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ABSTRACT

Microalgae are a diverse group of single-celled organisms exhibiting versatile features including rapid
growth, high lipid content and the accumulation of various highly valuable compounds. Due to their
eclectic characteristics, they find broad application in industry, e.g. as source material for biofuel
production, as animal feed, as pharmaceuticals or as sustainable alternative to synthetic fertilizers. In
large-scale microalgae production systems, sterile operation is neither economically nor practically
feasible; microorganisms generally spread in these cultivation processes and affect the
biotechnological processes in various ways and possibly decrease productivity. On the contrary, a
healthy co-occurring microbiome has considerable potential to provide stability, reproducibility and
controllability of microalgae cultivation systems. However, current mass-cultivation technologies have
failed to reach economic competitiveness in terms of biomass yields, contamination prevention and
costs involved. To address all these challenges a polyphasic approach was conducted aiming to i)
extend our knowledge concerning algae-bacteria co-evolution by investigating natural co-occurrences
of algae, bacteria and fungi and thus harness the native algae microbiome for successful algal
biotechnology, ii) to evaluate the potential of plant growth-promoting methylobacteria to promote
microalgae growth and thereby improve biomass yields, and iii) to find a sustainable, nature-based
alternative for bioreactor decontaminations in order to avoid the extensive use of hazardous

detergents.

The microbiome is a crucial part of the native algal holobiont and is essential for modulating algal
populations. In order to decipher evolutionary evolved co-occurrences, microalgae and their naturally
associated microbiota were investigated. Seasonally occurring snowfields were studied by 16S and 18S
rRNA gene amplicon sequencing, where distinct correlation patterns of microalgae and associated
bacteria and basidiomycetous yeasts were discovered. Bacterial isolates were further screened for
their growth-promoting potential on the industrially relevant microalgae C. vulgaris, resulting in the
identification of nine promising strains, producing phytohormones, siderophores and N-
acylhomoserine lactone. Moreover, in natural biofilms, microalgae have been found co-occurring with
plant growth-promoting methylobacteria; therefore, their potential to enhance microalgae growth
and thus improve biomass yields was evaluated. The growth of two industrially relevant microalgae
could be significantly increased when co-cultured with methylobacteria up to 14-fold. The results

suggest species-specific symbiotic algae-bacteria interactions, where physical proximity is essential for







a successful metabolite exchange. Complementary genome analyses indicate, that the growth-
promoting effects are conceivably attributed to the production of vitamins, phytohormones and

siderophores.

Additionally, the potential of natural compounds to replace hazardous chemicals for bioreactor
decontaminations was evaluated. By applying the antimicrobial 5-isobutyl-2,3-dimethylpyrazine on
three different microalgal genera, the algicidal effect of this naturally occurring volatile organic
compound was demonstrated. Direct application of the decontaminant as well as passive treatment

led to a significant reduction of viable cell count for all the investigated microalgal genera.

The undertaken polyphasic approach substantiates the tremendous potential of natural resources
for sustainable algal biotechnology in various areas. The understanding of evolutionary evolved
microbiome-algae associations and the identification of putative beneficiary constituents give rise to
new co-inoculation strategies for microalgae cultivation systems; moreover, natural compounds
harbor potential to replace conventional, ecologically harmful detergents and thus contribute to a

sustainable algal biotechnology.







ZUSAMMENFASSUNG

Mikroalgen sind einzellige Organismen mit vielseitigen Eigenschaften wie schnelles Wachstum, hoher
Lipidgehalt und die Akkumulierung wertvoller Substanzen. Deshalb finden sie Anwendung in der
Industrie als Ausgangsmaterial fiir die Herstellung von Biokraftstoffen, als Tierfutter, Arzneimittel oder
als Alternative zu synthetischen Dingemitteln. In Mikroalgenproduktionssystemen ist ein steriler
Betrieb weder wirtschaftlich noch praktisch durchfihrbar; Mikroorganismen breiten sich in den
Kulturen aus und beeinflussen die biotechnologischen Prozesse auf unterschiedliche Weise und
konnen im schlimmsten Fall zu einem Zusammenbruch der Kultur fihren. Ein gesundes Mikrobiom
hingegen hat groRes Potential Stabilitat, Reproduzierbarkeit und Kontrollierbarkeit von Algenkulturen
zu gewahrleisten. Niedrige Ertrdge, Kontaminationen und hohe Produktionskosten stellen fir
Algenziichter nach wie vor eine grofRe Herausforderung dar. Ein vielschichtiger Ansatz zielte darauf ab,
i) das Wissen Uber die Koevolution von Algen, Bakterien und Pilzen zu erweitern, um das native
Algenmikrobiom biotechnologisch nutzen zu kdnnen, ii) das Potential pflanzenwachstumsfordernder
Methylobakterien zur Forderung des Wachstums von Mikroalgen zu evaluieren um eine erhéhte
Biomasseausbeute zu erreichen und iii) eine naturbasierte Alternative flir die Dekontamination von

Bioreaktoren zu finden, um den Einsatz von umweltschadlichen Reinigungsmitteln zu vermeiden.

Das Mikrobiom ist ein entscheidender Bestandteil des Holobionts Alge und ist fiir die Modulation
von Algenpopulationen unerldsslich. Um das Wissen {iber Algen-Mikrobiom-Wechselwirkungen und
Koevolution auszuweiten, wurden natiirliche Assoziationen von Algen, Bakterien und Pilzen auf
saisonal auftretenden Schneefeldern untersucht. Mittels 16S wund 18S rRNA Gen-
amplikonsequenzierung wurden eindeutige Korrelationsmuster von auftretende Mikroalgen,
Bakterien und Basidiomyceten aufgezeigt. Bakterienisolate wurden anschlieBend durch Co-
Kultivierungsexperimente auf ihr Potenzial hin untersucht, das Wachstum der industriell relevanten
Mikroalge C. vulgaris zu fordern; dies flihrte zur Identifizierung von neun vielversprechenden

Stammen, die Phytohormone, Siderophore und N-Acylhomoserinlacton produzieren kénnen.

Um Algenkultivierung wirtschaftlicher zu machen, wurde das Potenzial von pflanzenwachstums-
fordernden Methylobakterien zur Steigerung des Mikroalgenwachstums evaluiert. Durch Co-
Kultivierung konnte die Biomasseausbeute zwei industriell relevanter Mikroalgen um das bis zu 14-

fache erhoht werden, wobei eine Spezies-spezifische, symbiotische Beziehung zwischen Algen und







Bakterien vermutet wird; essentiell fiir einen erfolgreichen Metabolitenaustausch ist dabei die
raumliche Naher beider Partner. Genomanalysen deuten darauf hin, dass die wachstumsférdernde

Wirkung auf die Produktion von Vitaminen, Phytohormonen und Siderophoren zuriickzufihren ist.

Daruber hinaus wurde das Potential von Naturstoffen als Reinigungsmittel fir Bioreaktoren
untersucht. Durch Anwendung der antimikrobiellen Substanz 5-lsobutyl-2,3-dimethylpyrazin auf drei
verschiedene Mikroalgen wurde die algizide Wirkung dieser natirlich vorkommenden flichtigen
organischen Verbindung auf Chlorella, Scenedesmus und Haematococcus nachgewiesen. Die direkte
Anwendung, sowie eine passive Behandlung fiihrten bei allen untersuchten Mikroalgen zu einer

signifikanten Verringerung der Lebendzellzahl.

Diese vielschichtigen Untersuchungsarbeiten untermauern das enorme Potential natdrlicher
Ressourcen fiir eine nachhaltige Algenbiotechnologie in verschiedenen Bereichen. Das Verstandnis
evolutionar entwickelter Mikrobiom-Algen-Assoziationen und die Identifizierung von kultivierbaren
Algen-Symbionten fihren zu neuen Co-Inokulationsstrategien fir die Algenbiotechnologie. Dariiber
hinaus haben Naturstoffe groRes Potential umweltschadliche Reinigungsmittel zu ersetzen und so zu

einer nachhaltigen Algenbiotechnologie beizutragen.

Vi






LIST OF CONTENT

ACKNOWLEDGEMENTS ...ceeuuueereennneerennsseesensseeessnssassssnssssssnsssssssnssssssssssssssnsssssssnsssssssnssssessnssssssnnssssssnnnnns i
FY: 13 17 Yor (TP iii
ZUSAMMENFASSUNG . c.uuteeuneeerernssesrernssessennssessenssssssenssssssenssssssensssssesnsssssssnsssssssnsssssssnsssssssnsssssesnssssnenn v
LIST OF CONTENT ..uccteteeenrecerecessesassssacassscassssassssassssosassssnssssssassssassosassssasnssasassscnssssassssasnssasassssnssnsans vii
HARNESSING NATURE FOR SUSTAINABLE ALGAL BIOTECHNOLOGY ...cccuuiirenessssrensssssrensssssssnsssssssnsssssssnsssssssnnes 1
27T =4 Lo V1 Vo PSP 1
(0] o [=Tot 41V PR 5
CHAPTER 1
THE MICROBIOME OF ALPINE SNOW ALGAE SHOWS A SPECIFIC INTER-KINGDOM CONNECTIVITY AND ALGAE-BACTERIA
INTERACTIONS WITH SUPPORTIVE CAPACITIES ..eeuvueirrenesssiesnssassesnsssssesnsssssssssssssssnssssssssssssssnsssssssnnssssssnnsnsns 9
JAY o1 - Lot SRR UUPRROt 9
g T oo [0 d (o o VOSSPSR 11
Y YT I Ta o Y =1 d o [o Lo £y USSP 13
RESUILS «.eveeee ettt et e et eet e e e et e e e e ettt e e e e eabaeeeeestaeeeeassaee e e abaaaeaaabeaaeaasbeseeeanbaseeeanbaeeeeanseneennnsens 19
(DT 1ol 11 o] o F PSP PUT R RPPPTPPPPPO 28
SUPPIEMENTArY MAterial .....eii i e e et e e s b e e e e ata e e e e rabre e e e raeee s 33
CHAPTER 2
PLANT GROWTH-PROMOTING METHYLOBACTERIA INCREASE THE BIOMASS OF BIOTECHNOLOGICALLY RELEVANT
[V ] Tol: {0 Y. Y K cy.Y 3PP 39
F A o 1] o = ot AR 39
([N oo [T o1 1 o o PSR PRPRR 41
Materials anNd MELhOAS .........oiiiiiee e e e e e e e e e e e e e e e ssnrrreeeeeaeeean 43
RESUILS «.evteie ittt ettt e e ettt e e e et e e e eeabaee e e ataeeeeasbaeeeeabaeeeeanbaaeeansbaeeeennsaeeeennsaeeeennseeeeennsees 48
(Dol U 3] o o 54
YU o] o1 L=l g V=T N = TV 1Y, = =Y o - | SRR 57

Vii






LIST OF CONTENT

CHAPTER 3

A NOVEL, NATURE-BASED ALTERNATIVE FOR PHOTOBIOREACTOR DECONTAMINATIONS ...ccevevuessssssesnnrnennnnssssssnns 63
FA o A o1 A TSRS 63
g} Ao o [¥ o u o o NPT 65
Materials aNd MEtNOAS .......c.uuiiiiiie e e e e e e e e e e e esbee e e e s beeeeenanees 67
RESUILS «.evteie ettt ettt e ettt e e et e e e e e tbe e e e e sbeeeeeasbeeeeeabeeeeeanbeeeeeanbeeeeeanbeeeeenbeeeeeanreaeeennrees 70
(DTl N[ (o] o F PP UPTT R PPPRPPPP 76
SUPPIEMENTANY MAtEIIal ....eeiiiiiiie e e e e et e e e e rata e e e erara e e e e nsaeeesansaeeesansaneens 79

ADDITIONAL PUBLICATION 1
THE TEA LEAF MICROBIOME SHOWS SPECIFIC RESPONSES TO CHEMICAL PESTICIDES AND BIOCONTROL
APPLICATIONS «cccvtecntersrecssseosscrsrsssssssosscsssosssessscsssssosssessscssssscsssesssossssssessssssossssssssssossossssssssssossosssssse 83

ADDITIONAL PUBLICATION 2
NICOTIANA TABACUM SEED ENDOPHYTES SHARE A COMMON CORE STRUCTURE AND GENOTYPE-SPECIFIC SIGNATURES

IN DIVERGING CULTIVARS FROM ASIA AND THE AMERICAS ...ccuuiteieeieeiroeirniraiensrensrsssrssersserssssesssesssessasssns 85
REFERENCES eeuieetieeiteniraniranernsesesssserssersssrasssessssssssstsssssssessssssssssssssrssssssesssssssssessssstssssnsssnsssnsssnsssnsss 87
CURRICULUM VITAE «ceuuitiuuireneirtnniitmeiireeerensireesireesistssitsesersssssessesessssrssssrssserssssssssssessssrssssssnsessnssees 101

viii






HARNESSING NATURE FOR SUSTAINABLE ALGAL BIOTECHNOLOGY

Background

In the last decades, the extensive application potential of microalgae in several sectors of industry has
been increasingly realized. Microalgae are a versatile group of single-celled, photosynthetic organisms
exhibiting a variety of features including high lipid and protein content and the ability to accumulate
highly valuable compounds. Therefore they find application as feedstock for biofuels, as animal feed,
as bioremediators and as source material for carotenoids and antioxidants (Gupta et al., 2019; Mata

et al., 2010; Pulz and Gross, 2004; Wijffels and Barbosa, 2010).

While the production of microalgae for bulk production is usually based on open pond systems, the
production of highly valuable compounds for the food and pharmaceutical industry takes place in
closed photobioreactors. While open pond systems allow easy handling and cleaning, their limitations
include little control over contaminations, dependency on sunlight, evaporation losses and the
requirement of large land areas (Ugwu et al., 2008). Although closed photobioreactors allow better
controllability of culture condition including e.g. pH-value, temperature, CO; availability and light
intensity, their construction requires sophisticated materials and thereby increases production and
maintenance expenses. Current microalgal mass-cultivation technologies — independent from
cultivation strategy — have failed to reach economic competitiveness in terms of contamination
prevention, biomass yields and costs involved. One of the major constraints for successful algae mass-
cultivations are biological pollutants, such as weedy microalgae competing for light, nutrients and
space, parasitic fungi and bacteria, zooplankton grazers and protists preying on algae (Binova et al.,
1998; Borowitzka, 2013; Letcher et al., 2013; Wang et al., 2016b). Fulbright and colleagues investigated
the co-occurring bacterial community over the scale-up process of an industrial algae cultivation
system and could reveal major shifts in the microbial community composition, whereas hardly any
links between the abundant microbiome and cultivation success rate could be made (Fulbright et al.,
2018). Several bacterial and fungal enzymes such as glucosidases, chitinases or cellulases have been
described to be involved in the lysis of algal cells, and thus impede satisfactory yields (Afi et al., 1996;
Arora et al., 2012; Nikolaeva et al., 1999). Additionally, the competition for available nutrients by
bacteria, fungi or weedy algae also hamper growth rates of the desired microalgae, which after several
generations might even lead to outcompetition (Cole, 1982; Kazamia et al., 2012a). All those findings

reinforce the need to understand algae-bacteria interactions in order to identify and minimize

1



Background

detrimental bacteria; unpredictable, co-occurring microbial communities affect stability,
reproducibility and controllability of microalgae cultivation systems. Those unwanted co-occurring
microorganisms are not only responsible for dramatic decreases in biomass yields, but can lead to a
complete collapse of the culture, forcing the growers to an early harvest of the product and a
subsequent costly decontamination procedures of the photobioreactors (Ma et al., 2017). In situ
steam-sterilization fails due to the fact, that cultivation takes place in semi-closed photobioreactors,
leaving the application of chemicals and detergents as only option. Those cleaning procedures
commonly include rinsing the reactors with sodium hypochlorite or the application of hydrogen
peroxide, both unstable, highly reactive chemicals, negatively affecting the process environment and
hazardous not only for humans but also the environment (Johnston et al., 2005; Klapes and Vesley,

1990).

