inoculation) under four light treatments (white light, 420, 530 and 660 nm), at times hidden by other points on the graphs,
when extracted from the treated tomato leaves (DNA: n = 226, cDNA: n = 180, six replicates per treatment). The leaf surface area was
accounted for and thus the data is presented as an absolute quantification of DNA or cDNA copies in ul~* cm~2 per sample. All external light was

blocked throughout the experiment.

By employing light as a stimulus in the form of several different
wavelengths, differential preferences occurred. This can partly
explain the strains' divergent environmental requirements and capac-
ity to adapt to various environmental conditions (phenotypic plastic-
ity), for example, nutritional factors as previously demonstrated by
Karlsson et al. (2023) and biochemical pathways involved (Alsanius
et al., 2021).

S. griseoviridis showed generalist behaviour as it had a high
average log CFU + 1 cm ™2 under all four light treatments (Figures 3
and 4). Light has been shown to invoke carotenogenesis in several
Streptomyces species at a transcriptional level (Elias-Arnanz
et al., 2011). Streptomyces griseus has shown to employ photolyase
PhrB proteins, which are reactive to visible light within the UV-blue
spectrum (Kobayashi et al., 1989).

Within a leaf, multiple microhabitats can be found (Leveau &
Lindow, 2001), causing differences in irradiation, fluctuating tempera-
tures and concomitantly nutritional conditions affecting competition
from native microorganisms (Lindow & Brandl, 2003; Vorholt, 2012).

These differences could have an effect on how well the BCAs acclima-
tise to their new environment when applied to the phyllosphere. The
interaction between placement and wavelength and time of sampling
were found to be significant when compared with average log CFU
+1 cm™2 for both P. chlororaphis and S. griseoviridis (Table 2).
Significant differences occurred for the top tier under the white light
treatment for P. chlororaphis and under 530 nm, top tier, for
B. amyloliquefaciens and S. griseoviridis (Figure 4a,c). These differences
could be due to the correlation between light intensity and how dif-
ferent wavelengths have more or less energised the photons striking
the leaf surface (Table S5) and could therefore affect the top-tier BCA
more. When time was accounted for, no placement effect could be
stated for B. amyloliquefaciens and S. griseoviridis (Table 2). Placement
did not lead to any significant effects on the quantification of either
the DNA or cDNA of S. griseoviridis (Table S9) when all parameters
were accounted for, indicating that the two quantification methods
complement one another. The interaction between wavelength and
placement was found to be significant at a p-value >.05 when
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comparing the DNA quantification of both biological control agents
together (Table S11), as it was for the DNA quantification of
P. chlororaphis with a p-value > .05 (Table $12), which is concurrent to
the comparisons of the CFU counts.

The large decrease in the cDNA versus the DNA concentration
of P. chlororaphis, where the cDNA was approximately 90% less
when compared with the DNA concentration, could be indicative of
the small proportion of active cells over time (Figure 5ab). The
presence of high concentrations of cDNA for P. chlororaphis after
48 hpi under 530 nm indicates that the bacteria were not only
present on the leaves but were also metabolically active. The
differences noted in the cDNA versus the DNA counts highlight
that both analyses are necessary to understand whether an organ-
ism is attached and active. The highest re-isolation counts for
P. chlororaphis were in fact under the 530 nm and white light treat-
ment (Figure 3), and as such, this difference between the two analy-
sis methods shows that there could be viable but not culturable
cells present. This would have been missed if a molecular method
had not been used.

One way of controlling the effect of the wavelength applied is
steering the total exposure dose. The exposure dose increases expo-
nentially over time, and as such, the higher the intensity used, the
shorter the exposure time needed. No one recipe of either light qual-
ity or exposure dose could be found for the introduced BCAs in the
phyllosphere of greenhouse-grown tomatoes. Our results convey that
the three BCAs did persist better under the white light treatment
when delving into the total log CFU + 1 cm~2, though this did not
necessarily result in statistical differences. This could be of further
interest as greenhouse growers already use white light in their pro-
duction systems, as crops tend to favour a broad spectrum irradiance.
There are though differences between different makes of white light
lamps, and thus further research is necessary. By assessing how the
non-phototrophic BCA used in this study reacts to light qualities and
exposure doses, a deeper understanding could be reached, creating a
platform for improved efficacy against pathogens. A better adhesion
could be achieved by adapting the wavelength that the crops are

exposed to when applying the BCAs.

5 | CONCLUSIONS

The results indicate that BCAs react to their light environment and
that an appropriate light environment is needed for their establish-
ment. Our results also convey that there is no general recipe for the
three BCAs tested. They confirm that light quality is a decisive factor
as white light and the 530 nm allowed for the highest re-isolation
counts and absolute quantifications but that further transcriptomic
analyses would be needed in order to make BCA-specific recommen-
dations. We conclude that exposure dose is fundamental to the sur-
vival of the BCA strains in a new environment. Individual organism-
specific adaptations need to be made for a successful introduction of
BCAs to the phyllosphere of any crop.
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Figure S1 The relative spectral irradiance of the four light treatments (DYNA LED lamps)
(White light, Blue: 420 nm, Green: 530 nm, Red: 660 nm) used in the greenhouse experiments

with a target line set at 0.5 of the relative spectral irradiance.
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Table S1 The breadth of each of the four light treatments determined by setting a target line and
calculating the breadth of the peak at 0.5 of the relative spectral irradiance. In the case of the full

spectrum, 12 nm were omitted, as there is a dip between 444 — 456 nm, which happens to be at

the target line.
Range at 0.5 of the relative spectral
Breadth of peak (nm)
irradiance (nm)
White light 403 - 458 43
Blue: 420 nm 416 - 432 16
Green: 530 nm 505 - 540 35
Red: 660 nm 645 - 668 23

Table S2 Average absolute quantification of DNA and cDNA copies (ul!) for S. griseoviridis

and P. chlororaphis in both the pure undiluted culture and the sprayer content.

Species Type average DNA copies (ul'') average cDNA copies (ul'!)
Streptomyces
Pure culture 90.50 0.94
griseoviridis
Streptomyces
Sprayer content 5.53 0.38
griseoviridis
Pseudomonas
Pure culture 1807.33 1.60
chlororaphis
Pseudomonas
Sprayer content 2.65 0.85
chlororaphis

Table S3 Mean values of six untreated tomato plants used to measure the dry weight (g), surface
area (cm?), leaf angle (°), photosynthetic rate (umol m? s'!), stomatal conductance (mol m?2s"),
and chlorophyll content as well as photosystem efficiency (Fm/Fv) for each light treatment.

Light intensities (umol m™ s™') monitored at the different leaf positions are displayed.



Light
treatment
Placement

Light intensity

Dry weight

Surface area

Leaf angle

Photosynthetic
rate

Stomatal
conductance
Photosystem

efficiency

White
light
Top
483 £
6.8
32+
0.7
97.8 +
13.5
64.5+
10.6
19+
0.6
0.04
0.02
0.77 +
0.03

White 420
light nm
Middle Top
18.8+ 48.8+
8.4 16.7
53+ 53+
1.3 1.9
177.5+ 133.8
292 +38.1
703+ 632+
3.6 12.4
0.5+ 1.2+
0.2 0.5
001+ 005+
0.01 0.02
076+ 0.74+
0.04 0.05

420 nm

Middle
20.0 +
11.2
5.8+
1.5
184.1 +
51.9
73.0 £
21.7
0.8+
0.4
0.02 +
0.00
0.78 +
0.02

530 530nm 660 660 nm
nm nm

Top Middle Top Middle
46.3 11.5+52 493+ 215+
+19.8 3.1 4.2
6.0+ 8.0+27 54+ 41+
2.4 0.7 0.9
169.7 2328+ 119.7 978«
+33.2 37.1 +18.0 157
57.0+ 858+ 505+ 715+
8.6 20.7 9.9 21.5
1.6+ 03+£01 04+ -03%
0.4 0.5 0.1
0.04+ 0.01=+ 0.03+ 0.02+
0.04 0.0l 0.01 0.01
080+ 0.75+ 0.76 = 0.74 +
0.03 0.0l 0.02  0.02

Table S4 Means of physiological measurements of six untreated plants used for each light

treatment and the average total of all the means.

Wavelength Height Tot. Height to Width (cm)  No. of leaves No. of leaves
(nm) (cm) the middle top bottom
(cm)
White light  76.0 + 3.4 39.1+2.9 583+7.2 7.0+ 0.6 7.0+09
420 98.5+3.1 453+3.3 72.0+9.0 6.8+1.0 63+0.38
530 109.8+6.2  52.0+3.6 77.0+£5.4 75+0.8 8.0+0.6
660 66.8 +1.8 29.5+3.4 512+75 8.0+09 53+05




Table S5 The total exposure dose for all light treatments (White light, blue: 420 nm, green: 530
nm, red: 660 nm) at both placements (Top and middle tier) for either 0, 4, 8, 12, 24 or 48 hours
post inoculation (hpi). The total energy calculations and R-script used to calculate the total

energy can be found below.

Light Total

Light

Place-  intensity Intensity energy Exposure dose (Wm™ h) = Intensity (J s or W
treat-

ment (umolm- (m?s') (Is'or m?) xExposure Length (h)
ment

Zs-l) Wm-Z)
0 4 8 12 24 48

420nm  Top 48.75 2.94E+19 13.88 0 5554 111.08 166.62 33324 666.48
420nm  Middle 20 1.20E+19 5.70 0 2279 4557 6836 136.71 273.43
530nm  Top 46.25 2.79E+19 10.44 0 41.76 83.51 12527 250.53 501.07
530nm  Middle 11.5 6.93E+18 2.60 0 1038 20.76 31.15 62.29 124.59
660 nm  Top 49.25 2.97E+19 8.93 0 3571 7141 107.12 21424 42847
660 nm  Middle 21.5 1.29E+19 3.90 0 1559 31.17 46.76  93.52 187.05
White

Top 48.33 - 12.72 0 50.88 101.77 152.65 305.30 610.61
light
White
lioh Middle 18.83 - 3.23 0 1293 2586 38.79 77.59 155.18
1ght




Calculations:

Energy of one photon

E is the energy of the photon in joules
h is Planck's constant (approx. 6.62607015x10734 J s)

c is the speed of light (approx. 299792458 m s™!) in a vacuum

A is the wavelength of the light in meters

Energy (J) of one photon of 420 nm:

_ 6.62607015 X 1073 x 299792458
4.2 x1077

Ea0

E420=3.01 x1071°7J

Energy (J) of one photon of 530 nm:
Es3o=3.74 x 107197

Energy (J) of one photon of 660 nm:
Ees0=4.72 x 1071°J

Light intensity

Intensity (I) = 500 pmol m2 s™!

1 umol m? s = 6.022 x 10'7 photons m? s™!

Convert intensity to photons m?2 s :

50 pmol m? s =50 x 6.022 x 107

50 pmol m?2 s =3.011 x 10" photons m? s™!

Total energy output

Total energy output = Epnoton (J) X Photons (m™ s™")

Total energy output (J m? s):

For a 660 nm lamp at 50 pmol m2s'=3.01 x 10'°x 3.011 x 10" =9.06 J m? s™!
For a 530 nm lamp at 50 umol m2 s'=3.74 x 10 x 3.011 x 10" =11.26 I m™ 5!
For a 420 nm lamp at 50 umol m?2s'=4.72x 10" x 3.011 x 10" = 14.21 J m? s’!




R-code used for the white light treatment:

Tibrary(readx1)
Tibrary(car)
Tibrary(tidyverse)
Tibrary(pracma)

#Top tier data for white 1ight (full spectrum) treatment greenhouse exp.
dat <- read_excel("C:/Directory_name",sheet = "Sheet_nameFullTop")

dat

# Convert Irradiance to W/mA2/nm (since 1 pw/cmA2 = 0.01 w/mA2 and 1 nm

9 m)

dat$Irradiance <- dat$Irradiance * 0.01

# Perform numerical integration using trapezoidal rule
total_energy <- trapz(x = dat$wavelengths, y = dat$Irradiance)

total_energy

le-

#Middle tier data for white Tight (full spectrum) treatment greenhouse exp.

dat2 <- read_excel("C:/Directory_name",sheet = "Sheet_nameMiddleTier™)

dat2

# Convert Irradiance to W/mA2/nm (since 1 pw/cmA2 = 0.01 w/mA2 and 1 nm

9 m)

dat2$Irradiance <- dat2$irradiance

# Perform numerical integration using trapezoidal rule
total_energy2 <- trapz(x = dat2$wavelengths, y = dat2$Irradiance)

total_energy2

Here is a snapshot from the data file:

* 0.01

Wavelengths Irradiance

33650
336.91
337.32
337.73
338.14
338.55
338.96
33937
33078
340.19
340.60
341.01
341.42
341.83
342.24
342.65
343.06
343.47
343.88
344.29
344.70
345.10
34551
345.92
346.33
346.74
347.15
347.56
347.97
348.38
348.78
349.19
349.60
35

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

-0.03
-0.01

0.00
0.01
0.03
0.03
0.04
0.06
0.06

0.01 0.07
Full spectrum

Alidata

FullTop

le-



Table S6 Average (log CFU + 1) cm™ and standard deviations of the re-isolated B.

amyloliquifaciens, P. chlororaphis, S. griseoviridis per light treatment and placement in the

canopy, throughout the 48-hour treatments.