Not only contaminating microorganisms and associated costs hinder algae-derived biofuels and
bioproducts from being sustainable and economically viable competitors to non-sustainable
alternatives, but also slow growth rates and consequently insufficient and uneconomical yields. A
variety of abiotic parameters have a great influence and impact on the overall yield of biomass and
metabolites; light, temperature, pH-value, mixing and the availability of nutrients are major factors to
consider when culturing microalgae. For maintaining a healthy algae culture a range of micro- and
macronutrients is essential. Nutrient deficiency greatly affects growth rates as well as the synthesis
and accumulation of carbohydrates, carotenoids and lipids in microalgae (Khan et al., 2018). Besides
those inorganic nutrients more than half of 306 otherwise autotrophic algal species surveyed, required
an external supply of vitamin B, indicating the widespread vitamin auxotrophy within the algal
kingdom (Croft et al., 2005). In natural ecosystems algae and bacteria support each through mutualistic
relationships, where the bacteria provide the essential micro- and macronutrients and the algae in
return release dissolved organic matter, allowing heterotrophic bacteria to co-exist in their
surroundings. Croft and colleagues, for example, demonstrated that the essential vitamins required by
the algae are acquired through a symbiotic relationship with bacteria (Croft et al., 2005). Kazamia and
co-workers showed similar interactions, when the vitamin Bi>-dependent microalga Lobomonas
rostata was able to grow in a vitamin depleted medium when co-cultured with Rhizobium (Kazamia et
al., 2012b). Amin and colleagues describe a “carbon for iron mutualism” where algae assimilate iron
complexed in bacterial siderophores and in return provided the for the bacteria essential dissolved
organic carbon (Amin et al., 2009, 2012a, 2015). Moreover, the nitrogen (N) released by bacteria as an
integrative part of siderophores, provides requisite nitrogen that is essential for growth and replication
in microalgae (Villa et al., 2014). In aquatic environments N is one of the major limiting nutrients.
Although elemental nitrogen is abundant, most algae are not able to assimilate N in its unmineralized

form and are therefore dependent on nitrogen-fixing microorganisms to transform inaccessible N
2
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sources into forms usable for algae. In this context, Calatrava and co-workers could show a mutualistic
relationship between Chlamydomonas reinhardii and methylobacteria; the bacteria facilitate algae
growth by mineralizing certain amino acids and thereby produce ammonium assimilable by
Chlamydomonas (Calatrava et al., 2018). Additionally, the growth of the microalgae C. vulgaris could
be enhanced through co-cultivation with the nitrogen-fixing Bacillus pumilus (Hernandez et al., 2009).
Several studies also suggest the involvement of auxins, in particular indole-3-acetic acid (IAA), in
microalgal growth promotion (de-Bashan et al., 2008; Bajguz and Piotrowska-Niczyporuk, 2014; Ozioko
et al., 2015; Liu et al., 2016; Yu et al., 2017). Also the involvement of N-acylhomoserine lactone (AHL)
in microalgal growth-promotion is hypothesized, since Rivas and colleagues could identify two AHL
producing bacterial species significantly increasing the growth of Botryococcus braunii. They suggest,
that biofilm forming bacteria adhering to the algae’s surface enhance the bioavailability of essential
metabolites, attributable to close physical proximity between producer and consumer (Rivas et al.,

2010).

Until today, it is still unclear, whether these symbiotic relationships are species-specific (Grossart
et al., 2005; Rooney-Varga et al., 2005; Sapp et al., 2007a; Schafer et al., 2000), or whether these
interactions are determined by abiotic, environmental conditions (Eigemann et al., 2013; Sapp et al.,
2007b). However, similarities between abundant bacterial taxa in the plant rhizosphere and the
planktonic equivalent — the phycosphere — suggests the co-evolvement of algae-bacteria associations
(Goecke et al., 2013; Ramanan et al., 2015; Seymour et al., 2017). The necessity of these inter-kingdom
relationships becomes explicit when attempting to remove bacteria and fungi from microalgae;
microbiota deprived algae mostly show poorer growth or abnormal cell morphologies compared to
original strains, underlining the importance of the algal microbiome as an indispensable part of the

alga holobiont (Hom et al., 2015).

CHALLENGES ADDRESSED WITHIN THIS PROJECT

e Contaminations with unwanted microorganisms such as weedy microalgae competing
for light, nutrients and space, parasitic fungi and bacteria, zooplankton grazers and
protists preying on algae

e Insufficient algal biomass yields to reach economic competitiveness

e Usage of commonly used, hazardous chemicals for photobioreactor cleaning procedures
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Objectives

In order to address these challenges a polyphasic approach was conducted aiming i) to extend the
knowledge concerning algae-bacteria co-evolution with the goal to track down sophisticated natural
algae-bacteria interactions allowing the design of synthetic microbial communities to be included in a
probiotic cultivation supplement, ii) to evaluate the potential of prominent plant growth-promoting
methylobacteria to induce and promote microalgae growth and thereby improve biomass yields, and
iii) to find a sustainable, nature-based alternative for bioreactor decontaminations in order to avoid

the extensive use of hazardous hydrogen peroxide and sodium hypochlorite.

Unpredictable, stochastically forming co-
occurring microbiota, including biological
pollutants such as weedy microalgae,
parasitic fungi and bacteria, zooplankton
grazers and protists preying on algae,
potentially disturb mass cultivation

Identifying naturally occurring co-evolved
algae-bacteria interactions allows the
design of synthetic, stable microbial
consortia as beneficial, probiotic additive
to microalgae cultivation systems

dissolved organic matter, proteins

Stochastically formed
co-occurring microbiota
hampered microalgae
growth

7
'0";. Jlle

probiotic, beneficial
microbiota

increased microalgal
biomass formation

competition for nutrients, light, space
zooplankton grazers preying on algae

production of algicidal toxins vitamins, siderophores, phytohormones

Affects stability, Symbiotic algae-bacteria

reproducibility and ‘ interactions for successful
controllability miroalgae cultivation

LEARNING FROM NATURE

Harnessing natural algicidal compounds for the development of environmental-friendly photobioreactor
decontamination approaches

Co-inoculation of photobioreactors with a favorable, synthetic microbiome - inspired by nature — potentially allows
stable performance, controllability and reproducibility of microalgae cultivation approaches

Figure 1. Overview of challenges addressed within this project and suggested approaches on how to
harness co-evolved co-occurrences as well as natural microbial compounds for a sustainable success
in algal biotechnology.

Profound knowledge of the interactions between algae and bacteria is mandatory to harness their
biotechnological potential. Several research groups suggest the application of synthetic microbial
communities — inspired by naturally occurring algae-bacteria associations — as probiotic additive to
algal cultures in order to minimize the risk of contamination, provide stability and reproducibility and
increase yields (Cho et al., 2015; Fulbright et al., 2018; Kazamia et al., 2012a, 2014; Lian et al., 2018).
In order to identify, naturally co-evolved beneficiary constituents of the microalgae-associated
microbiota the bacterial, eukaryotic and fungal community composition on seasonally occurring,

differently colored snowfields in the Austrian Alps was investigated by 16S and 18S rRNA gene
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amplicon sequencing. As detailed in Chapter “1 The microbiome of alpine snow algae shows a specific
inter-kingdom connectivity and algae-bacteria interactions with supportive capacities”, distinct
correlation patterns of occurring microalgae and their associated bacteria and basidiomycetous yeasts
were discovered. The overall community composition on differently colored snowfields was revealed
to be rather location-independent but specific in terms of microbial co-occurrences. Complementary
cultivation-dependent analyses allowed the isolation and identification of nine bacterial strains
promoting the growth of the industrially relevant microalga Chlorella. Additional physiological
characterization of those promising bacterial isolates revealed that the production of siderophores,

auxins and N-acylhomoserine lactone is conceivably involved in algae growth promotion.

Such symbiotic host-microbe interactions have been extensively exploited for agricultural purposes
in terms of growth-promotion and pathogen-control. Bacteria can promote plant growth through the
production of plant hormones like auxin, cytokinin and gibberellin, by fixing nitrogen, solubilizing
phosphate and producing siderophores and thus improve nutrient uptake (Compant et al., 2019).
Similar beneficial effects have also been frequently described on the growth of microalgae (Amin et
al., 2009; Cho et al., 2015; Gonzalez and Bashan, 2000; Grant et al., 2014; Kazamia et al., 2012b; Kim
et al., 2014; Le Chevanton et al., 2013). Chapter 2 “Plant growth-promoting methylobacteria harbor
great potential for algal biotechnology” highlights the potential of plant growth-promoting
methylobacteria to increase the biomass formation of two industrially relevant green algae through
co-cultivation. Four different methylobacteria strains belonging to two species (M. extorquens, M.
goesingense) were evaluated in terms of microalgae growth-promotion and were therefore co-
cultured in two different initial cell densities with three microalgal genera, including Chlorella,
Scenedesmus and Haematococcus. Results give evidence that mutualistic inter-kingdom relationships
are species-specific as well as dependent on algae-bacteria cell ratio. While the growth of C. vulgaris
was hampered through co-cultivation with methylobacteria — possibly through shading and
competition for nutrients, light and space — the biomass formation of H. lacustris could be increased
up to 14-fold through co-cultivation compared to axenic control cultures in vitamin B, depleted
medium. Confocal laser scanning microscopy of co-cultures revealed a correlation between physical
proximity of algae and bacteria and a successful metabolite exchange. All three investigated
microalgae were isolated from a natural biofilm, where 16S rRNA gene amplicon sequencing revealed
natural co-occurrences of algae and methylobacteria. Microscopic observation of the biofilm revealed
H. lacustris as the dominating algal taxon, supporting the assumption of evolutionary evolved, specific
microalgae-bacteria co-occurrences. Complementary genome analyses of all applied methylobacteria
revealed several features conceivably involved in algae growth-promotion. All tested methylobacteria
harbor genes involved in the production of vitamins, including biotin, riboflavin, tetrapyrroles and

folate. Additionally, all tested strains possess genes associated with iron acquisition as well as genes
6
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attributable to the production of plant alkaloids. Profound knowledge in terms of community-ecology
and algae-microbiome interactions are essential for the development of biocontrol strategies in
industrial microalgae cultivation systems. These results provide a basis for the design of synthetic,
beneficial bacterial probiotics with the potential to promote microalgae growth, as auspicious tool for

algal biotechnology to increase stability, reproducibility and controllability.

Microbial metabolites present promising resources for several applications in algal biotechnology.
Such metabolites also include volatile organic compounds (VOCs), produced by microorganisms as part
of their metabolism. Their role as mediator in various interactions and communications across
kingdoms has been described extensively (Effmert et al., 2012; Schulz-Bohm et al., 2017). Recently
their involvement in the inhibition of various plant-pathogens was realized (Cernava et al., 2015;
Ortega et al., 2016), emphasizing their potential to control diverse microbial contaminations and to
replace conventional decontamination agents (Kusstatscher et al., 2017; Schock et al., 2018). As
described in Chapter 3 “A novel, nature-based alternative for photobioreactor decontaminations”
the algicidal effect of the naturally occurring antimicrobial volatile compound 5-isobutyl-2,3-
dimethylpyrazine was assessed on three different microalgal genera including Chlorella, Scenedesmus
and Haematococcus. Direct application of the decontaminant as well as passive treatment of algae by
exposing them to vaporized pyrazines, led to a significant reduction of viable cell count for all the
investigated microalgal genera. These results imply the applicability of natural volatile organic
compounds as environmental-friendly alternative to conventional, hazardous detergents currently

used for photobioreactor decontamination purposes.

MAIN FINDINGS OF THE PROJECT

e Evolutionary-evolved microalgae-microbiome associations comprise mutualistic inter-
kingdom relationships, where cultivable constituents provide resources for designing
beneficial consortia to increase yields, provide stability and reproducibility in industrial
microalgae cultivation systems

e Methylobacteria harbor potential to promote microalgae growth, conceivably
attributable to the production of phytohormones, vitamins and siderophores

e A novel, environmental-friendly algicidal compound was identified as promising

alternative to hazardous disinfectants for photobioreactor cleaning procedures







CHAPTER 1

THE MICROBIOME OF ALPINE SNOW ALGAE SHOWS A SPECIFIC INTER-
KINGDOM CONNECTIVITY AND ALGAE-BACTERIA INTERACTIONS WITH
SUPPORTIVE CAPACITIES

Lisa Krug'?, Armin Erlacher?, Katharina Markut?, Gabriele Berg? Tomislav Cernava?

IAustrian Centre of Industrial Biotechnology, Graz, Austria

2Institute of Environmental Biotechnology, Graz University of Technology, Graz, Austria

Abstract

Mutualistic interactions within microbial assemblages provide a viable strategy for survival under
extreme conditions. Although such phenomena were often studied with bipartite systems and host-
associated communities, less is known about the complexity of interaction networks of free-living
microorganisms. For the first time, the interplay within algae-dominated microbial communities
exposed to harsh environmental influences in the Austrian Alps was assessed to reveal the
interconnectivity of eukaryotic and prokaryotic inhabitants. All analyzed snowfields showed sample-
specific signatures and distinct clustering of eukaryotic and bacterial communities. Network analyses
revealed that mutual exclusion prevailed among microalgae in the alpine environment, while bacteria
were mainly positively embedded in the interaction networks. Especially members of Proteobacteria,
with a high prevalence of Oxalobacteraceae, Pseudomonadaceae, and Sphingomonadaceae showed
genus-specific co-occurrences with distinct microalgae. In addition, correlation analyses revealed
distinct genus-specific clustering of microalgae and basidiomycetous yeasts. Co-cultivation
experiments with isolated algae and bacteria confirmed beneficial interactions; they resulted in up to
2.6-fold more biomass. Our findings support the initial hypothesis that adverse environmental
conditions in alpine systems harbor inter-kingdom supportive capacities. The understanding of
mutualistic inter-kingdom interactions and the ecology of microalgae within complex microbial
communities could support the development of new co-inoculation strategies for biotechnological

processes.
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Interactions within alpine microbial communities

Introduction

Microalgae and bacteria can form complex, inter-kingdom microbial communities in various natural
environments and exchange different metabolites for mutualistic support (Kouzuma and Watanabe,
2015). While freshwater and marine habitats are commonly analyzed to decipher microalgae-bacteria
interactions (Eigemann et al., 2013; Amin et al., 2012a; Cole, 1982), less is known about interactions
in similar assemblages that are found on snowfields in alpine environments. Until recently, cryophilic
ecosystems have been considered barren; only in the last few years a modest number of studies
revealed those extreme habitats as complex evolutionary evolved ecosystems by addressing the
biodiversity and functionality of glaciers, snow and ice fields (Anesio and Laybourn-Parry, 2012).
Colored snow attributable to algal blooms has been known since the times of Aristotle (Werner, 2007).
Snow algae have first been documented in 1818, when British sailors voyaged towards Greenland and
Sir John Ross, a naval officer and Arctic explorer, observed cliffs covered in crimson red snow
attributable to microalgae blooms (Ross, 1819). Later, Charles Darwin himself described the
occurrence of blood red snow in the Andes Mountains (Darwin, 1915). Still, 200 years after the first
documented observation of the “blood alga” many unanswered questions in terms of its evolution,

lifecycle and distribution challenge scientists worldwide.

Due to the important role as primary producers and the release of dissolved organic nutrients to
the environment, microalgae allow heterotrophic microorganisms to co-exist in their surroundings.
Such heterotrophic microorganisms include bacteria that not only decompose organic matter but that
can also support higher eukaryotes in return by nutrient exchange and complex communication
systems (Berg et al., 2016; Philippot et al., 2013). Various metabolite exchanges including essential
micro- and macronutrients were observed so far for algae-bacteria interactions in the context of
coevolution and mutualistic support (Cooper and Smith, 2015; Kim et al., 2014; Ramanan et al., 2015).
In this context, it was also found that more than 50% of otherwise autotrophic microalgal species are
dependent on an external supply of vitamin B, (Croft et al., 2005, 2006). In addition, Amin and
colleagues could show that bacterial siderophores increase the bioavailability of chelated iron not only
for bacteria but also for microalgae (Amin et al., 2009). Iron is essential for microalgae during the
photosynthetic process of inorganic carbon fixation (Amin et al., 2009, 2012b). Moreover, the nitrogen
released by bacteria as an integrative part of siderophores, provides requisite nitrogen that is essential
for growth and replication in microalgae (Villa et al., 2014). Furthermore, phytohormones produced
by bacteria were also reported to have beneficial effects on the growth of microalgae (Amavizca et al.,
2017). Several plant growth-promoting bacteria harbor potential to stimulate algal growth by
releasing essential minerals, vitamins, auxins and quorum sensing signaling molecules (Amavizca et al.,

2017; Croft et al., 2006; Goecke et al., 2010; Joint et al., 2002).
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Microalgae have attracted considerable interest worldwide in the last decades, mainly due to their
applicability in the renewable energy, biopharmaceutical, and nutraceutical industry (Brennan and
Owende, 2010; Spolaore et al., 2006). While in early stages of the cultivation process sterile operation
is still feasible, axenic cultivation in large-scale biomass production systems is neither economically nor
practically feasible. Due to these limitations, increased concerns related to the potential of co-
occurring microorganisms to inhibit and disturb mass-cultivation processes have resulted in a greater
interest to develop preventive biocontrol strategies (Fulbright et al., 2018). Here, symbiotic cultures
of microalgae and bacteria provide a viable strategy for the elimination of unwanted, contaminating
bacteria in aquaculture systems as already proposed by Kazamia and colleagues (Kazamia et al.,
2012a); this is mainly due to the principle of competitive exclusion, also known as Gause’s law. The
principle states that “complete competitors cannot coexist” (Hardin, 1960); ecological niches occupied
by beneficial microorganisms are less accessible for microorganisms detrimental for microalgae. By
tracking down the sophisticated natural algae-bacteria interactions in natural environments, the
design of beneficial, synthetic microbial communities becomes a more tangible tool for

biotechnological applications.