Wavelength Average (log Standard
(am) our Placement Organism CFU + 1) em? deviation
White 0 Top tier B. amyloliquifaciens 6.47 0.21
White 0 Middle tier  B. amyloliquifaciens 6.24 0.21
White 4 Top tier B. amyloliquifaciens 3.80 0.17
White 4 Middle tier  B. amyloliquifaciens 3.64 0.12
White 8 Top tier B. amyloliquifaciens 6.71 0.80
White 8 Middle tier  B. amyloliquifaciens 6.34 0.26
White 12 Top tier B. amyloliquifaciens 5.98 0.43
White 12 Middle tier  B. amyloliquifaciens 6.23 0.27
White 24 Top tier B. amyloliquifaciens 4.03 0.73
White 24 Middle tier  B. amyloliquifaciens 3.35 0.80
White 48 Top tier B. amyloliquifaciens 6.45 0.17
White 48 Middle tier  B. amyloliquifaciens 6.34 0.20

420 0 Top tier B. amyloliquifaciens 5.94 0.31
420

20 0 Middle tier  B. amyloliquifaciens 6.01 0.38
420 4 Top tier B. amyloliquifaciens 4.24 0.29
420 4 Middle tier  B. amyloliquifaciens 3.56 0.54
420 8 Top tier B. amyloliquifaciens 6.01 0.28
420 8 Middle tier  B. amyloliquifaciens 5.99 0.24
420 12 Top tier B. amyloliquifaciens 5.47 0.52
420 12 Middle tier  B. amyloliquifaciens 5.61 0.41
420 24 Top tier B. amyloliquifaciens 3.87 0.91




420
420
420
530
530
530
530
530
530
530
530
530
530
530
530
660
660
660
660
660
660
660
660
660
660
660
660
White
White
White
White

Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier

e T T R R o o T T I A T T R R =

amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
amyloliquifaciens
P. chlororaphis

P. chlororaphis

P. chlororaphis

P. chlororaphis

3.40
5.85
5.71
5.32
5.18
3.85
4.02
4.94
4.68
4.40
491
3.04
3.40
5.00
5.27
5.89
5.38
3.95
3.89
4.62
4.55
2.33
2.71
0.00
1.02
4.62
4.55
1.96
1.84
0.00
0.00

1.74
0.30
0.40
0.59
0.44
0.66
0.35

1.39
0.72
0.30
0.45
0.61
0.32
0.35
0.56
0.45
0.25
0.15
0.34
0.36

0.84

1.59
0.34
0.36
0.99
1.45




White
White
White
White
White
White
White
White
420
420
420
420
420
420
420
420
420
420
420
420
530
530
530
530
530
530
530
530
530
530
530

Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier

ja2a-Ria -Riibe - Aiite - Riiba -Aiie - Riiba - Jiita- e Aiiba- e Aibe- Hiiba - Rite- Hie - e Hiia - Aie - e - ENe - Be - IS - BNe - INe - INe v INe v INe e I v e '

. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis

. chlororaphis

4.61
4.19
242
2.01
0.00
0.00
4.17
3.35
2.08
1.71
0.00
0.00
3.81
3.77
4.04
291
1.64
1.38
3.73
3.41
6.44
591
391
3.95
6.66
6.07
5.58
5.25
3.17
2.58
6.19

0.42
0.55
1.23
1.08

0.26
0.36

1.35

0.58
0.56
1.73
1.97
0.52
0.38
0.37
0.53
0.38
0.30
0.29
0.17
0.25
0.26
0.15
0.39
0.21
0.49
0.53
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530
660
660
660
660
660
660
660
660
660
660
660
660
White
White
White
White
White
White
White
White
White
White
White
White
420
420
420
420
420
420

Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier

. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis
. chlororaphis

. chlororaphis

T v DD

. chlororaphis
P. chlororaphis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis

S. griseoviridis

5.61
5.20
4.74
2.54
2.24
5.74
4.62
4.77
3.96
1.61
0.93
5.59
4.74
4.77
3.96
1.61
0.93
5.46
432
4.29
3.49
1.36
1.08
5.06
437
6.20
6.11
3.37
3.57
5.95
6.02

0.40
0.29
0.18
0.39
0.65
0.29
0.42
0.39
0.27
0.33
0.65
0.43
0.46
0.39
0.27
0.33
0.65
0.50
0.56
0.36
0.19
0.34
0.39
0.25
0.31
0.25
0.22
0.38
0.47
0.33
0.25
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420
420
420
420
420
420
530
530
530
530
530
530
530
530
530
530
530
530
660
660
660
660
660
660
660
660
660
660
660
660

Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier

S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis
S. griseoviridis

S. griseoviridis

2.98
222
0.17
0.15
3.92
3.54
2.78
2.34
0.00
0.00
3.78
2.97
2.87
2.38
0.00
0.00
3.60
3.01
2.44
1.65
0.00
0.00
3.13
2.81
2.98

0.00
0.00
2.71
1.55

0.22
0.55

0.83
0.22
0.35
0.27

0.68
0.11
0.28
0.30

0.54
0.62
0.47
1.04

0.55
0.47
0.34
1.28

0.39
1.23
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Table S7 Four-way Anova results for the three biological control agents (BCAs) (B.

amyloliquefaciens, P. chlororaphis, S. griseoviridis) BCA, hours post inoculation, placement

and wavelength were taken into account when compared to the average log CFU + 1, biological

control agents cm™ tomato leaves during the 48 hour period. * P < 0.05; ** P < 0.01; *** P <

0.001.