In the present study the main focus was on the decipherment of microbial community structures
on differently colored snowfields sampled at two geographically distant locations representative for
the Central Alps in Austria; freshwater samples served as references to confirm expected differences
in population structures between terrestrial (snowfields) and limnetic (freshwater from lake)
ecosystems, as the investigated environments show very differing conditions in terms of nutrient
availability, temperature and light intensity. The main objective of the study was to characterize inter-
kingdom interactions in seasonally occurring nutrient-poor snowfields, where microorganisms have to
cope with low temperatures and high UV-radiation and are therefore considered extreme
environments. We hypothesized mutualistic inter-kingdom relationships in order to allow microbes to
persist in these adverse conditions. By applying co-occurrence network inferences, we focused on the
identification of predominant correlations between microalgae and bacteria and putative beneficiary
constituents within the microalgae-associated bacterial community. Bacterial isolates from the same
sampling locations were screened for their potential to produce micro- and macronutrients
attributable to increased performance of microalgae (i.e. phytohormones and siderophores). Finally,
bacterial isolates obtained from differently colored snowfields and freshwater samples were co-
cultivated with the microalgae Chlorella vulgaris BRK1 in order to investigate their direct impact on
biomass formation of an industrially relevant microalgae model. The obtained results broaden our
knowledge related to inter-kingdom interactions in extreme environments and provide a basis for

upcoming biotechnological developments.
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Material and Methods

Sampling procedure. Snow and water samples were collected 30" May and 31t May 2017 from two
geographically distant locations in the Austrian Central Alps (sampling site A - Rottenmanner Tauern,
N47°26'24.695” E14°34'34.556"'; sampling site B - Seetaler Alpen, N47°3’56.128" E14°34’0.318"). Red
snowfields were sampled on both sites while green and orange snow could only be found either at
sampling site A or sampling site B, respectively. In addition, water samples of two separate water
bodies were obtained from both sampling sites. Snow and water samples were collected in sterile
50 mL Greiner tubes (Sigma-Aldrich, Missouri, USA) and stored on ice during transportation until
further processing. Upon arriving in the laboratory, microalgae occurring in differently colored
snowfields were visualized microscopically using a light microscope (Leitz; Wetzlar, Germany) at
400 x magnification. The detailed sampling locations and examples of colored snowfields are shown in

Figure 1.1.

Isolation of microalgae associated bacteria. In order to isolate microorganisms, all samples were
plated in dilution series on nutrient agar (NA), Reasoner’s 2A agar (R2A), and modified Bolds Basal
Medium agar-plates (mBBM) containing 250 mg/L NaNOs, 175 mg/L KH,PO4, 75 mg/L K;HPQ4, 75 mg/L
MgS04 x 7 H,0, 25 mg/L CaCl,, 25 mg/L NaCl, 2.6 mg/L H3BOs, 5mg/L FeSO4x 7 H,0, 8.8 mg/L
ZnSO4x 7 H0, 1.4 mg/L MnCl; x4H,0, 1.4mg/L MoOs, 1.6mg/L CuSOsx5 H,O, 0.5mg/L
Co(NOs)3s x6 H,0, 0.5mg/L EDTA, 0.3mg/L KOH, 0.017 mg/L vitamin By, 0.013 mg/L
4-aminobenzoate, 0.003 mg/L biotin, 0.013 mg/L nicotinic acid, 0.017mg/L hemicalcium-
pentathenate, 0.05 mg/L pyridoxamine-HCl, 0.033 mg/L thiaminiumdichlorid, 0.0091 mg/L thioctic-
acid, 0.01 mg/L riboflavin, 0.0049 mg/L folic acid and 18 g/L agar-agar. Vitamins and heat-sensible
components were added after autoclaving by sterile filtration (0.20 um pore size). NA and R2A was
incubated for 3 days at room temperature; mBBM-agar was incubated at 23 °C at a light dark cycle
(L:16/D:8). The lighting was supplied by cool-white fluorescent lamps TL-D 36W/840 REFLEX Eco
(Philips, Amsterdam, Netherlands) with an intensity of 3,350 Im for 3 days. A total number of 470

bacterial isolates were randomly selected and subcultured on the respective media.

Physiological characterization of cultured bacterial isolates

Screening for N-acylhomoserine lactone (AHL) production. Screening for AHL production was
performed based on the studies of Morohoshi and colleagues (Morohoshi et al., 2008) and McClean
and colleagues (McClean et al., 1997). Chromobacterium violaceum CV026 served as indicator strain
as it is able to produce the violet pigment violacein in the presence of exogenous N-hexanoyl-

Lhomoserine lactone (C6-HSL). S. plymuthica 3Re4-18 (Adam et al., 2016) served as positive control.
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Isolates were grown over night at room temperature. Violet coloration of the indicator strain indicated

AHL-production which was recorded for each strain.

Screening for indole-3-acetic acid production. Indole-3-acetic acid excretion by bacterial strains
was determined by means of a modified colorimetric analysis developed by Gordon and Weber
(Gordon and Weber, 1951). Glass test tubes containing 5 mL LB broth supplemented with 0.1%
tryptophan were inoculated with single colonies of bacterial isolates. After cultivation at 20 °C for 5 to
7 days in the dark, the cell-free supernatant was mixed with the Salkowski reagent (50.0 mM FeCls,
35.0% (v/v) perchloric acid) at a ratio of 3:1 and incubated for 30 min in the dark. The auxin
concentration was measured photospectrometrically using an infinite M200 spectrofluorimeter
microplate reader (TECAN, Mannerdorf, Switzerland) at 530 nm and quantified using a standard curve

(R? = 0.9894).

Screening for siderophore production. Siderophore production was tested by sterilizing 400 mL of
1.50% agar LB-agar medium and mixing it thoroughly with 100 mL staining solution containing
98 mLdH,0; 1mLO0.0O1MFeCls 1mLO.1MHCI; 0.605g chrome azurol-S and 0.073g
cetyltrimethylammoniumbromid. After solidification in Petri dish plates, bacterial isolates were
streaked out and incubated for 14 days at room temperature. Then the presence (siderophore
production positive) or absence (siderophore production negative) of yellow halo zones around the

isolates was noted.

Chlorella vulgaris quantification by fluorescence intensity analyses.

To determine the C. vulgaris cell number, the algal chlorophyll A content was measured using a
fluorometric approach and subsequently correlated with the respective cell number. The fluorescence
emission maximum was determined by performing a florescence intensity scan with a pure C. vulgaris
culture using an infinite M200 spectrofluorimeter. The microalgae culture was obtained by inoculating
20 mL mBBM with a single colony of C. vulgaris and subsequent incubation for 5 days at 23 °C at a light
dark cycle L:16/D:8. The microalgae culture was excited at 450 nm wavelength and fluorescence
emission was detected in the range between 580 and 760 nm. The fluorescence emission maximum of
microalgae cultures was determined as 685 nm and subsequently the number of corresponding CFUs
was determined by plating respective dilutions on mBBM. Applying a linear regression (R?=0.931)

allowed the correlation between fluorescence intensity (FI) and microalgae cell count.

Co-cultivation to evaluate the potential of bacteria to promote microalgae growth.

The growth promotion assay was performed with the unicellular microalga strain Chlorella vulgaris
BRK1, isolated from a photobioreactor by plating respective samples on mBBM-agar and subsequent
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subculturing (Krug et al., 2019). For initial cultivation, 50 mL mBBM were inoculated with a single
colony of C. vulgaris and grown for 1 day at 23 °C at a light dark cycle L:16/D:8. The axenic C. vulgaris
culture was then transferred in 96 well plates, each well containing 200 pL algae culture. Microalgae
were then inoculated with single bacterial colonies using sterile toothpicks. For the prescreening,
growth-promoting experiments were performed in 8 replicates. The growth-promotion assay was
repeated in 18-fold replication with bacterial isolates indicating growth-promotion during the
prescreening in order to facilitate statistical analyses. The significance of the results was tested using
the IBM SPSS program (version 23.0; IBM Corporation, NYC, NY, USA). All data was analyzed using
Student’s paired t-Test at p < 0.01.

Identification of bacterial isolates and phylogenetic analysis of beneficial strains.

Bacterial genomic DNA from pure cultures was extracted by mechanical disruption. Bacterial colonies
from agar plates were resuspended in 300 L sterile NaCl (0.85%) and transferred in sterile Eppendorf
tubes filled with glass beads and subsequently processed in a FastPrep FP120 (MP Biomedicals,
Heidelberg, Germany) instrument. After centrifugation at 3,000 rpm for 5 min the supernatant was
transferred in sterile 1.5 mL tubes and served as template for the PCR. Subsequently, 16S rRNA gene
fragments were amplified using primer 27F (5’ - AGA GTT TGA TCM TGG CTC AG - 3‘) and 1492R
(5’ - CGG TTA CCT TGT TAC GAC TT - 3‘). The PCR was performed in a total reaction volume of 30 pL
containing 16.20 pL ultrapure water, 6.00 uL Taq&Go [5 x] (MP Biomedicals, Heidelberg, Germany),
1.50 pL of each primer [10 uM], 1.80 pL MgCl, [25 mM] and 3 pL template (95 °C, 4 min; 30 cycles of
95 °C; 30s; 57 °C, 30s; 72 °C, 90 s; final extension at 72 °C, 5 min). The PCR products were purified
using Wizard SV Gel and PCR-Clean-Up System (Promega Corporation, Madison, Wisconsin, USA) and
DNA concentration was measured using a Nanodrop UV-Vis spectrophotometer (Thermo Fisher
Scientific, Waltham, Massachussetts, USA), diluted accordingly and sent for Sanger sequencing (LGC
Genomics GmbH, Berlin, Germany). Resulting 16S rRNA gene fragment sequences were then blasted
against the NCBI nucleotide collection database excluding uncultured and environmental samples
using the BLAST algorithm (Altschul et al., 1990). A phylogenetic tree that is based on 16S rRNA gene
sequence alignments was constructed with MEGA X (Kumar et al., 2018). The evolutionary history was
inferred by using the Neighbor-Joining method (Saitou and Nei, 1987). The percentage of replicate
trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) were
separately assessed (Felsenstein, 1985). Evolutionary distances were computed using the Maximum

Composite Likelihood method (Tamura et al., 2004) and are provided as base substitutions per site.
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Microbiome analyses with bacterial and eukaryotic amplicon libraries

Total community DNA extraction and barcoding. For each sample, total community DNA from
2 mL melted snow/water was extracted using the FastDNA Kit for Soil (MP Biomedicals, Heidelberg,
Germany) according to the manufacturer’s instructions. The 16S rRNA gene fragment sequences were
amplified in three technical replicates covering the hypervariable region 4 using the Unibac Il 515f
(5’ - GTG YCA GCM GCC GCG GTA A - 3’) and 806r (5’ - GGA CTA CHV GGG TWT CTA AT - 3’) primer pair
(Caporaso et al., 2011), which included sample-specific barcodes and Illlumina sequencing adaptors.
Peptide nucleic acid (PNA) was added to the PCR mix to prevent the amplification of mitochondrial
(mPNA) and plastidial (pPNA) DNA from eukaryotes (Lundberg et al., 2013). The PCR was performed
by using a total volume of 30 uL containing 20.15 pL ultrapure water, 6 uL Tag&Go [5 x], 1.2 pL of each
primer (5 uM), 0.225 pL pPNA [100 uM], 0.225 puL mPNA [100 uM] and 1 pL DNA template. The cycling
program was adjusted to an initial denaturation temperature at 96°C for 5 min, followed by 30 cycles
of 96 °C for 1 min, 78 °C for 5 s, 54 °C for 1 min, and 74 °C for 1 min. The final extension was done at
74 °C for 10 min. PCR products of respective samples were quality checked by gel electrophoresis. If
the quality (amount, concentration) of the PCR product was found to be insufficient during the quality
check, another PCR was performed with primer pair 27F and 1492R prior to the described PCR reaction
in a nested approach. The PCR products were then purified using the Wizard SV Gel and PCR-Clean-Up

System according to manufacturer’s protocol and served than as template for further amplifications.

From the same total community DNA extracts, 185 rRNA gene fragments of the eukaryotic
community were amplified in a first PCR with the primer pair 1391f (5’- GTA CAC ACC GCC CGT C - 3)
and EukBr (5’- TGA TCC TTC TGC AGG TTC ACC TAC - 3’) targeting the variable region 9 (V9) of the 18S
rRNA gene sequence (Amaral-Zettler et al., 2009). Each forward and reverse primer contained a
specific primer pad (TATGGTAATT/AGTCAGCCAG) and linker (GT/GG), as described in the protocols
and standards section of the Earth Microbiome Project (www.earthmicrobiome.org) (Caporaso et al.,
2010). PCR reactions (20 pL) were conducted in triplicates and contained 14.6 uL ultrapure water, 4 L
Taq&Go [5 x], 0.2 uL of forward and reverse primer each [10 uM] and 1 pL extracted DNA template.
The cycling program was adjusted to the following settings: 98 °C, 5 min; 10 cycles of 98 °C, 10 s; 53 °C,
10s; 72 °C, 30s; 20 cycles of 98 °C, 10s; 48 °C, 30's; 72 °C, 30 s; final extension 72 °C, 10 min. PCR
products of respective samples were quality checked by gel electrophoresis. If the quality of the PCR
product was found to be insufficient, another PCR was performed prior to the described PCR reaction
for nested approaches with primer pair NS1 (5" - GTA GTC ARA RGC CTT GTC TC - 3’) and NS8 (5’ - TCC
GCA GGT TCA CCT ACG GA - 3’) in a reaction mix (30 pL) containing 16.2 pL ultrapure H;0, 6 uL Taq&Go
[5 x], 1.2 pL of each primer [10 uM], 2.4 uL MgCl; [25mM] and 3 pL DNA template. PCR products were

then purified using the Wizard SV Gel and PCR-Clean-Up System according to manufacturer’s protocol
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and served as template for further amplifications. For multiplexing, sample-specific Golay barcodes
were attached to the specific primer pad on forward and reverse primer respectively. Barcoded
sequences were pooled and purified according to the Wizard SV Gel and PCR-Clean-Up System.
Equimolar DNA concentrations of each barcoded amplicon (bacterial and eukaryotic) were then sent
for paired-end lllumina HiSeq sequencing (read length: 2 x 300 bp) to GATC Biotech AG (Konstanz,

Germany).

Initial bioinformatic analyses of 16S rRNA and 18S rRNA gene amplicons. Raw sequencing data
preparation, including joining forward and reverse read pairs was done using software package QIIME
1.9.1. After removing barcodes, primer and adapter sequences reads as well as metadata were
imported into QIIME 2 (2018.11 release). Further analyses of sequencing data were performed using
the QIIME 2 pipeline according to tutorials provided by the QIIME developers (Caporaso et al., 2010).
The DADA2 algorithm (Callahan et al., 2016) was used to demultiplex and denoise truncated reads.
Chimeras were identified by using the VSEARCH uchime_denovo method (Rognes et al., 2016) and
subsequently removed. Respective reads were then summarized in a feature table. The 16S rRNA
dataset was normalized to 98,216 reads per sample to account a variation in the samples reaching
from 719,183 to 98,216 reads. Features were then collapsed on genus level and a reduced table
containing only highly abundant taxa (>0.1% mean re. abundance) was used for generating bar charts.
In analogy, the 18S rRNA dataset was normalized to 21,347 reads per sample to account for the
variation in the samples reaching from 788,817 to 21,347 reads. Rarefied feature tables served as input
for alpha and beta diversity analyses and statistics using QIIME 2 core diversity metrics. Principal
Coordinate Analysis (PCoA) plots were constructed by calculating the unweighted UniFrac distance
matrix (Lozupone and Knight, 2005). Phylogenetic metrics were constructed by aligning representative
sequences using the mafft program (Katoh and Standley, 2013). After the multiple sequence alignment
was masked and filtered a phylogenetic tree was generated with FastTree (Price et al., 2010). The
taxonomic analysis was based on a customized naive-Bayes classifier trained on 16S and 18S rRNA gene
OTUs clustered at 99% similarities with the SILVA128 database release and trimmed to a length of 400
bp (16S) and 200 bp (18S) respectively. Statistics were calculated within QIIME 2 using analysis of
similarity (ANOSIM). The datasets used and/or analyzed during the current study are available in the

ENA repository (https://www.ebi.ac.uk/ena) under the accession number PRJIEB31713.

Complementary network analyses with combined datasets. Co-occurrence network analyses
were calculated and rendered using Cytoscape version 3.7.0 (Shannon et al., 2003) and the CoNet add-
on (Faust and Raes, 2016). Highly significant inferences (p = 0.0004, g = 0.0004) were retained. Reduced
feature-tables containing only features assigned to Archaeplastida and Proteobacteria with a mean

relative abundance of at least 0.1% on snowfields were used for inference analyses. To ensemble

17



Chapter 1

inferences Pearson and Spearman correlation measurements, Bray Curtis and Kullback-Leibler
dissimilarity matrices and the mutual information option were used including Benjamini-Hochberg

multiple test correction.

Correlations patterns between microalgae and their associated microbiota. Following the
normalization of features assigned to the phyla Chlorophyceae, Chrysophyceae and Basidiomycota
within the 18S rRNA dataset, they were manually blasted against the NCBI nucleotide collection
database. For calculating correlations between microalgae and bacteria, the bacterial feature table
was reduced by retaining only features with a mean relative abundance of at least 0.1% on snowfields.
Features with the same taxonomic assignment were combined and unassigned reads were excluded
from the dataset. METAGENassist (Arndt et al., 2012) was employed to visualize co-occurrence
patterns within the eukaryotic and bacterial communities on snowfields based on Kendall’s tau rank

correlation.
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Results

Eukaryotic communities show habitat-specific signatures in colored snowfields and

freshwater samples

The eukaryotic community structure was analyzed by 18S rRNA gene fragment amplicon sequencing

of differently colored snowfields and freshwater samples from two geographically dispersed locations

in the Austrian Alps (Figure 1.1).

Flysch Zone — Sandstone
Northern Calcareous Alps
Grauwacken Zone — Slate
Central Alps — Crystalline basement
Southern Calcareous Alps
Klagenfurt Basin

EEC

Sampling site A — Rottenmanner Taﬁérh
Sampling site B — Seetaler Alpen

Figure 1.1. Locations of the sampling sites in the Austrian Alps. Red and green snowfields were sampled at site
A (Rottenmanner Tauern) while red and orange snowfields were sampled at site B (Seetaler Alpen). In addition,
two freshwater samples in close proximity of the snowfields were sampled at each sampling site.

After removing chimeric sequences, 10,374,680 reads were retained in the dataset, resulting in 3,681
features. Features were collapsed at genus level resulting in 71 eukaryotic genera with an occurrence
of at least 10 reads in total. The resulting community assessment includes highly abundant eukaryotic
taxa; their mean relative abundance within the sample replicates and a threshold of 0.1% over the
whole dataset was used for visualizations (Figure 1.2). The green and red snowfields sampled at
sampling site A were dominated by Archaeplastida with relative abundances of 51% and 65%
respectively, followed by Ophistokonta with relative abundances of 49% on the green snowfield and
33% on the red snowfield. A similar pattern was observed for the freshwater samples obtained at
sampling site A; Archaeplastida accounted for 43% and Ophistokonta for 33% relative of the eukaryotic
community, whereas Basidiomycota accounted for the largest share on snowfields. The highest
proportion of taxa assigned to Ochrophyta was found on the orange snowfield (7%) Within the phylum
Ochrophyta not further classified Ochromonadales were frequently detected in one freshwater sample
obtained at sampling site B with a relative abundance of 26%. Bacillariophytina (29%) and not further

classified Peronosporomycetes (8%) - all members of the Stramenopiles clade - were the most
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abundant taxa in this sample. Similar results were obtained when analyzing the composition of the
eukaryotic community of the second freshwater sample obtained at sampling site B. The most
abundant eukaryotic taxa were members of the SAR clade (53%), whereas not further classified
Peronosporomycetes was the dominating taxon (27%; Figure 1.2). Detailed description of abundances
for the most abundant features are shown in Supplementary Table S1.1; the mean relative abundance
for the respective group of samples is displayed, including closest taxonomic assignment when BLAST
searches were performed against the NCBI nucleotide collection database. When assessing the
dominating algal genera on differently colored snowfields in more detail, red snowfields were clearly
dominated by Chlamydomonas spp., while on green snowfields Chloromonas spp. prevailed; orange
snowfields were predominantly inhabited by members of the Chrysophyta phylum. Results of
cultivation-independent analyses were supported by microscopic observation of red and green
snowfield samples (Supplementary Figure S1.1); micrographs indicated the presences of

Chlamydomonas spp. and Chloromonas spp. on red and green snowfields, respectively.
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Figure 1.2. Taxonomic classification of the eukaryotic community inhabiting differently colored snowfields and
freshwater sampled at two geographically distant locations in the Austrian Alps. Bar charts represent high
abundant fraction of the eukaryotic community with a relative abundance > 0.1% in the whole dataset. Sampling
site A: Rottenmanner Tauern; sampling site B: Seetaler Alpen. Labels and the relative abundances of highly
abundant taxa (>10% rel. abundance) are included in the respective bar chart.
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Proteobacteria and Bacteroidetes were predominant in bacterial communities on
snowfields and in freshwater

In a complementary approach based on the same total community DNA extracts, the bacterial
community structure was analyzed by 16S rRNA gene fragment amplicon sequencing. After removing
chimeric, plastid and mitochondrial sequences, 9,135,634 reads were retained in the dataset, resulting
in 7,850 features. Features were collapsed on genus level and genera with an occurrence < 10 reads
in the whole dataset were excluded, resulting in 539 bacterial genera. Bar charts were used to visualize

the highly abundant fraction in the 16S dataset (relative abundance > 0.1%; Figure 1.3).
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Figure 1.3. Composition of the bacterial community on differently colored snowfields and in freshwater
sampled at two geographically distant locations in the Austrian Alps. Taxonomic assignments were conducted
at genus level. Bar charts represent the highly abundant fraction of the bacterial community with a relative
abundance > 0.1% in the whole dataset. Sampling site A: Rottenmanner Tauern: sampling site B: Seetaler Alpen.
Labels and the relative abundances of highly abundant taxa (>10% rel. abundance) are included in the respective
bar chart.

The resulting dataset comprised seven bacterial phyla that included 53 different bacterial genera.
Among the red and green snowfield samples, the predominant fraction of the microbiota was assigned
to Bacteroidetes (mean: 72%) followed by Proteobacteria (mean: 23%), together they accounted
for<93% in each sample, independent from the sampling site. On genus level, the bacterial

community on red and green snowfields was dominated by Solitalea sp. (29% - 80%). On the green
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snowfield a higher fraction of Hymenobacter sp. (15%) and Aquaspirillum sp. (24%) was observed
compared to red snowfields. On the contrary, the orange snowfield sampled at sampling site B was
dominated by Proteobacteria (66%) followed by Bacteroidetes (15%). The most abundant bacterial
taxa on the orange snowfield were identified as members of the Oxalobacteraceae family (45%).
Except one, freshwater samples were dominated by Proteobacteria (mean: 63%), in particular
Sphingomonas (18% - 80%), followed by Bacteroidetes (mean 14%). In one freshwater sample
(Freshwater - B1) the dominating bacterial phyla were Bacteroidetes (46%) and Proteobacteria (39%;
Figure 1.3). The detailed description of relative abundances for the most abundant features is
summarized in Supplementary Table S1.2; the closest taxonomic assignment according to BLAST

searches against the NCBI nucleotide collection database was included.

Bacterial and eukaryotic community structures were highly habitat-specific

Bacterial community compositions substantially differed when habitats sampled in close proximity
were compared. Between-sample differences of the microbiota within differently colored snowfields
sampled at geographically distant locations were analyzed to study possible relationships between
microalgae/eukaryotes and bacteria occurring on respective snowfields. In addition, ANOSIM tests
were performed in order to identify the most influencing parameters on the composition of the
bacterial community. When samples were grouped by sampling site, no clustering was observed in the
PCoA plots (Figure 1.4), suggesting that the composition of the bacterial community is independent
from the sampling site. On the contrary, when grouping the samples according their habitat (snowfield
and freshwater), significant differences between the two investigated groups were observed
(R=0.594; p = 0.001). The same observation was found for the 185 amplicon library, the habitat had a
significant influence on the structure of the eukaryotic fraction of the microbiome (R =0.223;

p =0.008; Table 1.1).

Snowfield color reflects the bacterial and eukaryotic community structure

When the similarities of differently colored snowfields obtained from geographically distant locations
were compared, ANOSIM confirmed a high correlation between the snow color and the composition
of the bacterial community (R = 0.841; p = 0.001). However, when the similarities of all red colored
snowfields were compared, no significant differences in the composition of the bacterial microbiota
were found (R =-0.015, p =0.501). Complementary results were obtained when the eukaryotic
community composition was analyzed on differently colored snowfields. The highest and most
significant impact on the eukaryotic community composition was given by the color of snowfields
independent from sampling site (R =0.903; p=0.001). Again, when similarities of red colored
snowfields were compared, no significant differences in the eukaryotic community composition were
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observed (R =0.067; p = 0.229). Similar results were obtained when similarities of freshwater samples
from the two alpine locations were assessed. The sampling site had only a minor effect on the

microbiome composition (18S: R = 0.075, p = 0.265; 16S: R =0.134, p = 0.116).

Table 1.1. Statistical analyses of bacterial and eukaryotic community composition in freshwater and on
snowfields sampled at two different locations, based on the unweighted UniFrac distance matrix.

ANOSIM test 16S ANOSIM test 18S
Groups R p-value Groups R p-value
Habitat Habitat
0.594 0.001 0.223 0.008
freshwater, snow freshwater, snow
Snow color Snow color
0.841 0.001 0.903 0.001
red, green, orange red, green, orange
Red snow Red snow
A - Rottenmann, -0.015 0.501 A - Rottenmann, 0.067 0.229
B - Seetal B - Seetal
Water Water
A - Rottenmann, 0.194 0.116 A - Rottenmann, 0.075 0.265
B - Seetal B - Seetal
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Figure 1.4. PCoA plots of bacterial and eukaryotic communities on differently colored snowfields and
freshwater sampled at two geographically distant locations in the Central Alps. Community clustering is based
on Bray-Curtis dissimilarities (unweighted UniFrac).
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Co-occurrence network analyses revealed mutual exclusion patterns between microalgae

In order to elucidate co-occurrences between Proteobacteria and Chlorophyta on snowfields network
analyses were performed (Figure 1.5.A). For network construction, the feature table was reduced by
filtering for features assigned to Proteobacteria with a mean relative abundance of <0.05% in
snowfield samples and Chlorophyta. Within this dataset, highly significant (p < 0.0004; g < 0.0004) co-
occurrences and mutual exclusion patterns between Proteobacteria and Chlorophyta on snowfields
were assessed. The resulting network comprised 51 nodes with a network density of 0.655. In the co-
occurrence network the algal community was represented by twelve features assigned to
Chlamydomonas, six assigned to Chloromonas and one feature assigned to Scotiella. The
Proteobacteria phylum comprised four features assigned to the Acetobacteriaceae family, one
assigned to Burkholderiaceae, four to Comamonadaceae, 13 features assigned to Oxalobacteraceae,
four Pseudomonadaceae, two Rhizobiales, three Sphingomonadaceae and one feature assigned to the
Xanthomonadaceae family. Co-occurrence network inference analyses revealed that Massilia - a
member of the Oxalobacteraceae family has predominantly positive interconnections (31 of a total
number of 39 links). Moreover, mainly positive interactions were observed between Massilia and
features assigned to Chloromonas, while exclusively negative interactions were observed between
Massilia and features assigned to Chlamydomonas. Additional features assigned to taxa belonging to
the Oxalobacteraceae family showed similar patterns (Figure 1.5.B). Analogous observations were
obtained when the interconnections of Pseudomonadaceae and algal features were assessed; negative
interconnections prevailed between Pseudomonas and Chlamydomonas while positive
interconnections predominate with Chloromonas (Figure 1.5.C). Remarkably, one feature assigned to
Sphingomonas was amongst the features with the most interconnections. Out of a total number of 38
interconnections, 30 indicated a co-occurrence with microalgae; seven out of eight edges indicated
mutual exclusion between Sphingomonas and features assigned to Chlamydomonas, while exclusively
positive correlations are found between Sphingomonas and features assigned to Chloromonas. Except
one negative correlation with a feature assigned to Aquaspirillum, all other interconnections of
Sphingomonas with bacterial taxa indicated co-occurrences on snowfields. Within the algal community
on snowfields, features assigned to Chloromonas showed the most positive interconnections (in total
143 links). Negative interconnections were frequently detected between a feature assigned to
Aquaspirillum (47 links) and several bacterial features including all members of the Oxalobacteraceae
family; mutual-exclusion patterns were also observed between Aquaspirillum and five features
assigned to Chloromonas. When holistically assessed, co-occurrence patterns prevailed within the
bacterial kingdom. On the contrary, mutual exclusions prevailed within the investigated members of

the Chlorophyta phylum and features assigned to different genera.

24



Interactions within alpine microbial communities

Copresence O Proteobacteria @ Pseudomonadaceae A Chloromonas spp.
—— Mutual exclusion /\ Archaeplastida O Oxalobacteraceae A Chlamydomonas spp.
O Protobacteria /\ Trebuxiophyceae

C

Figure 1.5. Co-occurrence network analyses of bacterial and eukaryotic taxa found on differently colored
snowfields. Significant (p < 0.0004; g < 0.0004) co-occurrences (green edges) and mutual exclusion patterns
(blue edges) between features assigned to Proteobacteria and Archaeplastida (A) are displayed. The node size
corresponds to the relative abundance of respective taxa. The edge width indicates the significance of
interactions. The co-occurrence network was reduced in order to highlight interactions between algae and
Oxalobacteraceae (B) and Pseudomonadaceae (C).
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Correlation analyses suggest specific mutualistic inter-kingdom associations

Complementary correlation analyses between abundances of bacterial and algal genera on snowfields
showed distinct clustering (Figure 1.6.A); Chrysophyceae showed strong positive correlations with
Pedobacter, Clostridium, Sediminibacterium and Nakamurella, while negative correlations were
observed with Aquaspirillum, Chryseobacterium and Rhizobium. On the contrary, those taxa
(Aquaspirillum, Chryseobacterium and Rhizobium) correlated positively with Chlamydomonas. For
Chloromonas strong correlations were identified with the bacterial genera Ferruginibacter and
Hymenobacter. Kendall’s tau rank correlation analyses of occurrences of microalgae (Chlorophyta,
Chrysophyta) and basidiomycetous yeasts found on snowfields revealed similar results in terms of
genus-specificity (Figure 1.6.B). The strongest positive correlations were found between
Chrysophyceae and several yeasts including the genera Mrakia, Filobasidium, Hamamotoa,
Sporobolomycetes and Dioszegia. Chloromonas showed strong positive correlations with

Leucosporidium, while Chlamydomonas spp. correlated positively with Rhodotorula.
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Figure 1.6. Kendall rank correlation structures between genera abundances of microalgae and their associated
bacteria (A) and fungi (B) on differently colored snowfields. Distinct correlations of microalgae and their
associated bacteria (A) and basidiomycetous yeasts (B) were observed for all investigated microalga genera.
Correlations were calculated for microalgal (Chlorophyceae, Chrysophyceae) and bacterial features with an
abundance > 0.1% in the snowfield samples (A). To identify correlations between algae and basidiomycetous
yeasts, features assigned to Basidiomycota were manually blasted against the NCBI nucleotide collection.
Features with the same taxonomic assignment at genus level were combined. The analyses are based on
Kendall’s tau rank correlation.
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Physiological characterization of bacteria isolated from snowfields and freshwater

The cultivable fraction of the bacterial community isolated from snowfields and freshwater ponds were
screened for their potential to produce siderophores and auxins. In total 470 bacterial isolates were
tested for their physiological properties attributable to microalgae growth-promotion. A total of 52%
tested isolates produced more than 3 pg/mL quantifiable auxins, whereas 12% excreted more than
15 pug/mL auxins into the cultivation media. When assessing the potential of bacterial isolates to
produce siderophores, 34% of all tested isolates showed positive results. In a complementary co-
cultivation approach with bacterial isolates, nine strains were identified, which significantly increased
the biomass formation of C. vulgaris BRK1. The observed growth promotion ranged between 55% and
163% with the employed model algae (Supplementary Table S1.3). Six of the promising strains were
isolated from snowfields while three derive from freshwater samples. All isolates were identified as
Proteobacteria by Sanger sequencing of 16S gene fragments; seven were identified as
Pseudomonas spp. (five originated from red snowfields and two from freshwater samples). The
remaining two isolates were assigned to Aeromonas salmonicida. (Gammaproteobacteria,
Aeromonadaceae) isolated from freshwater and Janthinobacterium sp. — a member of the family of
Oxalobacteraceae (Betaproteobacteria) isolated from an orange snowfield. Further characterization of
growth-promoting strains revealed that two isolates (A. salmonicidan and P. trivialis, both isolated
from freshwater taken at sampling site A) possess the ability to produce AHL. The evolutionary history
of all growth-promoting isolates is displayed in Supplementary Figure S1.2. Supplementary Table S1.3
includes the detailed results of the physiological characterization of the most promising algae-growth

promoting bacterial isolates.
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Discussion

To date very few studies exist targeting microalgae-associated microbiomes in their natural
environment. We have selected an extreme environment to study so far unexplored interactions
between prevalent microalgae and their associated microbiota. By investigating the bacterial and
eukaryotic community structure on differently colored snowfields and in freshwater samples, a
habitat-specific and location-independent bacterial and eukaryotic community composition was
revealed. Since for freshwater samples a nested amplification approach was necessary to meet the
requirements for sequencing, a direct comparison of abundances and diversity was not possible
between snowfields and freshwater samples. However, freshwater samples served as reference in
order to point out the expected difference in community compositions between terrestrial

(snowfields) and limnetic (lakes) ecosystems.