Independent variable: Average log
CFU + 1 biological control agents df Chisq P-value
cm? tomato leaves
BCA 1926.15 2 <0.001 ek
Hour 1182.44 5 <0.001 ok
Placement 110.06 1 <0.001 wkk
Wavelength 1419.56 3 <0.001 ok
BCA x Hour 37.59 10 <0.001 ek
BCA x Placement 11.91 2 0.003 ok
Hour x Placement 7.24 5 0.20
BCA x Wavelength 124.55 6 <0.001 sk
Hour x Wavelength 276.83 15 <0.001 kel
Placement x Wavelength 50.62 3 <0.001 kK
BCA x Hour x Placement 19.61 10 0.03 *
BCA x Hour x Wavelength 102.99 23 <0.001 R
BCA x Placement x Wavelength 10.82 6 0.09
Hour x Placement x Wavelength 41.99 15 <0.001 i
BCA x Hour x Placement x

19.35 22 0.62

Wavelength
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Table S8 Average of copies DNA and cDNA and their standard deviations of the re-isolated S.

griseoviridis (SG) and P. chlororaphis (PC), per light treatment and placement in the canopy, at

4, 12 and 48 hours post inoculation.

Wavel- Hour Placement Organism Average Standard Average Standard
ength Copies deviation Copies deviation
DNA DNA cDNA cDNA
White 4 Top tier SG 0.0070 0.0044 0.0041 0.0017
White 4 Middle tier SG 0.0051 0.0050 0.0122 0.0103
White 12 Top tier SG 0.0064 0.0024 0.0047 0.0017
White 12 Middle tier SG 0.0030 0.0011 0.0056 0.0043
White 48 Top tier SG 0.0050 0.0040 0.0040 0.0040
White 48 Middle tier SG 0.0058 0.0048 0.0047 0.0047
420 4 Top tier SG 0.0047 0.0017 0.0046 0.0027
420 4 Middle tier SG 0.0071 0.0057 0.0036 0.0011
420 12 Top tier SG 0.0026 0.0015 0.0028 0.0000
420 12 Middle tier SG 0.0025 0.0008 0.0072 0.0054
420 48 Top tier SG 0.0045 0.0040 0.0040 0.0020
420 48 Middle tier SG 0.0024 0.0015 0.0091 0.0035
530 4 Top tier SG 0.0024 0.0006 0.0041 0.0029
530 4 Middle tier SG 0.0057 0.0036 0.0049 0.0029
530 12 Top tier SG 0.0022 0.0007 0.0053 0.0047
530 12 Middle tier SG 0.0075 0.0028 0.0023
530 48 Top tier SG 0.0046 0.0017 0.0067 0.0053
530 48 Middle tier SG 0.0034 0.0015 0.0024
660 4 Top tier SG 0.0033 0.0025 0.0021
660 4 Middle tier SG 0.0027 0.0031 0.0022
660 12 Top tier SG 0.0115 0.0116 0.0046 0.0016
660 12 Middle tier SG 0.0088 0.0069 0.0037 0.0026
660 48 Top tier SG 0.0038 0.0006 0.0023 0.0020
660 48 Middle tier SG 0.0061 0.0013 0.0042 0.0031

14



White
White
White
White
White
White
420
420
420
420
420
420
530
530
530
530
530
530
660
660
660
660
660
660

N

12
12
48
48

12
12
48
48

12
12
48
48

12
12
48
48

Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier
Top tier
Middle tier

PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC
PC

0.2686
0.2705
0.2883
0.2765
0.2586
0.3369
0.1243
0.1764
0.1101
0.1523
0.0855
0.0710
0.1802
0.2134
0.2699
0.1242
0.1417
0.0584
0.1401
0.0950
0.1901
0.1088
0.1087
0.0661

0.1412
0.1478
0.1502
0.2488
0.1924
0.3071
0.0506
0.0968
0.0286
0.0816
0.0328
0.0423
0.1106
0.1268
0.1615
0.0729
0.0303
0.0288
0.0553
0.0253
0.0663
0.0359
0.0350
0.0296

0.0072
0.0019
0.0066
0.0030
0.0066
0.0042
0.0060
0.0027
0.0025
0.0018
0.0022
0.0062
0.0039
0.0019
0.0058
0.0030
0.0066
0.0042
0.0042
0.0018
0.0037
0.0045
0.0031
0.0045

0.0033
0.0010
0.0055
0.0025
0.0049
0.0041
0.0059
0.0018
0.0008
0.0008
0.0010
0.0031
0.0025
0.0005
0.0050
0.0039
0.0049
0.0041
0.0039
0.0005
0.0030
0.0024
0.0001
0.0039

Table S9 ANOVA results based on a LLM for the droplet digital PCR (ddPCR), DNA copies
(uI'! cm™), collected for the DNA and cDNA samples of Streptomyces griseoviridis CBS904.68

under four light treatments (Full spectrum, 420, 530 and 660 nm) and from 4, 12 and 48 hours

post inoculation. * P < 0.05; ** P < 0.01; *** P < 0.001.
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8. griseoviridis Concentration DNA copies (uI-  Concentration cDNA copies

1 em?) (ul'! em?)
df Chisq P-value df Chisq P-value

Wavelength 3 3.01 0.39 3 5.96 0.11
Placement 1 0.97 0.32 1 2.56 0.11
Hour 2 0.60 0.74 2 0.43 0.81
Placement x 3 4.01 0.26 3 342 0.33
Wavelength

Hour x Wavelength 6 6.85 0.34 6 6.87 0.33
Hour x Placement 2 0.99 0.61 2 0.52 0.77
Hour x Placementx 6 9.26 0.16 6 7.18 0.30
Wavelength

Table S10 Commercial products containing the three biological control agents used in the

current study, which are approved for use in Sweden.

Commercial product  Species Proprietor Source

Cedomon Pseudomonas chlororaphis  Koppert B.V. (KEMLI, 2024a)

Mycostop Streptomyces griseoviridis ~ Danstar Ferment (KEMLI, 2024b)
Kol AG

Serenade ASO Bacillus amyloliquefaciens  Bayer A/S (KEMLI, 2024c)
QST 713

Table S11 ANOVA results based on a LLM for the droplet digital PCR (ddPCR) data, DNA
copies (ulI' em?), collected for the DNA and cDNA absolute quantification of replicates of
Pseudomonas chlororaphis 50083 and Streptomyces griseoviridis CBS904.68 under four light
treatments (white light, 420, 530 and 660 nm) and from 4, 12 and 48 hpi. * P < 0.05; ** P <
0.01; *** P <0.001.