The inter-kingdom, co-occurrence network analyses indicated a prevalence of negative co-
occurrence between microalgae on snowfields; microalgae most likely exclude each other by
competing for nutrients and space following the competitive exclusion principal (Hardin, 1960). Co-
occurrence analyses of Archaeplastida and members of the bacterial families Pseudomonadaceae and
Oxalobacteraceae indicates genus-specific algae-bacteria co-occurrences; similar genotype-specific
interactions have already been frequently described between higher plants and their associated
microbiota. Moreover, we could demonstrate that the color of the snowfields reflects the bacterial as
well as the eukaryotic microbiota, where the correlation is stronger for the eukaryotic community
composition. Although the high abundant eukaryotic microbiota shows different community patterns
between red snowfields sampled at different sites, statistical analyses considering the total community
composition and their phylogenetic relationships, no significant differences in eukaryotic community
compositions were revealed. The sampling site had a minor and not significant effect on both, the
bacterial and eukaryotic community composition on snowfields as well as in freshwater. When Segawa
and co-workers investigated algal communities on red colored snow in the Arctic and Antarctic by
amplicon sequencing of the ITS2 fragment, they could show that bipolar taxa account for more than
37% of all reads, indicating the location-independent colonization of algae on snow (Segawa et al.,
2018). Our results lead to the extended hypothesis that the structure of the microbial communities on

snowfields might be partially driven by the occurrence of certain microalgal species.

Deepening analyses revealed Chlamydomonas and Chloromonas as the most abundant microalgal
genera in red and green snowfields respectively, both being typical colonizers of snow (Hamilton and
Havig, 2017; Remias et al., 2005; Seckbach, 2007). During its life cycle Chlamydomonas nivalis
undergoes different physiological states; while vegetative cells appear as green, oval-shaped, motile,
bi-flagellated cells, the microalgae form purple/red colored spores in their resting stage (Stibal et al.,
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2007). Changes in color are explained by the accumulation of secondary carotenoids in order to
provide protection against excessive light and stressful environmental conditions (Bidigare et al.,
1993). Green colored snowfields inhabited by C. nivalis are rarely found, as flagellated cells have a very
short reproductive phase before they form spores to better resist excessive irradiation, desiccation,
low nutrient concentrations, and freeze-thaw cycles (Lutz et al., 2015). Davey and colleagues
investigated the bacterial and eukaryotic community structures on red and green snow in Antarctica,
where they could not find significant differences in the bacterial and eukaryotic community structure
of differently colored snowfields. The authors state, this might be due to the fact that the green,
vegetative algal cells are precursors for red mature cells (Davey et al., 2019). In our study, the green
color derives likely from Chloromonas spp. which are frequently detected on green snowfields;
therefore, we assume that green and red snowfields are not always successive stages, but also can
reflect independent phenomena. Results of cultivation-independent analyses are strongly supported
by microscopic observations; distinct algal cell morphologies were observed for differently colored
snow. The most abundant algal taxa found on orange colored snowfields were identified as members
of the phylum Ochrophyta, in particular Spumella-like flagellates (Chrysophyceae). Previous studies
identified members of the Chrysophyceae class as snow inhabitants causing yellowish coloration, that
results from pigments involved in the xanthophyll cycle, which is used by chrysophytes snow algae to

cope with excessive light energy (Remias et al., 2013; Tanabe et al., 2011).

Explorations of the bacterial community structure on differently colored snowfields revealed
Solitalea koreensi (Sphingobacteriaceae) as the most abundant taxon in red and green snowfields.
Polaromonas spp., Aquaspirillum spp. and Hymenobacter spp. were amongst the most abundant
genera in these snowfield. The bacterial community in orange snow was dominated by
Massilia psychrophila, a member of the Oxalobacteraceae family followed by Glaciimonas alpine,
which belongs to the same bacterial family. They are all common inhabitants of polar and alpine
environments and indicators for a highly specialized community in psychrophilic environments. The
two prevalent bacterial phyla Proteobacteria and Bacteroidetes share the ability to rapidly degrade
organic matter which may underpin a potential direct transfer of organic carbon from algae to bacteria
(Abell and Bowman, 2005). Different members of these bacterial lineages are able to degrade complex
organic structures and thus feed on dead algae cells and residual cell walls. Our results are in
accordance with findings from previous studies investigating the bacterial and eukaryotic community
composition on snowfields in the Pacific Northwest and in Japan (Hamilton and Havig, 2017; Terashima
et al., 2017). Since highly similar community structures were identified at globally dispersed sampling
sites, we assume highly conserved, evolutionary evolved, mutualistic relationships between certain

microalgae and bacteria.
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In addition to eukaryotic features assigned to Archaeplastida, also members of the fungal phylum
Basidiomycota prevailed on distinct snowfields. The most prominent features included species
assigned to the genera Rhodotorula, Leucosporidium, and Mrakia. All of these taxa were previously
reported as prominent inhabitants of cryospheres (Brown et al., 2015; Ruisi et al., 2007; Singh et al.,
2014). They are specialized to persist under extreme environmental conditions due to changes in the
composition of membrane lipids, production of different cryoprotectants, and additional metabolic
adaptions (Buzzini et al., 2012). Few literature is available elucidating fungal and algal co-occurrences
and interactions on snow. Our results are in accordance with previous findings, where species of the
genus Rhodotorula have been described as enriched co-inhabitants of algae in red colored snow in the
United States (Brown et al., 2015), while Leucosporidium and Chloromonas co-occurred on snow in the
Canadian High Arctic (Harding et al., 2011). The ability of Rhodotorula to assimilate various carbon
sources suggests opportunistic utilization of organic matter excreted by snow algae (Singh et al., 2014).
Several species of the highly abundant genera Rhodotorula, Leucosporidium and Rhodosporidium are
able to produce rhodotorulic acid, a highly efficient iron chelating agent (Atkin et al., 1970; Miller,
1989). Furthermore, species of those genera have traits attributable to plant growth-promotion
(Ignatova et al., 2015; Wang et al., 2016a; Xin et al., 2009) and thus may support algal communities in
a mutualistic relationship. Basidiomycetous yeasts have also been identified as part of the lichen
holobiont where close associations between basidiomycete lineages and specific lichen species are
prevalent (Spribille et al., 2016). Correlation analyses between abundances of microalgae (Chlorophyta
and Chrysophyta) and yeasts on differently colored snowfields indicated that the presence of certain

microalgae structures the co-occurring fungal community on snow.

In the present study, significant differences between bacterial and eukaryotic community
compositions in alpine freshwater and snowfield samples were observed. This further reinforced the
finding that community structures in alpine systems are primarily habitat-specific and less affected by
the geographic location of the sampling site, which had a minor and not significant effect. The
eukaryotic community in freshwater was dominated by Chlamydomonas angulosa followed by
members of Chromista. According to a study conducted by Gémez-Pereira and colleagues, members
of Sphingobacteria, which were highly abundant bacterial taxa in freshwater samples, can attach to
algae cells as they contain several surface adhesion proteins and peptidases for degradation of algae
exudates (Gomez-Pereira et al.,, 2012). This suggests a well-adapted co-existence of these
microorganisms in aquatic systems. By attaching to the algae’s surface, bacteria can feed more
efficiently on carbon released by algae in their phycosphere and in return provide essential nutrients

and vitamins to the algae (Gomez-Pereira et al., 2012).
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Complementary growth promotion experiments with the industrially relevant microalga C. vulgais
that were included in the present study, facilitated to identification of nine promising isolates that
positively contributed to the model algae’s growth; seven of those isolates were identified as
Pseudomonas spp. In a related study, Fu and colleagues (Fu et al., 2018) investigated the interactions
between Pseudomonas sp. strain SI-3 and the microalgae Ulva prolifera and found several bacterial
genomic traits contributing to their symbiotic relationship. In contrast, members of the bacterial family
Pseduomonadaceae have also been reported to be able to produce algicidal compounds, indicating
the specificity of growth-promoting and detrimental effects on different algae (Kim et al., 2018; Noh
et al., 2017). These findings are also reflected by our co-occurrence network analyses where positive
interaction between Pseduomonadaceae and Chloromonas spp. prevailed, while negative inferences
were calculated between Pseduomonadaceae and Chlamydomonadaceae. Pseudomonas spp. are
prominent siderophore producers (Cornelis and Matthijs, 2002; Essén et al., 2007), which allows them
to provide chelated iron to microalgae. As all organisms require iron as cofactor for metabolic enzymes
and mediator for redox reactions and electron transfer, it is an essential micronutrient to maintain life
(Cassat and Skaar, 2013; Miethke and Marahiel, 2007). While microalgae themselves are not able to
produce siderophores, because they lack genes involved in siderophore synthesis, they often rely on
iron from bacterial chelates in seawater (Hopkinson and Morel, 2009). Amin and colleagues
demonstrated a “carbon for iron mutualism” as dinoflagellate algae were involved in assimilation of
iron complexed in siderophores and in return released dissolved organic matter (DOM) in their
surrounding and thereby support bacterial growth (Amin et al., 2009, 2012b, 2015). Except one
growth-promoting isolate (P. veronii) all identified Pseudomonas spp. produced siderophores,
indicating their possible contribution to the fitness of microalgae communities. Auxins — an important
class of phytohormones — are known to promote growth of plants by stimulating cell division, growth,
leaf formation, root development, and fruit setting (Finet and Jaillais, 2012). Several studies focused
on the effects of phytohormones on the performance and fitness of microalgae whereby improved
biomass formation and lipid production were observed (Bajguz and Piotrowska-Niczyporuk, 2014; de-
Bashan et al., 2008; Liu et al., 2016; Ozioko et al., 2015; Yu et al., 2017). All but one growth-promoting
bacteria isolated in the course of the present study produced auxin (>5 pg/ml). Only one of the
promising Pseudomonas strains also showed the ability to produce N-acylhomoserine lactones. AHL is
one of the most common signal molecules involved in cell-to-cell communication systems like quorum
sensing (Waters and Bassler, 2005). In the context of microalgae, Rivas and colleagues analyzed the
interactions of Botryococcus braunii and its associated bacteria in a mass cultivation system and found
two AHL producing bacterial species embedded in biofilms of the algal cell surface (Rivas et al., 2010).
One of these strains significantly increased microalgal growth, suggesting involvement in inter-

kingdom-signaling processes. In addition, it was hypothesized that biofilm forming bacteria adhering
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to the algae’s surface might enhance bioavailability of certain beneficial or essential compounds due
to close proximities of consumer and producer. Although cultivation dependent analyses were
conducted under industrially relevant conditions, compared to adverse in situ conditions, our
complementary results provide evidence for evolutionary evolved relationships with inter-kingdom
supportive capacities in alpine systems. However, profound identification of algae-bacteria/algae-

fungi interactions requires further experiments and was out of scope of the present study.

In natural habitats, algae-bacteria interactions are complex and essential for both partners. By
investigating evolutionary evolved microbiome-microalgae associations in an extreme environment,
we aimed to deepen the knowledge of specific algae-bacteria interactions. The goal was to provide a
basis for the design of synthetic bacterial consortia with beneficial effects on microalgae as a promising
tool for biotechnological productions. We found, that mutualistic associations involving members of
three different kingdoms are i) highly prevalent in the investigated alpine system, ii) directed in terms
of the specificity of the interacting partners, and iii) that positive algae-bacteria interactions are highly
efficient in increasing microalgal biomass without additional nutrient supply. Furthermore, we have
identified different members of Proteobacteria, especially Pseudomonas spp. as cultivable
constituents of the microbiome that can be employed to increase algal growth in artificial systems.
These findings can be further exploited to increase yields and to provide stability together with
reproducibility in industrial microalgae cultivation systems by targeted co-inoculations with

compatible bacterial strains.
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Chapter 1

Figure S1.1. Red (A) and green (B) snowfield sampled at site A (Rottenmanner Tauern). Microscopic
observation of melted snow gave first evidence of the presence of different microalgal species on differently
colored snowfields.
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Figure S1.2. Phylogenetic tree based on 16S rRNA gene fragment alignments, showing the positions of the
isolates with microalgae growth-promoting properties among other isolates of Pseudomonas, Aeromonas and
Janthinobacterium. The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown next to the branches. The analysis involved 50 nucleotide sequences.
All ambiguous positions were removed for each sequence pair (pairwise deletion option). B. pumilus was used
as outgroup. GenBank accession numbers are shown in parentheses.
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CHAPTER 2

PLANT GROWTH-PROMOTING METHYLOBACTERIA INCREASE THE BIOMASS
OF BIOTECHNOLOGICALLY RELEVANT MICROALGAE

Lisa Krug®?, Christina Morauf®, Christina Donat?, Henry Miiller?, Tomislav Cernava®” Gabriele Berg?

IAustrian Centre of Industrial Biotechnology, Graz, Austria
2Institute of Environmental Biotechnology, Graz University of Technology, Graz, Austria

3bio-ferm GmbH, Erber Campus 1, 3131 Getzersdorf, Austria

Abstract

Microalgae, a diverse group of single-celled organisms exhibiting versatile traits, find broad
applications in industry e.g. as feedstock for biofuel production, as animal feed and pharmaceuticals,
or as sustainable alternative to synthetic fertilizers. However, high production costs require further
efforts to optimize fermentation and to enhance biomass yields. In naturally occurring microalgae
biofilms, which were studied by complementary 16S rRNA gene fragment amplicon sequencing, algae
showed a mutual co-occurrence network with methylobacteria. Therefore, four strains of the genus
Methylobacterium, well-known for their plant growth-promoting traits, were studied in co-cultivation
experiments to assess the effect on growth of three industrially relevant microalgae (Chlorella vulgaris,
Scenedesmus vacuolatus and Haematococcus lacustris). After seven days of co-incubation, for S.
vacuolatus and H. lacustris, a significant increase in algal biomass formation of 1.3-fold to up to 14-
fold could be observed. Visualization of mixed cultures using confocal laser scanning microscopy
revealed a high abundance of methylobacteria in the phycosphere of H. lacustris and S. vacuolatus,
visually attached to algae’s surface forming a biofilm-like “protection shield”. Genome analyses
revealed that features attributable to enhanced algal growth include genes involved in the synthesis
of vitamins, siderophores and plant hormones. Our results support the hypothesis of symbiotic
relationships of algae and bacteria with inter-kingdom supportive capacities, underlining the potential

of microbial consortia as promising tool for sustainable biotechnology and agriculture.