DNA copies  df Chisq Pr(>F) c¢DNA copies df Chisq Pr(>F)

per pl cm? per pl cm?
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Wavelength
Placement
Hour

BCA

Wavelength x
Placement
Wavelength x
Hour
Placement x
Hour
Wavelength x
BCA
Placement x
BCA

Hour x BCA

Wavelength x
Placement x
Hour
Wavelength x
Placement x
BCA
Wavelength x
Hour x BCA
Placement x
Hour x BCA
Wavelength x
Placement x
Hour x

BCA

29.45
1.30
3.03
117.38

8.67

291

2.59

18.46

0.54

1.97

6.94

4.21

2.06

1.97

3.62

<0.001
0.25
0.22
<0.001

0.034

0.82

0.27

<0.001

0.46

0.37

0.33

0.24

0.91

0.37

0.73

*kk

*kk

*kk

Wavelength
Placement
Hour

BCA

Wavelength x
Placement
Wavelength x
Hour
Placement x
Hour
Wavelength x
BCA
Placement x
BCA

Hour x BCA

Wavelength x
Placement x
Hour
Wavelength x
Placement x
BCA
Wavelength x
Hour x BCA
Placement x
Hour x BCA
Wavelength x
Placement x
Hour x

BCA

11.86
0.09
8.25
0.28

2.10

25.60

2.20

5.64

4.82

3.69

6.09

4.71

14.79

2.35

2.52

0.008
0.76
0.016
0.60

0.55

<0.001

0.33

0.13

0.028

0.16

0.41

0.19

0.022

0.31

0.87

*%

*kk
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Table S12 ANOVA results based on a LLM for the droplet digital PCR (ddPCR), DNA copies
(uI'! cm™), collected for the DNA and cDNA samples of Pseudomonas chlororaphis 50083
under four light treatments (Full spectrum, 420, 530 and 660 nm) and from 4, 12 and 48 hpi. * P
<0.05; ** P<0.01; *** P <0.001.

P. chlororaphis Concentration DNA copies Concentration cDNA copies (ul!
(ul'! em?) cm?)
df Chisq P-value df Chisq P-value
Wavelength 33037 <0.001 @ FE* 3 11.85 0.008 ok
Placement 1 142 0.23 1 2.86 0.09
Hour 2 312 0.21 2 12.64 0.002 ok
Placement x 3 944 0.02 * 3 3.61 0.31
Wavelength
Hour x Wavelength 6  2.89 0.82 6 32.78  <0.001 Ak
Hour x Placement 2 2.57 0.28 2 3.58 0.17
Hour x Placement 6 7.42 0.28 6 1.72 0.94
x Wavelength
References
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The power of light: Impact on the
performance of biocontrol agents
under minimal nutrient conditions

Maria E. Karlsson*, Maria Hellstrom, Adam Floéhr,
Karl-Johan Bergstrand and Beatrix W. Alsanius
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Background: The spectral distribution of light (different wavelength) has recently
been identified as an important factor in the dynamics and function of leaf-associated
microbes. This study investigated the impact of different wavelength on three
commercial biocontrol agents (BCA): Bacillus amyloliquefaciens (BA), Pseudomonas
chlororaphis (PC), and Streptomyces griseoviridis (SG).

Methods: The impact of light exposure on sole carbon source utilization, biofilm
formation, and biosurfactant production by the selected BCA was studied using
phenotypic microarray (PM) including 190 sole carbon sources (OmniLog®, PM
panels 1 and 2). The BCA were exposed to five monochromatic light conditions
(420, 460, 530, 630, and 660nm) and darkness during incubation, at an intensity of
50pmolm=2 s,

Results: Light exposure together with specific carbon source increased respiration
in all three BCA. Different wavelengths of light influenced sole carbon utilization for
the different BCA, with BA and PC showing increased respiration when exposed to
wavelengths within the blue spectrum (420 and 460nm) while respiration of selected
carbon sources by SG increased in the presence of red light (630 and 660nm). Only
one carbon source (capric acid) generated biosurfactant productionin all three BCA. A
combination of specific wavelength of light and sole carbon source increased biofilm
formation in all three BCA. BA showed significantly higher biofilm formation when
exposed to blue (460nm) and green (530nm) light and propagated in D-sucrose,
D-fructose, and dulcitol. PC showed higher biofilm formation when exposed to blue
light. Biofilm formation by SG increased when exposed to red light (630nm) and
propagated in citraconic acid.

Conclusion: To increase attachment and success in BCA introduced into the

phyllosphere, a suitable combination of light quality and nutrient conditions could
be used.
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1. Introduction

The encouraging results of microbial biocontrol agents (BCA) under laboratory and small-scale
conditions do not always translate into consistent biocontrol efficacy in commercial settings. Rapidly
declining numbers of introduced BCA is a recurring problem in seed, root, and foliar application.
Various reasons may underlie this decline, such as problematic application techniques and poor
adaptation of BCA to the commercial growing environment.
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The phyllosphere harbors a variety of microorganisms that have a
strong impact on plant fitness and support plant growth and survival,
e.g., by improved nutrient provisioning and uptake, resilience to
environmental stresses, or even disease defense (Vorholt, 2012). Organic
nutrient availability on leaf surfaces is an important factor governing
microbial colonization. Dissolved organic compounds exuded via the
plant cuticle serve as energy sources to sustain the metabolism of
associated microbes (Yeats and Rose, 2013). Ambient conditions, i.e.,
temperature, ultraviolet (UV) radiation, and relative humidity, affect
nutrient extrusion (Leveau, 2009, 2019). Nutrients are not exuded
evenly over the leaf surface, so microbial colonization of leaves is patchy.
Moreover, the amount of exuded nutrients is finite and therefore
introduced microbes need to compete with the leaf microbiota for these
nutrients. Survival and establishment of BCA on the leaf surface is
dependent on their ability to compete with the existing microbial
community (Mallon et al., 2015). In order for BCA to co-exist with
existing microbial species, limited niche overlap is needed (Chase and
Myers, 2011; Hawkes and Connor, 2017). However, with respect to plant
pathogens and BCA, niche overlap is essential for pathogen control.

Light (different wavelength) has recently been identified as an
important factor for the dynamics and function of leaf-associated
microbes (Alsanius et al., 2017, 2019, 2021; Gharaie et al., 2017). Recent
studies have shown that non-phototrophic microbes can also respond
phenotypically to differences in light quality (Wu et al., 2013; Beattie
etal., 2018; Alsanius et al., 2021; Losi and Gartner, 2021). Photosensory
proteins in bacteria, such as blue light receptor proteins, could play a
crucial role in sensing and responding to light (Losi et al., 2014).
Respiration, growth rate, motility, and microbial lifestyle (planktonic,
sessile) vary under different light quality levels, but are also affected by
nutritional conditions (Gharaie et al., 2017; Alsanius et al., 2021).
Beauregard et al. (2013) demonstrated that specific polysaccharides
leaching from the plant serve as a cue for Bacillus subtilis to form biofilm
on the root of Arabidopsis thaliana. Biosurfactant formation by BCA is
a crucial mechanism to facilitate their dispersal on the leaf surface and
biofilm formation is essential for their establishment (Alsanius et al.,
2021). Thus, manipulation of light quality and nutritional factors might
enable BCA to transition between planktonic and sessile lifestyles, and
could be a key factor for optimized BCA performance on leaf surfaces.

In controlled-environment plant production, e.g., in greenhouses,
artificial irradiation with mono- or polychromatic light sources with
wavelength from 400 to 700 nm is used to optimize crop photosynthesis,
biomass formation, and/or plant architecture (Morrow, 2008).
Monochromatic blue and red light and polychromatic white light
influence phyllospheric community structure (Vanninen et al., 2010;
Alsanius et al.,, 2017). The lethal effect of UV-light on plant pathogens is
well established (Newsham, 1997; Kadivar and Stapelton, 2003).
However, other wavelengths within the visible light spectrum have also
been demonstrated to affect the behavior of plant pathogens such as
downy and powdery mildew (Reuveni and Raviv, 1997; Suthaparan
etal, 2012, 2014) and grey mold (Botrytis cinerea; Nicot et al., 1996;
Elad, 1997). Examples of light spectra-dependent performance have also
been reported for non-pathogenic microorganisms, such as
Pseudomonas sp. DR 5-09 (Gharaie et al, 2017) and Bacillus
amyloliquefaciens (Yu and Lee, 2013; Rajalingam and Lee, 2017).

The aim of this study was to determine the effects of different
wavelengths on utilization of different sole carbon sources by
commercial BCA and their biosurfactant production and biofilm
formation. The starting hypotheses were that: (i) different wavelength
affects the substrate utilization pattern of the target strains; and (ii)
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different wavelength affects biofilm formation and biosurfactant
production by the target strains.

2. Materials and methods

The study was conducted using three commercial BCA strains.
Bacillus amyloliquefaciens DSM7 (BA) and Pseudomonas chlororaphis
50083 (PC) were purchased from DSMZ (Leibniz Institute,
Braunschweig, Germany). Streptomyces griseoviridis CBS904.68 (SG)
was purchased from Centraalbuureau voor Schimmelcultures, Utrecht,
Netherlands.

2.1. Phenotypic microarray

Phenotypic microarrays (PM) were performed following procedures
described by Gharaie et al. (2017) and Alsanius et al. (2021). In brief, the
microarrays were performed at a density of six replicates per strain and
treatment on two sole carbon source panels (PM01, PM02A) according
to the Biolog standard protocols, using 190 different sole carbon sources.
Bacteria were propagated overnight from cryoculture at 25°C on tryptic
soy agar (TSA; DIFCO 236950, United States). Colony swabs were
transferred to IF-0a GN medium (Biolog Inc., Hayward, CA,
United States) and turbidity of the bacterial suspension was adjusted
turbidimetrically (Biolog Inc., United States, catalog no. 3587) to 81%
transmittance. Redox dye (dye mix A (catalog no. 74221) for PC; dye
mix G (catalog no. 74227) for BA and SG; Biolog Inc., Haywood,
United States) was then added. A 100 pl aliquot of the suspension was
pipetted into each plate well and the plates were sealed with Greiner
ViewSeal (Greiner Bio-one, 676070; Sigma Aldrich, Z617571-100EA, St.
Louis, MO, United States; Gharaie et al., 2017). The panels were exposed
to five monochromatic light-emitting diode (LED) light regimes (blue:
420 and 460 nm, green: 530 nm, red: 630 and 660 nm), while control
panels were incubated in darkness for 96 h. Panels incubated in darkness
were kept in the OmniLog incubator (OmniLog, catalog number 93182,
Biolog Inc., United States) at 20°C during the entire incubation period.
Panels exposed to the various light conditions were placed in lined
cabinets (500 x 500 x 1,000 mm) and incubated at 20°C. Each cabinet
was equipped with a LED lamp (Heliospectra Dyna, Heliospectra AB,
Gothenburg, Sweden). Light intensity was adjusted to 50 pmolm™s".

Sole carbon source utilization in each well of the PM panels was
measured as color change in the added redox dye, using a computer-
controlled camera system. Under dark conditions, color change was
recorded automatically every 15 min, while under light exposure color
change of the PM panels was recorded according to previously
established growth curves. Readings were set to occur 0, 6, 10, 24, 30,
48, 54,72, and 96 h post inoculation (hpi). Output values were expressed
in OmniLog units.

2.2. Biosurfactant production

Biosurfactant formation was monitored using a drop collapse test.
Aliquots of 20 pl from each well of the carbon source panels (PM01 and
PMO02A) were transferred to glass plates covered with parafilm and a
template of the 96-well plate. After 2 min, each drop was scored from 0
to 2 (0=convex, 1=moderately convex and 2 =flattened drop; Gharaie
etal., 2017).
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2.3. Biofilm formation

Assessment of biofilm formation followed the procedure described
by Alsanius et al. (2021). In brief, the microbial suspension was
removed from the PM panels, the plates were washed, and 100 pl of
0.5% crystal violet solution (1% Crystal violet solution, V5265-500ML,
Sigma-Aldrich) were added to each well, after which the plates were
incubated for 15min. The crystal violet solution was then removed
and the plates were repeatedly washed and left to dry overnight.
Finally, 100 pl of 95% ethanol were added to each well and the plates
were left for 60 min before spectrophotometric determination of
extinction at 550 nm (Expert 96TM spectrophotometer, AsysHiTech,
Eugendorf, Austria).

2.4. Analysis and statistical calculations

The recorded carbon utilization data were exported as csv-files
using OmniLog PM kinetic analysis software and then analyzed in
R-studio using the opm package (Vaas et al., 2013; Goker et al., 2016;
R Core Team, 2021), based on curve parameter maximum curve
height (A) and area under curve (AUC). Analysis of variance
(ANOVA) was used to analysis the biofilm formation data, followed
by Tukey test, both performed in R-studio.