Manuscript
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Algae growth-promoting methylobacteria

Introduction

In the recent past, the potential of microalgae for industrial purposes increasingly gained importance
at global scale. Due to their versatile characteristics including high lipid content and their ability to
accumulate high-valuable compounds, they are used as feedstock for biofuel production, as animal
feed and pharmaceuticals, or as sustainable alternative to synthetic fertilizers (Brennan and Owende,
2010; Renuka et al., 2018; Spolaore et al., 2006). In order to meet industrial demands, microalgae are
cultivated either in open pond systems for bulk material production or in closed photobioreactors for
the production of high-value compounds. However, under both cultivation conditions unwanted, co-
occurring microorganisms such as bacteria, fungi, zooplankton or other weedy microalgae potentially
disturb mass cultivations and can lead to a complete collapse of the cultures and thus rise production
costs (Benemann and Oswald, 1996; Wang et al., 2013). Especially for the production of biofuels,
efforts need to be made in order to reduce costs and enhance biomass yields by optimizing cultivation
conditions for an efficient microalgae cultivation that can compete with non-sustainable alternatives.
One means of increasing microalgae populations and thus enhancing yields might be the co-inoculation
with beneficial microorganisms as already successfully applied in agriculture for increasing yields of
vascular land plants (Berg, 2009; Lugtenberg and Kamilova, 2009; Berg et al.,, 2013). Algae benefit from
micro- and macronutrients provided by the bacteria, and in return, release dissolved organic carbon
into their surroundings. Efforts have been made in identifying bacteria which positively contribute to
the algal fitness, especially nitrogen-fixing bacteria of the genera Azospirillum, Rhizobium and Bacillus
known for their beneficial effect on plants score well (Gonzalez and Bashan, 2000; de-Bashan et al.,,
2008; Hernandez et al.,, 2009; de-Bashan and Bashan, 2010; Kim et al.,, 2014; Amavizca et al.,, 2017).
However, less is known about the algae-associated microbiota as well as algae-microbe interaction of

the members of the plant microbiome.

The species-specific plant microbiota forms complex networks and contributes multiple aspects to
the functioning of the plant holobiont, such as (i) seed germination and growth, (ii) nutrient supply,
(iii) resistance against biotic and abiotic stress factors, and (iv) production of bioactive metabolites
(Berg et al., 2017). To understand the complexity of microbial interaction patterns bioinformatic
network- and co-occurrence analyses can be exploited (Barberan et al., 2012), which allows to identify
hub species, and explore the potential for diverse types of species interactions within the microbiome.
The existence of specific types of microbial interactions and their consequences for population
dynamics or functions, however, require testing in relevant model systems. Those mutualistic inter-
kingdom networks are not only limited to land plants, but also extend to green algae (Hom et al., 2015;
Xie et al., 2013). Following the same principles of plant growth-promoting rhizobacteria, algae-

associated bacteria harbor potential to stimulate growth and morphogenesis of algae by releasing
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essential minerals, vitamins, auxins and quorum sensing signaling molecules (Joint et al.,, 2002; Croft
et al.,, 2006; Goecke et al.,, 2010; Amavizca et al.,, 2017). The equivalent to the rhizosphere — the
immediate surrounding of roots with increased biological and chemical activity in soil — is the
phycoscphere, which is the area surrounding a phytoplankton cell, rich in dissolved organic matter and
metabolites exuded by the cell in the surrounding water, stimulating the growth of heterotrophic
bacteria (Seymour et al., 2017). Less is known about the structure and function of the phycosphere
microbiome, although studies show negative (Hom et al., 2015) and positive impacts of bacteria on
algal growth (Amin et al., 2009; Cooper and Smith, 2015; Croft et al., 2005; Hernandez et al., 2009; Kim
et al., 2014).

In order to understand and exploit the phycosphere microbiota, we analyzed the naturally occurring
microbiome of algae in a first step, and studied the algae-microbe interaction for selected bacteria in
a second step. For the latter we used model organisms for industrial relevant microalgae Chlorella
vulgaris, Scenedesmus vacuolatus and Haematococcus lacustris used as feedstock for biofuel
production due to their high amount of carbohydrates and as source material for the production of
astaxanthin, a strong antioxidant used as pharmaceutical (Sharma and Sharma, 2017; Khan et al.,
2018). The phycosphere microbiota study by 16S rRNA gene fragment amplicon sequencing provided
evidence for natural co-occurrences of algae and methylobacteria. Therefore, plant-associated
methylobacteria, which are already known for their plant-beneficial traits, were selected from our
strain collection SCAM (Strain collection of antagonistic microorganisms, UBT at TU Graz). They belong
to three different species, Methylobacterium extorquens, M. mesophilicum and M. goesingense, and
were originally isolated from different plant species (Verginer et al., 2010). Through co-cultivation
experiments, the potential of methylobacteria to induce and promote the growth of microalgae was
evaluated. In order to provide deeper insights into the mechanisms and bacterial features behind
growth-promoting effects of beneficial bacteria, whole genomes of M. extorquens Rabl and M.
mesophilicum Sabl were sequenced and analyzed. The obtained results provide the background for
novel co-cultivation approaches that make use of inter-kingdom supporting capacities of beneficial,

plant-associated bacteria.
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Materials and Methods

Sampling procedure. Samples were collected on November 1% 2016 by removing a natural biofilm
on the surface of outdoor furniture in Graz (Austria; 47° 4” N, 15° 26"’ O) at an altitude of 353 meter
above sea level, in three replicates, where macroscopic observations and coloration of biofilm
indicated the occurrence of microalgae (Supplementary Figure S2.1.A). Upon arrival in the laboratory,
samples were resuspended in 3 mL sterile NaCl (0.85%) and visualized microscopically using a light

microscope (Leitz, Wetzlar, Germany) at 200 x maghnification (Supplementary Figure S2.1.B).

Isolation and identification of microalgae. In order to isolate microalgae, the resuspended
samples were plated in dilution series on Bolds Basal Medium agar plates (BBM) containing
250 mg/L NaNOs, 175 mg/L KH,PO4, 75 mg/L KzHPO4, 75 mg/L MgS04 x 7 H,0, 25 mg/L CaCl,, 25 mg/L
NaCl, 2.6 mg/L Hs3BOs;, 5mg/L FeSO4x 7 H,O, 8.8 mg/L ZnSO4x 7 H,0, 1.4 mg/L MnCl; x 4 H,0,
1.4 mg/L MoO0s3, 1.6 mg/L CuSO,sx 5 H,0, 0.5 mg/L Co(NOs); x 6 H,0, 0.5 mg/L EDTA, 0.3 mg/L KOH,
0.017 mg/L vitamin B1;, 0.013 mg/L 4-amino-benzoate, 0.003 mg/L biotin, 0.013 mg/L nicotinic acid,
0.017 mg/L hemicalcium-pentathenate, 0.05 mg/L pyridoxamine-HCl, 0.033 mg/L
thiaminiumdichlorid, 0.0091 mg/L thioctic-acid, 0.01 mg/L riboflavin, 0.0049 mg/L folic acid and 18 g/L
agar-agar. Vitamins and heat sensitive components were added after autoclaving by sterile filtration
(0.20 um pore size). In order to obtain pure cultures single algae colonies were repeatedly subcultured
on BBM-agar and incubated at 23 °C at a light dark cycle (L:16/D:8). The lighting was supplied by cool-
white fluorescent lamps TL-D 36W/840 REFLEX Eco (Philips, Amsterdam, Netherlands) with an intensity
of 3,350 Im.

In order to identify isolated microalgae species, cells were resuspended in 300 uL 0.85% NacCl and
transferred in sterile Eppendorf tubes filled with glass beads. After mechanical disruption using a
FastPrep FP120 instrument (MP Biomedicals, Germany) suspensions were centrifuged at 3,000 rpm for
5 min. Supernatant served as template for the following PCR reaction. Partial 18S rRNA gene fragment
was amplified using primer pair NS1 (5’ - GTA GTC ARARGC CTT GTCTC - 3’) and NS8 (5’ - TCC GCA GGT
TCA CCT ACG GA - 3’) in a reaction mix (30 pL) containing 16.2 L ultrapure H,0, 6 uL Taq&Go [5 x],
1.2 pL of each primer [10 uM], 2.4 uL MgCl; [25mM] and 3 uL DNA template. The cycling program was
adjusted to the following settings: 95°C, 10 min; 40 PCR products were then purified using the Wizard
SV Gel and PCR-Clean-Up System (Promega Corporation, Madison, Wisconsin, USA) according to
manufacturer’s protocol. 185 rRNA gene fragments were sequenced by LGC genomics (Berlin,

Germany) and subsequently aligned against the NCBI nucleotide collection database.
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Algae-associated microbiome analyses using 16S rRNA gene fragment amplicon libraries

Total community DNA extraction and barcoding. Total community DNA of three biological
replicates was extracted using the FastDNA Kit for Soil (MP Biomedicals, Heidelberg, Germany)
according to the manufacturer’s protocol. The 16S rRNA gene fragments were amplified in three
technical replicates covering the hypervariable region 4 using the Unibac Il 515f (5’ - GTG YCA GCM
GCC GCG GTA A - 3’) and 806r (5’ - GGA CTA CHV GGG TWT CTA AT - 3’) primer pair (Caporaso et al.,
2011), which included sample-specific barcodes and Illumina sequencing adaptors. Peptide nucleic acid
(PNA) was added to the PCR mix to prevent the amplification of mitochondrial (mPNA) and plastidial
(pPNA) DNA from eukaryotes (Lundberg et al., 2013). The PCR was performed by using a total volume
of 30 uL containing 20.15 pl ultrapure water, 6 uL Tag&Go [5 x], 1.2 pL of each primer (5 uM), 0.225 L
pPNA [100 uM], 0.225 uL mPNA [100 uM] and 1 uL DNA template. The cycling program was adjusted
to an initial denaturation temperature at 96°C for 5 min, followed by 30 cycles of 96 °C for 1 min, 78 °C
for 55, 54 °Cfor 1 min, and 74 °C for 1 min. The final extension was done at 74 °C for 10 min. The PCR
products of all samples were quality checked by gel electrophoresis. Subsequently, the PCR products
were purified using the Wizard SV Gel and PCR-Clean-Up System according to manufacturer’s protocol.
Equimolar DNA concentrations of each barcoded amplicon were sent for paired end lllumina HiSeq

sequencing (read length: 2 x 300 bp) to GATC Biotech AG (Konstanz, Germany).

Bioinformatic analyses of 16S rRNA gene fragments amplicons. Initial data processing, including
joining of forward and reverse read pairs was done using software package QIIME 1.9.1 (Caporaso et
al., 2010). After removing barcodes, primer and adapter sequences reads as well as metadata were
imported into QIIME 2 (2018.11 release). Further analyses of sequencing data were performed using
the QIIME 2 pipeline according to tutorials provided by the QIIME developers (Caporaso et al., 2010).
The DADA?2 algorithm (Callahan et al., 2016) was used to demultiplex and denoise truncated reads and
remove chimeras. Taxonomic analyses are based on a Naive-Bayes classifier trained on the SILVA 128
release database (Quast et al., 2013) clustering at 99% similarity. After removing mitochondrial,
chimeric and plastid sequences, the 16S rRNA dataset was normalized to 264,542 reads. A normalized
feature table served as input for the OTU table (make_out_network.py) using QIIME 1.9.1. OTU-
network was generated and rendered using Cytoscape version 3.7.0 (Shannon et al., 2003). Features
assigned to Methylobacterium were manually aligned against the NCBI nucleotide collection using the

BLAST algorithm (Altschul et al., 1990).
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Evaluation of microalgae growth-promoting effects of Methylobacterium spp. through co-

cultivation experiments

Bacterial strains and initial culture conditions. For growth assays M. extorquens Rabl
(deposited at DSMZ; DSM 21961), M. mesophilicum Sabl (deposited at DSMZ; DSM 21962),
M. goesingense VVab1 and M. goesingense Vab2 were selected from our strain collection SCAM
(Strain collection of antagonistic microorganisms, UBT at TU Graz). They were originally
isolated from different plant species (Verginer et al., 2010). Bacteria were cultured on MIS
(methanol, inorganic salt) agar plates containing 1.8 g/L (NH4)2504,0.2 g/L MgS04 x 7 H,0, 1.4
g/L NaH;P04 x 2 H,0, 1.9 g/L Kz2HPO4 and 18 g/L agar-agar. After autoclaving 5 mL/L methanol
and 1 mL/L sterile filtered (0.20 um pore size) trace element solution containing 500.0 mg/L
EDTA, 200.0 mg/L FeSO4 x 7 H20, 10.0 mg/L ZnSO4 x 7 H,0, 3.0 mg/L MnCl; x 4 H,0, 30.0 mg/L
H3BOs, 20.0 mg/L CoCly x 6H,0, 1.0 mg/L CuCly x 6 H20, 2.0 mg/L NiCl, x 6 H,0 and 3.0 mg/L
Na;MoO4 x 2 H,0 were added.

Co-cultivation to evaluate the potential of bacteria to promote microalgae growth. The effect
of four different methylobacteria strains on the growth of three different microalgal genera, including
Chlorella, Scenedesmus and Haematococcus was evaluated through co-cultivation experiments. In
order to explore the effect of the bacterial load on the performance of the microalgae, bacteria were
added in two different cell concentrations (ODsoo 0.2 and ODego 0.5) at the beginning of the
experiments. Fluorescence intensity (FI) of algal cultures was determined after 7 days of incubation for
all investigated microalgae and additionally after 14 days for C. vulgaris G1-G and S. vacuolatus G1-G.
For the preparation of bacterial pre-cultures, 100 pL of the respective bacterial suspension were plated
on 15 to 20 MIS agar plates. After 7 days of incubation at 30 °C bacterial lawn was harvested using
sterile object slide, resuspended in NaCl (0.85%) and further used to achieve a final absorbance ODeoo
of 0.5 and 0.2 in the final volume. For C. vulgaris G1-G, co-culture experiments were performed in 12
replicates in 12-well plates containing a final volume of 3 mL vitamin depleted BBM medium (dBBM)
containing 250 mg/LNaNOQOs, 175 mg/LKH,POs, 75 mg/LK,HPO4, 75 mg/LMgS0,4 x 7 H,0,
25 mg/LCaCl;, 25mg/L NaCl, 2.6 mg/LH3BOs, 5 mg/LFeSOsx7 H,0, 8.8 mg/LZnSO4x 7 H,0,
1.4 mg/LMnCl; x 4 H,0, 1.4 mg/LMo0Os, 1.6 mg/LCuSOsx5 H,0, 0.5 mg/LCo(NOs)sx 6 H,0,
0.5 mg/LEDTA, 0.3 mg/LKOH. Algal pre-cultures were obtained by inoculating 50 mL BBM with a single
colony of the respective microalgae. When sufficient cell density was reached, culture served as
inoculum for co-cultivation experiments to reach a final Fl of 154 £ 29, which corresponds to 5.08 *
0.94 x 10* CFU/mL. For S. vacuolatus G1-O growth experiments were performed as described for C.

vulgaris. Fl of algal cultures at the beginning of the experiments was adjusted to 152 * 21,
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corresponding to 3.51 + 0.47 x 10* CFU/mL. For H. lacustris G1-R, co-culture experiments were
performed in 12 replicates in sterile 100 mL flasks sealed with aluminum foil containing a total volume
of 10 mL dBBM. Algal pre-cultures were obtained by rinsing two BBM agar plates containing H. lacustris
cultures with dBBM. The Fl was adjusted to 33 + 8 at the beginning of the experiments, corresponding

to 7.04 + 1.65 x 103 algal CFU/mL.

All co-cultures were incubated at 23 °C at a light dark cycle (L:16/D:8). The lighting was supplied by
cool-white fluorescent lamps TL-D 36W/840 REFLEX Eco (Philips, Amsterdam, Netherlands) with an
intensity of 3,350 Im. Biomass formation was determined by measuring the fluorescence intensity at
685 nm when excited at 450 nm using an infinite M200 spectrofluorimeter (TECAN; Switzerland) after
7 days for all included algae and additionally after 14 days for C. vulgaris and S. vacuolatus. In order to
conclude on algal cell count, the Fl was determined and simultaneously algal CFUs were determined
by plating respective dilutions on BBM agar. Applying a linear regression allowed the correlation
between FI and microalgae cell count (C. vulgaris G1-G: R* = 0.95, Supplementary Figure 2.2.A; S.
vacuolatus G1-0: R? = 0.98, Supplementary Figure 2.2.B; H. lacustris G1-R: R?> = 0.87; Supplementary
Figure 2.2.C).