10.3389/fmicb.2023.1087639

3. Results
3.1. Sole carbon utilization

For all three test-organisms, sole carbon utilization changed
when the bacteria were exposed to different light regimes. No
directionality was identified, since the impact of light on the
respiration was increased on some carbon sources and decreased on
other. For BA, the number of utilized carbon sources and intensity
of utilization were generally highest on exposure to 460 and 530 nm
(blue and green spectrum) and corresponded to the utilization
pattern under dark conditions (Figure 1). Blue light exposure
increased respiration by BA of 7% of the carbon sources to a level
above AUC 20000 (Figure 2), which was not observed under dark
conditions. Based on the KEGG database, the carbon sources for BA
affected by light treatment were those responsible for amino sugar
and nucleotide metabolism, and biosynthesis of secondary
metabolites and antibiotics, and involved in the phosphotransferase
system. BA exhibited generalist behavior with respect to almost all
carbon sources tested when exposed to blue light (460 nm). In total,
39 carbon sources were utilized by BA under the 460 nm and 530 nm
treatments and in the dark incubation. Two carbon sources (Tween
20 and Tween 40) were utilized under all wavelengths except 420 nm
(Figure 3A; Supplementary Figures S1, S2).
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Sole carbon utilization by PC was less sensitive to the different light
regimes tested, as multiple carbon sources were consumed under all light
conditions. However, there was a trend for increased utilization in the near-
blue spectrum of 420nm (Figure 1), which increased utilization of 5% of
the carbon sources (Figure 2). PC showed increased respiration for the sole
carbon sources involved in biochemical processes mentioned above for BA,
but also for carbon sources responsible for inositol phosphate metabolism
and bacterial chemotaxi. In total, 27 carbon sources (L-glutamine, mucic
acid, L-aspargine, inosine, D-mannitol, fumaric acid, D-saccharic acid,
D-gluconic acid, Ala-Gly, D-serine, D,L-malic acid, L-alanine, citric acid,
Gly-Glu, succrose, L-serine, D-malic acid, L-malic acid, D-trehalose,
myo-inositol, L-aspartic acid, Gly-Pro, L-proline, D-mannose, N-acetyl-D-
glucosamine, pyruvic acid, D-aspartic acid) were utilized by PC under all
light treatments (Figure 3B; Supplementary Figures S1, S2).

In general, sole carbon source utilization by SG was very low for almost
all carbon sources tested (Supplementary Figures S1, S2) under light and
dark exposure. From this low utilization rate, an increase in utilization was
found under exposure to the red spectrum (630-660nm; Figure 1).
Respiration by SG rose to an AUC level of 15,000 only on 3% of the carbon
sources tested (inosine, a-D-glucose-1-phosphate, D-glucose-6-phosphate,
D-galcturonic acid, D-glucoronic acid, D-fructose-6-phosphate; Figure 2).
These carbon sources are involved in various metabolic pathways, such as
starch and sugar metabolism, biosynthesis of secondary metabolites, ABC
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transport, and D-amino acid metabolism. Ten carbon sources were utilized
under all light spectra and seven carbon sources were solely utilized under
the red spectrum of 630 nm (Figure 3C; Supplementary Figures S1, S2).

3.2. Biosurfactant production

Only one of the 190 carbon sources tested (capric acid) generated drop
collapse in all three BCA, regardless of high or low respiration level (S2).
Hence, different wavelengths had an effect on surface activity. Upon dark
incubation, complete drop collapse was noted for BA and SG, whereas PC
showed moderately convex droplets. No drop collapse was noted for the
incubated capric acid suspension when BA was exposed to 530 nm or when
PC was exposed to 630/660 nm. Moderate drop collapse was found after
incubation of SG in capric acid solution exposed to red light (620 nm), but
no drop collapse was seen on exposure to blue light (400, 420 nm; Table 1).

3.3. Biofilm formation

Bacterial biofilm formation was affected by light quality. Biofilm
formation by BA was enhanced when this species was incubated under
dark and red (660nm) light conditions (p<0.01; Figure 4). A
combination of light quality and specific carbon source increased
biofilm formation in some cases, e.g., BA showed significantly higher
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Upset plot of number of carbon sources utilized under different wavelengths and number of carbon sources utilized under the same wavelength.
(A) Bacillus amyloliquefaciens, (B) Pseudomonas chlororaphis, and (C) Streptomyces griseoviridis.

TABLE 1 Drop collapse of sole capric acid suspensions incubated with Bacillus amyloliquefaciens, Pseudomonas chlororaphis, or Streptomyces griseoviridis
for 96h under exposure to different light regimes (monochromatic LED at 400, 430, 460, 530, 620, and 660nm; dark conditions).

Wave length Bacillus amyloliquefaciens

Pseudomonas chlororaphis Streptomyces griseovi

Dark 2 1 2
400 2 2 1
430 2 2 1
460 2 2 2
530 0 2 0
620 2 0 0
660 2 0 2

0=convex, 1 =moderately convex, and 2 =flattened drop.

biofilm formation when exposed to blue (460 nm) and green (530 nm)
light and propagated in D-sucrose, D-fructose, and dulcitol, together
with a very high respiration level (Table 2).

PC showed significantly (p <0.001) higher biofilm formation when
exposed to blue (400 nm) light compared with dark conditions (Figure 4).
PC had higher respiration levels when grown on the carbon sources
a-D-glucose, m-tartaric acid, uridine, D-malic acid, and D-ribose, where
light quality seemed to be of minor importance (Table 2).
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Biofilm formation by SG increased significantly under blue
(400nm) light (p=0.04) compared with dark conditions (Figure 4). SG
showed higher respiration levels and high biofilm formation when
propagated on citraconic acid as the carbon source and exposed to red
light (630 nm). Biofilm formation was still found when SG was exposed
to 530 nm with L-alanine, 630 nm with L-rhamnose, and 420 nm with
a-methyl-D-mannoside as the carbon source, despite low respiration
level (Table 2).
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FIGURE 4
Boxplot of biofilm formation by Bacillus amyloliquefaciens, Pseudomonas chlororaphis, and Streptomyces griseoviridis after 96h of exposure to different
wavelenghts (biofilm measured as optical density at 550nm).