Visualization of co-cultures. All microscopic visualizations were done using a Leica TCS SPE confocal
laser scanning microscope (Leica Microsystems GmbH, Mannheim, Germany) and the oil immersion
objectives Leica ACS APO 40.0 x 1.15 (183.33 pm x 183.33 um) and ACS APO 63 x 1.30 (116.40 pm x
116.40 um). Solid-state lasers were used with 405 nm, 488 nm, 532 nm, 635 nm excitation. The
micrograph included in the OTU network was obtained with the natural community within the sampled
biofilm following staining with the LIVE/DEAD bacterial viability kit (ThermoFisher Scientific, MA, USA)
in combination with calcofluor white (0.15%; Sigma-Aldrich, Missouri, USA). Micrographs of co-
cultures were obtained with M. goesingense Vabl and C. vulgaris, S. vacuolatus and H. lacustris,
respectively, with an initial bacterial optical density of 0.5 after 7 days of incubation. For visualization
of mixed cultures, 1 mL of the respective cultures were transferred into 1.5 mL reaction tubes and let
stand for 2 to 3 hours to allow sedimentation of the microorganisms. The supernatant was discarded
and the remaining cultures were stained using the LIVE/DEAD bacterial viability kit in combination with

calcofluor white at a concentration of 0.15%.

Genome Analyses

Genomic DNA extraction. M. extorquens Rab1 and M. mesophilicum Sab1 were grown on solid MIS
medium and incubated for 7 days at 30 °C. Cells were then collected from the plates using a sterile
pipet tip and resuspended in 500 pL sterile NaCl (0.85%). Genomic DNA was extracted using the
MasterPure DNA purification kit (Epicentre, WI, USA). DNA quality and quantity were checked by
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agarose gel electrophoresis, fluorometry (Qubit 4, Thermo Fisher Scientific, MA, USA) and
spectrophotometry using a UV-Vis spectrophotometer (NanoDrop 2000c, Thermo Fisher Scientific,
MA, USA). Subsequently, genomic DNA of M. extorquens Rabl (5.05 pg; 0.19 pg/mL) and M.
mesophilicum Sab1 (8.02 pg; 0.30 pg/mL) was sent for lllumina NextSeq 500/550 V2 (150 bp paired-

end sequencing; LGC Genomics GmbH, Berlin, Germany).

Genome assembly and annotation. The genomes of M. extorquens Rabl and M. mesophilicum
Sab1 were assembled using SPAdes (Bankevich et al., 2012) and arranged into scaffolds. The scaffolds
were then reassembled by using reference genomes (M. extorquens Rabl: NZ_CP021054.1; M.
mesophilicum Sabl: NC_010505.1) and AlignGraph (Bao et al., 2014) in order to extend and join
scaffolds. The annotation was done by using the Rapid Annotation using Subsystem Technology (RAST;
Aziz et al.,, 2008).
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Results

Microalgae and methylobacteria naturally co-occur in mixed-community biofilms

The bacterial fraction occurring in the microalgae-dominated biofilm was further investigated by 16S
rRNA gene fragment amplicon sequencing. After removal of chimeric, mitochondrial and chloroplast
sequences, 264,542 reads remained in the dataset, resulting in 92 features. The bacterial microbiome
consisted of seven phyla with Proteobacteria (61%) being the most dominant followed by

Bacteroidetes (32%) and Cyanobacteria (7%; Figure 2.1).

Rel. abundance Proteobacteria

Armantimonadetes

10% ) (1%) 00.1%

Bacteroidetes

. Sphingomonadales

~Sphingomonadgceae

Sphingomongs / )| Tabrizicola
/! - Neyosphingobitum

p ; NovosphingoBitm
Sphingomonadaceae ™ o

") |Blastomonas

Sphingomonadafé’s'

‘ Spirosoma \~_Acetobacteracdag”” N—,
Fibrelld ) O’ Rubellimicrobiyn

Spirosoma : thodobacterac e

$pirosoma Blastomoias

Rhodobactefateae

U\ Blastomonas

Oo
O

\Spirosoma

00

/| Cnuella

Alphaproteobacteria Armatimonadia
Q @ Betaproteobacteria Actinobacteria
~0 —7 @ Gammaproteobacteria Cyanobacteria
Leptolyngbya Actinobacteria Cytophagia Gemmatimonadetes
< / Sphingobacteria Acidobacteria
Cyanobacteria @ Flavobacteria O methylobacterium

Figure 2.1. Network showing the bacterial community within the biofilm. Each node represents a feature (99%
cut-off level), whereas the node size corresponds to their relative abundance. Taxonomy of highly abundant
features (>1%) is included. The central micrograph shows the natural microbial community within the biofilm
after staining using the LIVE/DEAD bacterial viability kit in combination with calcofluor white (0.15%). Blue: algal
cell wall (cellulose, chitin), green: viable bacterial cells, red: dead bacteria.

Acidobacteria, Actinobacteria, Armatimonadetes and Gemmatimonadetes occurred in relative
abundance less than 1%. On class level, Alphaproteobacteria (58%) were the dominating group
followed by Cytophagia (27%) and Cyanobacteria (7%); Sphingobacteriia (4%), Betaproteobacteria

(2%), Flavobacteria (1%), Acidobacteria (<1%), Actinobacteria (<1%), Armatimonadia (<1%) and
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Gammaproteobacteria (<1%) occurred in a substantially lower relative abundance. Members of the
order Sphingomonadales (41%) were most frequently detected, followed by Cytophagales (27%),
Rhodobacteriales (9%) and Rhodospirillales (8%). In total, 49 bacterial genera were identified with
Spirosoma (24%) being the dominating fraction, followed by Porphyrobacter (11%) and not further
classified Sphingomonadales (11%). Despite Methylobacterium spp. accounted for a low proportion of
the total bacterial community only, the network indicate that they are embedded in a mutualistic
interaction with algae (Figure 2.1). Five distinct features in the analyzed sample represented the genus
and were also manually aligned against the NCBI nt collection; Supplementary Table S1 lists respective
feature ID and closest hit after BLAST search. Visualization of the natural biofilm using a confocal laser
scanning microscope revealed H. lacustris as the dominating algal taxon (Figure 2.1, Supplementary

Figure S2.1).

Co-cultivation of microalgae and methylobacteria leads to significantly increased biomass

formation

Co-cultivation experiments of revealed varying effects of methylobacteria on the growth of different
microalgal genera. While co-cultivation with methylobacteria led to a significant decrease in algal cell
count for C. vulgaris G1-G, contrary effects were revealed for S. vacuolatus G1-O and H. lacustris G1-
R. Both, growth-promoting as well as growth-inhibiting effects of methylobacteria were stronger after
seven days of co-cultivation but decreased after 14 days of incubation. Over all, the growth-promotion
of methylobacteria was more explicit, when the bacterial population density was higher at the

beginning of the experiments.

In detail, a significant decrease in microalgal biomass was observed for C. vulgaris G1-G when co-
cultured with all tested methylobacteria with an initial optical density of 0.2 after seven days of
incubation compared to the axenic control. For M. extorquens Rabl and M. goesingense Vabl a
significant decrease in microalgal biomass formation was also observed when the initial bacterial cell
density was adjusted to an ODego of 0.5. After 14 days of incubation, no significant differences in C.
vulgaris G1-G cell count were measured between the control samples and co-cultures (Figure 2.2.A).
Co-cultivation of S. vacuolatus G1-0 and all tested methylobacteria led to a significant increase in algal
cell count after seven days of incubation, independent from initial bacterial cell load; however, a higher
initial cell density of both M. goesingense strains resulted in even better performance of the microalga
after seven days of co-culturing. After 14 days of incubation, the effect of algal-growth promotion
diminished; significant increase in algal cell count was only observable for co-cultures with M.
goesingense Vab1l with an initial bacterial ODggo of 0.5 and for co-cultures with M. goesingense Vab2

(Figure 2.2.B).
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Figure 2.2. Microalgal cell counts after seven (grey) and 14 (blue) days of incubation. C. vulgaris G1-G (A), S.
vacuolatus G1-0 (B) and H. lacustris G1-R were co-inoculated with four different Methylobacterium strains in
two differing cell concentrations (initial cell densities: ODs00 0.2 and 0.5). Algal CFU was determined by measuring
the fluorescence intensity (Fl). For each box, the central line indicates the median, while the bottom and top
edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme
data points not considered outliers. Asterisks indicate significant differences in algal cell count compared to the
control (* p-value £0.05; ** p-value < 0.01; *** p-value <0.001). The percentage of increased/reduced microalgal
cell count compared to the control is included.
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The effect of microalgae growth-promotion was greatest for H. lacustris; co-culturing with an initial
bacterial optical density of 0.5 led to a 4-fold, 12-fold, 14-fold and 12-fold amount of biomass for M.
extorquens Rabl, M. mesophilicum Sabl, M. goesingense Vab1 and M. goesingense Vab2 respectively,
compared to the control group. Co-inoculation with a lower load of bacterial cells (ODggo 0.2) led only
in the case of M. mesophilicum Sab1 to a significant increase in H. lacustris biomass (3.5-fold) after
seven days of incubation (Figure 2.2.C). A detailed breakdown of algal CFUs is provided in

Supplementary Table S2.2, S2.3 and S2.4.

Visualization of mixed cultures using confocal laser scanning microscopy

Visualization of mixed cultures revealed very loose associations between methylobacteria and C.
vulgaris G1-G. Here, methylobacteria and algae were randomly and evenly distributed in the media
and no distinct clustering was observed (Figure 2.3.A). Methylobacteria seem to embed S. vacuolatus
cells and form cell aggregates (Figure 2.3.B) and were found closely attached to the surface of viable
H. lacustris cells (Figure 2.3.C and 2.3.D). Methylobacteria were also found in close proximity to

disrupted, leaking algal cells, seemingly feeding on microalgal cell debris (Figure 2.3.D).

Figure 2.3. Confocal laser scanning micrographs showing mixed cultures containing different algae (A: C.
vulgaris G1-G, B: S. vacuolatus G1-O, C & D: H. lacustris G1-R) inoculated with M. goesingense Vab1 with an initial
optical density of 0.5 after seven days of incubation. Green: autofluorescence of algae; blue: methylobacteria;
red: dead cells. Micrographs show microbes after staining using the LIVE/DEAD bacterial viability kit
(ThermoFisher Scientific, MA, USA) in combination with calcofluor white (0.15%). Scale bar: 10 um
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Whole genome sequencing of methylobacteria provides indication for various beneficial

traits

The total genome size was determined to be 5,747,629 bp, featuring a GC content of 68.2% (M.
extorquens Rab1) and 6,367,318 bp, with a GC content of 68.6% (M. mesophilicum Sab1). The genome
analyses revealed 5,952 and 7,795 coding sequences for M. extorquens Rabl and M. mesophilicum
Sabl, respectively. Detailed statistics are provided in Table 2.1 including reference genomes of plant-
associated methylobacteria. Identified features were assigned to subcategories with the SEED
database (Overbeek et al., 2005). The analyzed genomes harbored between 221 (M. extorquens Rab1)
and 234 (M. mesophilicum Sab1) genes associated with the synthesis of cofactors, vitamin, prosthetic
groups and pigments, including genes responsible for the synthesis of biotin, riboflavin, tetrapyrroles
and folate. Between 18 and 23 genes were identified responsible for iron acquisition and metabolism,
whereas M. extorquens Rabl harbored eleven and M. mesophilicum Sabl 16 genes associated with
the production of siderophores. Both investigated methylobacteria harbored four genes associated
with the synthesis of auxins. Details related to the distribution of features within both analyzed
genomes as well as reference genomes of plant-associated methylobacteria are displayed in Figure 2.4,

including detailed feature counts per organism per subcategory.

Table 2.1. Detailed genome statistics for the analyzed Methylobacterium isolates. The genomes were sequenced
using Illumina NextSeq paired-end sequencing. Information about reference genomes of plant-associated
methylobacteria is included. *Kwak et al., 2014, ?Tani et al., 2015, 3Eevers et al., 2015.

M. M. M. M. M.
extorquens mesophilicum oryzae aquaticum radiotolerans
Rab1l Sab1 CBMB20*! 22A2 78¢3
Total genome size [bp] 5,747,629 6,367,318 6,286,629 5,348,274 6,788,652
GC content [%] 68.2 68.6 69.8 71.1 71.2
N50 252,941 132,863 - - 57,566
L50 8 13 1 1 38
Number of scaffolds 343 1660 1 1 271
Number of features 6,004 7,852 6,308 5,315 7,790
Number of coding seqs 5,952 7,795 6,243 5,212 7,740
Number of RNAs 52 57 65 103 50
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Discussion

Our study provides further evidence for the potential of methylobacteria to significantly increase
biomass formation of two industrially relevant green algae through co-cultivation. Genome analyses
of all applied Methylobacterium spp. revealed a number of features attributable to the observed algae
growth-promotion, including genes involved in the production of vitamins, siderophores and auxins.
All tested microalgae were isolated from a natural biofilm, where analyses of the bacterial community
composition gave evidence for natural co-occurrences of methylobacteria and microalgae. This
hypothesis is supported by previous studies, where methylobacteria were identified in the
phycosphere of Chlorella, Scenedesmus, Micrasterias and Chlamydomonas (Calatrava et al., 2018;
Krohn-Molt et al., 2017; Levy et al., 2009). The identified features occurred in rather low abundances
when compared to other bacterial constituents, which is mainly due to their K-strategic lifestyle based

on the utilization of methanol.

Analyzing the genomes of different methylobacteria revealed that all investigated strains harbor
several features which have already been described to positively contribute to algae growth. All four
tested genomes harbored genes involved in the production of a variety of vitamins, including
cobalamin, biotin, thiamin and riboflavin, indicating the potential of methylobacteria to support algae
growth. Croft and colleagues demonstrated that more than 50% of otherwise heterotrophic algae are
dependent on an external supply of those vitamins (Croft et al., 2006). In natural ecosystems those
vitamins are provided by the surrounding bacteria which in return are provided with dissolved organic
matter by the algae (Croft et al., 2005). Besides genes involved in the synthesis of vitamins, all
investigated strains harbored genes attributable to the production of plant hormones. Several studies
have demonstrated that phytohormones can stimulate the growth and lipid production of microalgae
(Amin et al., 2015; de-Bashan et al., 2008; Liu et al., 2016; Yu et al., 2017). Additionally, all four
genomes contained genes involved in iron acquisition and metabolism. It was previously shown that
microalgae benefit from bacterial siderophores as the bioavailability of chelated iron is increased
resulting in a “carbon for iron mutualism” where algae assimilate iron complexed in bacterial
siderophores and in return provided the for the bacteria essential dissolved organic matter (Amin et

al., 2009, 20123, 2015).

The conducted co-cultivation experiments give evidence, that methylobacteria harbor great
potential to stimulate the growth of certain microalgae through a species-specific relationship. After
seven days of incubation, a significant decrease in biomass formation was observed for C. vulgaris
irrespective of the applied methylobacteria. We assume that C. vulgaris and methylobacteria might

compete for nutrients during the initial growth phase, which has negative effects on the microalgae.
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Another possible explanation for the lower algal biomass when co-cultured with methylobacteria
might be due to increased shading which attenuates light penetration (Kazamia et al., 2012a).
Carotenoids are known to have not only photoprotective capacities, but are also involved in the light-
harvesting process during photosynthesis by expanding the light absorption spectrum. Detailed
analyses of the methylobacteria genomes revealed that all strains harbored genes related to the
synthesis of bacterial light-harvesting proteins, as well as the photosynthetic reaction center of the
photosystem type-Il. Therefore, the beta-carotenoid-containing methylobacteria might also hamper
photosynthetic activity of Chlorella through the competition for light (Van Dien et al., 2004). Although
methylobacteria are able to produce vitamin B1; — an essential compound for many algae — Croft and
colleagues could show that many microalgal species belonging to the genus Chlorella do not
necessarily require cobalamin for proliferation (Croft et al., 2006). The obtained visualizations of co-
cultures revealed very loose associations between algae and methylobacteria in the case of C. vulgaris.
The fact, that methylobacteria are not accumulated in the phycosphere of C. vulgaris, and thus impede
a direct metabolite exchange, might also hamper a successful symbiotic relationship. Taken all these
considerations into account, we suppose that the negative effect due to competition for nutrients,
light and space outweighs the possible beneficial impact of the bacteria through the production of

vitamins, auxins and siderophores for this bacteria-microalgae combination.