4. Discussion

The results obtained in this study confirm that metabolism in
non-phototrophic bacteria is altered by the prevailing light environment
and that directionality of change is absent, as previously suggested by
Gharaie et al. (2017) and Alsanius et al. (2021). From an ecological
perspective, application of BCA to a crop can be seen as a microbial
invasion, which is a widespread phenomenon in nature. This
phenomenon follows a certain process, starting with (I) introduction,
when the invader comes into a new environment, followed by (II)
establishment of the invader and maintenance of a viable invader
population. After establishment, the invader has to (III) disperse in the
new environment and if successful it can displace or re-shape the
resident microbial community (Mallon et al,, 2015). Another important
aspect is competition for resources. When using BCA to control plant
pathogens, a certain niche overlap is desirable. In theory, niche overlap
means that species have similar factors that regulate their population
growth, such as nutrients and response to different stressors in the
environment (Pastore et al,, 2021). In the present study, we selected three
commercially available BCA with known efficacy against powdery
mildew and grey mold and investigated whether habitat manipulation
could enhance establishment of the selected species. Based on sole
carbon source utilization, the results demonstrated that the phenotypic
plasticity of the selected BCA varies under minimal nutrient conditions
and that directionality in phenotypic response is dependent on (i) the
bacterial strain, (ii) the light spectrum, and (iii) the individual carbon
source (Supplementary Figures S1, S2). In general, based on sole carbon
source utilization, PC and BA showed high variable plasticity in
response to the light spectrum and were particularly enhanced by blue
light, while SG showed low plasticity, with low respiration rates and low
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sensitivity to the different spectra, although red light increased sole
carbon source utilization by SG to some extent.

The findings for PC support previous findings by Gharaie et al.
(2017) and Alsanius et al. (2021). However, it is worth noting that
different species within the genus Pseudomonas differ in their carbon
source utilization rate, with respect to intensity and maximum
utilization. Thus, the impact of blue light needs to be determined
separately for different pseudomonad strains before the insights in
this study are used for secondary purposes, such as improved
metabolite formation. This is also true for species within Bacillus. In
contrast to Bacillus thuringiensis (Alsanius et al., 2021), in the present
study BA displayed light sensitivity as assessed by respiration under
minimal nutrient conditions. It is also worth noting that phenotypic
plasticity is a rapid adaptation response to a threat in the environment,
enabling growth and propagation (Chevin and Hoffmann, 2017). In
this study, different wavelength and nutrient conditions changed and
thus the bacteria needed to change their utilization pattern and adapt
to the new challenging environment if they were to grow and survive.

Biosurfactant production and biofilm formation are essential
mechanisms for dispersal and establishment of BCA on a given surface.
Only one (capric acid) of the 190 sole carbon sources tested in this
study induced biosurfactant production in all three BCA, but under
different lighting conditions. However, other studies have reported
effects of various organic compounds, such as carbohydrates and amino
acids, in enhancing biosurfactant production (Guerra-Santos et al.,
1986; Alsanius et al., 2021). In the study by Alsanius et al. (2021), no
drop collapse was observed at lower respiration levels, whereas in our
study drop collapse was observed at very low respiration rates for SG.

Different light spectra influence physiological responses and
metabolic pathways in microorganisms, such as swarming motility,
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TABLE 2 Directionality of biofilm formation by Bacillus amy!lolic iens, P: 1as chlororaphis, and Streptomyces griseoviridis in the presence of
selected sole carbon sources under exposure to different light reglmes (light intensity: 50pmols* m~*: monochromatic LED: 400, 420, 460, 530, 620, and
660nm; darkness).

Pseudomonas
chlororaphis

Bacillus
amyloliquefaciens

Wave length Streptomyces

griseovirides

400 Glycolic acid 1

420 a-Methyl-D-Mannoside 1

460 D-Sucrose 1 a-D-Glucose 1

Dulcitol 1 m-Tartaric acid 1

Uridine T

530 D-Sucrose 1 D-Malic acid L-Alanine 1

D-fructose 1 8-Amino valeric acid

Citramalic acid

— e ==

Capric acid

620 D-Ribose Citraconic Acid 1

Sorbic Acid L-Rhamnose 1

8-Amino valeric acid

— e ==

Citramalic acid

660 Dulcitol 1 D-Ribose

8-Amino valeric acid

Sorbic acid

Citramalic acid

Dark D-Ribose

Sorbic acid

o e e« =

Arrows indicate the directionality of carbon source utilization after 96 h of incubation (OmniLog value; T =high respiration, | =low respiration).

biofilm formation, virulence, and antibiotic production (Kraiselburd
etal, 2012; Yuand Lee, 2013; Miiller et al., 2017). From an agriculture
and horticulture point of view, biofilm formation and BCA dispersal
are crucial for the control of microbial pathogens and for the overall
utility of BCA. Therefore, it is important to determine the role of light
in bacterial behavior. Non-phototrophic bacteria may be equipped
with photosensory proteins, which are involved in controlling the
transition between a planktonic lifestyle and a sessile multicellular
lifestyle in biofilm (van der Horst et al., 2007; Purcell and Crosson,
2008). These blue-light receptors are linked to two protein domains
(GGDEF and EAL) that have been shown to control this transition
through cyclic di-GMP, a second messenger that stimulates the
biosynthesis of adhesins and poly-saccharide matrix substances
important for biofilm formation (Jenal and Malone, 2006). Organic
compounds such as acyl-homoserine lactones (AHL) and phenazines
have been shown to be strongly linked to biofilm formation (Ricusset
et al., 2020).

The phyllosphere is often described as a challenging environment
for microbiota, especially with respect to the availability of organic
nutrients. We therefore applied a minimal nutrient approach to mimic
such conditions. To translate the findings to greenhouse settings and
improve the establishment and efficacy of BCA, challenge experiments
need to be conducted in planta under greenhouse conditions. One
approach could be to apply BCA together with a specific carbon source
and light quality that trigger BCA dispersal and surfactant production,
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followed by another compound and light quality that enhance
establishment and biofilm formation (Figure 5).

In conclusion, our results showed that the choice of wavelength
affects the sole carbon source utilization pattern of all three target strains
and metabolic responses to a particular wavelength was species-specific.
Biosurfactant production and biofilm formation are important
mechanisms for BCA to be successful. To use different wavelengths of
light may enhance establishment of BCA on the leaf surface. The
findings need to be validated under greenhouse conditions.
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