More distinctive effects were observed for S. vacuolatus; a significant increase in biomass formation
was observed when co-cultured with methylobacteria after seven days of incubation. The best results
were achieved with both M. goesingense strains when they were added with an initial bacterial optical
density of 0.5. While after 14 days the growth promoting effect of M. extorquens and M. mesophilicum
was lost, significantly more algal biomass formation was still monitored in co-cultures with M.
goesingense, underlining the specificity of bacteria-microalgae symbioses. M. goesingense might
metabolize the available nutrients more efficiently or harbors features which allows it to reduce the
dissolved organic carbon produced by S. vacuolatus and thus the growth promoting effect was
observed for prolonged time periods. Confocal laser scanning microscopy revealed algae cells that
appeared to be embedded and attached to bacterial aggregates. Similar colonization patterns were
previously observed with methylobacteria and Chlamydomonas, where bacteria enable the growth of
algae in a nitrogen depleted medium by mineralizing certain amino acids and peptides and thereby

produce ammonium which consequently can be assimilated by the algae (Calatrava et al., 2018).

The algae growth-promoting effect of all investigated methylobacteria was strongest for H.
lacustris, where up to 14-fold more algal biomass was formed after seven days of incubation compared
to the control. As reported by Croft and colleagues, many Haematococcus species are dependent on

an external supply of vitamins (Croft et al., 2006). In our vitamin-depleted medium, those essential
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micro-nutrients are provided by methylobacteria, allowing the microalgae to thrive. Visualization of H.
lacustris co-cultures revealed that symbiotic bacteria appeared in close proximity of the microalgae,
seemingly attached to the algal surface allowing direct metabolite exchange. Similar colonization
patterns of methylobacteria were observed on higher land plants, where bacteria are found attached
to surface areas on leafs, attracted by the emitted methanol towards the stomata. The methanol
produced by plants is a result of pectin-methylesterases de-esterifying the pectin within the cell wall
during growth (Fall and Benson, 1996; Kutschera, 2007). During its life cycle, H. lacustris undergoes
different cell stages; vegetative, motile cells become spherical, nonmotile cyst cells under unfavorable
conditions (Wayama et al., 2013); after seven days of incubation, only a few flagellated cells were
observable, while mostly green coccoid cells (palmelloid) and transitioning cells were found. In these
stages, the microalgae change their extracellular matrix during the formation of a primary cell wall.
Vesicles transport granules from the cytoplasm to the inner layer of the extracellular matrix resulting
in the development of a two-layered cell wall. The outer layer and parts of the intermediate tripartite
crystalline layer peels off. As soon as this stage is reached calcofluor-white staining results positive,
indicating the presence of B-1,4-glycosidic linkages (Hagen et al., 2002). Since the cell wall composition
of Haematococcus in known to share similarities to those of plants, as they form primary and secondary
cell walls consisting of cellulose and pectin along with other polysaccharides, a similar mechanism
might be responsible for the attraction of methylobacteria in their surroundings (Wang et al., 2004).
We found highest growth-promoting effects for H. lacustris indicating that physical proximity is
essential for successful metabolite exchange and thus growth enhancement, as already suggested in
previous studies (Gonzalez and Bashan, 2000; Hernandez et al., 2009). Moreover, microscopic
observation of the sampled biofilm revealed H. lacustris as the dominating algal species. Natural co-
occurrences of H. lacustris and methylobacteria, as revealed through 16S rRNA gene fragment
amplicon sequencing, support the hypothesis of specific, evolutionary evolved co-occurrences of

certain microalgae and bacteria.

Our results provide new insights into the potential of algae growth-promotion of two different
methylobacteria species on three different microalgal genera. Moreover, the observations lead us to
the conclusion that symbiotic relationships are conceivably species-specific. In addition, our results
provide evidence that a balanced ratio between symbiotic bacteria and microalgae is essential for a
successful algae growth-promotion, which facilitates a mutualistic relationship without interferences
through the competition for nutrients, light and space. Profound knowledge of the interactions
between algae and bacteria is crucial to harness their biotechnological potential. The exploration of
natural algae-bacteria relationships facilitates the design of synthetic microbial communities, which
are a promising tool for biotechnology and might lead to improved production procedures in the

future.
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Supplementary Material

Figure S2.1. Macroscopic and microscopic visualization of the sampled biofilm with a typical coloration for
microalgae-dominated communities. Samples obtained from outdoor furniture showed indications for the
presence of Haematococcus sp. due to the specific red color (A). A microscopic observation confirmed a high
abundance of microalgae in the obtained samples (B).
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Supplementary Figure S2.2. Correlation between fluorescence intensity and algal cell count for C. vulgaris G1-G
(A), S. vacuolatus G1-0O (B) and H. lacustris G1-R (C).
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Supplementary Table S2.1. Closest alignment hits of features representing the genus Methylobacterium.

Sequences were aligned against the NCBI nucleotide collection using the BLAST algorithm.

Feature ID Closest NCBI hit Accession NO.
3372941629954ad743c804e88345969d Methylobacterium indicum strain DP28.3 MK968432.1
6e98ad9bb6beaabc0546f6ccob274d0fa Uncultured Methylobacterium sp. LC466937.1
ac829040ac43f4d961a191fd8e5a915d Methylobacterium sp. strain I-S-R3-1 MK398052.1
d8456fac09d0bb7dfd62de648ca0a933 Methylobacterium sp. 14-324 EF558714.1
f58bba003c01c620836eafcae31a7198 Methylobacterium sp. CSCXZN6.6 LC484783.1

Supplementary Table S2.2. C. vulgaris G1-G cell count after seven days and 14 days of incubation. Algal cell count
of mixed cultures with differing initial bacterial cell densities (ODsoo = 0.2 and 0.5) were compared with control
cultures where no additional bacteria were added. Significances were calculated using ANOVA for normally
distributed values and the Kruskal-Wallis test for non-parametric analyses including Bonferroni multiple test
correction. Asterisk indicates significant differences (p-value < 0.05) in algal cell count compared to control
samples after the respective time of incubation.

C. vulgaris G1-G
M. extorquens Rabl

7 difference in CFU T14 dlzgeur:::?t;: EZU
[x 10% CFU/mL] count after 7 days [x 10% CFU/mL] days
control 2.16+0.12 2.96 £ 0.54
OD6000.2 1.74 +0.18* -20% 3.43+£0.37 +16%
OD6000.5 1.78 +0.18* -18% 3.13+£0.42 +6%
M. mesophilicum Sab1
T7 difference in CFU T14 dlzieurs::?tg: (1Z:U
[x 10% CFU/mL] count after 7 days [x 10% CFU/mL] days
control 2.16+0.12 2.96 £ 0.54
OD6000.2 1.81 +0.15%* -16% 3.63+£0.66 +23%
OD6000.5 1.90 £ 0.07 -12% 3.36+£0.30 +14%
M. goesingense Vab1
T7 difference in CFU T14 dlzieur::::tg: g:u
[x 10% CFU/mL] count after 7 days [x 10% CFU/mL] days
control 2.16+0.12 2.96 +0.54
OD6000.2 1.73+0.22%* -20% 2.98+£0.43 +1%
OD6000.5 1.64 +0.21* -24% 3.23+£0.51 +9%
M. goesingense Vab2
T7 difference in CFU T14 dlzieur::::tg: g:u
[x 10% CFU/mL] count after 7 days [x 10% CFU/mL] days
control 2.16£0.12 2.96 +0.54
OD6000.2 1.88 +0.19* -13% 2.59 +0.56* -12%
OD6000.5 2.08 £0.21 -4% 3.05+0.43 +3%
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Supplementary Table $2.3. S. vacuolatus G1-O cell count after seven days and 14 days of incubation. Algal cell
count of mixed cultures with differing initial bacterial cell densities (ODeoo = 0.2 and 0.5) were compared with
control cultures where no additional bacteria were added. Significances were calculated using ANOVA for
normally distributed values and the Kruskal-Wallis test for non-parametric analyses including Bonferroni multiple
test correction. Asterisk indicates significant differences (p-value < 0.05) in algal cell count compared to control
samples after the respective time of incubation.

S. vacuolatus G1-0

M. extorquens Rab1l

T7
[x 10° CFU/mL]

difference in CFU
count after 7 days

T14
[x 10° CFU/mL]

difference in CFU
count after 14

days
control 1.01+0.01 2.56+0.27
OD6000.2 1.38+0.12* +36% 3.04 £0.38 +15%
ODs000.5 1.48 +0.14* +47% 2.93+0.36 +10%
M. mesophilicum Sab1
iff in CF
7 difference in CFU T14 d'coir:t”:?t;': (1: 4U
[x 10° CFU/mL] count after 7 days [x 10° CFU/mL] days
control 1.01+0.01 2.56+£0.27
ODe000.2 1.31+0.11% +30% 2.71+£0.27 +2%
ODe00 0.5 1.30+0.12% +28% 2.85+0.39 +8%
M. goesingense Vab1
7 difference in CFU T14 diiir::;ftg: EZU
[x 10° CFU/mL] count after 7 days [x 10° CFU/mL] days
control 1.01+£0.01 2.56£0.27
ODg000.2 1.35 +0.14* +34% 3.02 £ 0.56 +14%
ODs000.5 1.73 +0.23* +72% 3.49 £ 0.36* +32%
M. goesingense Vab2
T7 difference in CFU T14 dff)irr?::?tg: EZU
[x 10° CFU/mL] count after 7 days [x 10° CFU/mL] days
control 1.01+0.01 2.56 +0.27
ODg000.2 1.29 +0.13* +28% 3.36 £ 0.53* +27%
ODs000.5 1.62 +0.25% +60% 3.48 £ 0.68* +32%
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Supplementary Table S2.4. H. lacustris G1-R cell count after seven days and 14 days of incubation. Algal cell
count of mixed cultures with differing initial bacterial cell densities (ODsoo = 0.2 and 0.5) were compared with
control cultures where no additional bacteria were added. Significances were calculated using ANOVA for
normally distributed values and the Kruskal-Wallis test for non-parametric analyses including Bonferroni multiple
test correction. Asterisk indicates significant differences (p-value < 0.05) in algal cell count compared to control
samples after the respective time of incubation.

H. lacustris G1-R
M. extorquens Rab1l

T7 difference in CFU
[x 10* CFU/mL] count after 7 days
control 2.00+£0.29
OD6000.2 2.44 +0.54 +22%
ODe6000.5 8.15+1.77* +308%

M. mesophilicum Sab1

T7 difference in CFU
[x 10* CFU/mL] count after 7 days
control 2.00+0.29
ODe00 0.2 7.06 £1.63%* +254%
OD6000.5 24.03 £ 0.24* +1,104%

M. goesingense Vab1

T7 difference in CFU
[x 10* CFU/mL] count after 7 days
control 2.00+0.29
OD6000.2 3.68+1.27 +84%
OD6000.5 28.08 +0.81* +1,307%

M. goesingense Vab2

T7 difference in CFU
[x 10* CFU/mL] count after 7 days
control 2.00+0.29
OD6000.2 3.22+0.86 +61%
OD6000.5 24.14 +2.81* +1,109%
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Abstract

Large-scale microalgae cultivations are increasingly used for the production of animal feed, nutritional
supplements and various high-value bioproducts. Due to the process size and other limitations,
contaminations of microalgae fermentations with other photoautotrophic microorganism are
frequently observed. In the present study, we explored the applicability of 5-isobutyl-2,3-
dimethylpyrazine for the removal of contaminating microalgae from industrial photobioreactors. In
order to select a representative microbial population for susceptibility experiments, reactor samples
were obtained from a multi-stage cultivation process. Assignments of 18S rRNA gene fragment
amplicons indicated that Haematococcus, Chlorella, and Scenedesmus were the three most frequently
occurring microalgae genera in the selected reactors. Following the isolation of representative algae
cultures, susceptibility tests were conducted with the antimicrobial pyrazine. It was demonstrated that
all isolated contaminants are highly susceptible to the bioactive compound. The highest tolerance
towards the alkylpyrazine was observed with Scenedesmus vacuolatus; solutions with 1.66% (v/v) of
the active compound were required for its deactivation. Further tests with the vaporized pyrazine
showed consistent reductions in the viability of treated microalgae. This pilot study provides evidence

for the applicability of a novel, nature-based alternative for bioreactor decontaminations.

Published in “Scientific Reports”

63



64



Pyrazine-based bioreactor decontamination

Introduction

The industrial relevance of microalgae as production systems for valuable bioproducts and as
promising feedstocks for biofuel production is constantly increasing (Chisti, 2007; Plaza et al., 2009;
Shurtz et al., 2017). Modern cultivation processes are optimized for high-yield production and utilize
various eukaryotic whole cell systems for a broad spectrum of bioproducts. Chlorella, Dunaliella, and
Scenedesmus are the most commonly employed genera in production-scale photobioreactors with
production capacities of up to 3,000 tons per year; various other photoautotrophs are used for more
specific fermentations (Pulz and Gross, 2004). Microalgae cultivation is considered as sustainable,
because it only requires solar energy under photoautotrophic conditions to produce a range of highly
valuable products, including pharmaceuticals, fertilizers and food supplements (Borowitzka, 2013).
Industrial-scale cultivations under conditions required for bulk material production are mostly based
on open pond systems. In contrast, the production of high-valuable compounds from microalgae is
mainly done on the basis of closed photobioreactors in order to reproduce production conditions,
increase the control of cultivation variables and reduce the risk of contaminations (Jerney and Spilling,
2018; Pulz, 2001). Under both process conditions, one of the main constraints for an efficient
cultivation of microalgae is the potential contamination with biological pollutants, such as bacteria,
fungi, zooplankton or other undesirable microalgae (Binova et al.,, 1998; Borowitzka, 2013; Letcher et
al.,,, 2013; Wang et al.,, 2016). Some contaminants like Poterioochromonas spp. (Chrysophyta) not only
compete for nutrients with the cultivated algae, but also impair their growth by toxin production (Reich
and Spiegelstein, 1964). This can even result in a collapses of the cultivation batch as shown by Ma and
colleagues (Ma et al., 2017). In order to reduce or prevent the negative impact of contaminations, a
range of viable strategies have been implemented so far. Common strategies include early harvesting
of the product to avoid serious biomass losses, or the use of a number of chemical, biological and
physical treatments (Carney and Lane, 2014). As a safety precaution in-between cultivation processes,
photobioreactors are often emptied and decontaminated with different treatments (Singh and
Sharma, 2012; Wang et al., 2012, 2013). Common decontamination procedures include rinsing of the
reactors with sodium hypochlorite or the application of hydrogen peroxide (Johnston et al., 2005;
Klapes and Vesley, 1990). Here, the low stability and the high reactivity of the disinfectant are often
disadvantageous for the process environment. Due to various safety reasons and the instability and
reactivity of the currently employed decontaminants, efficient alternatives could improve industrial-

scale microalgae cultivations.

One so far untapped environmentally friendly alternative for bioreactor decontamination could be
the application of naturally occurring antimicrobials that are emitted by highly competitive

microorganisms. Studies with Paenibacillus polymyxa isolates from plant roots and endophytes from
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inner plant tissues showed that they produce various highly antimicrobial volatile organic compounds
(VOCs; Rybakova et al.,, 2017). Among other bioactive compounds in their volatilomes, alkylpyrazines
were identified as carriers of antimicrobial effects of the beneficial bacteria. These isolates not only
showed high inhibition efficiency against plant pathogenic fungi, but also the potential to inhibit
potential human pathogens (Cernava et al., 2015). These results imply that mimicking the bioactive
volatilome of P. polymyxa is a promising strategy to control diverse microbial contaminations. This
strategy was already applied for the decontamination of biological surfaces and to reduce
contamination in processed meat products (Kusstatscher et al., 2017; Schock et al., 2018) and is
patented for specific applications (Aichner et al.,, 2013). In the present study, 5-isobutyl-2,3-
dimethylpyrazine was employed, because of its similar effect to the pyrazine mixture emitted by
P. polymyxa GnDWu39, which is a highly competitive biocontrol agent (Firnkranz et al., 2012). We
wanted to find out if this alkylpyrazine derivative is effective against representative microalgae
contaminations at concentrations that were previously shown to be sufficient to treat bacterial
contaminants (Schock et al., 2018). In order to evaluate its applicability, the model pyrazine was
evaluated by implementing two different application strategies that could also find application in full-

size bioreactors.
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Materials and Methods

Characterization of microalgae populations in photobioreactors. In order to obtain a complete
picture of the eukaryotic community in the photobioreactors of a local producer, we collected samples
from reactors that are connected in a multi-stage process. In total eight liquid samples from five
different reactors were obtained. The samples were placed on ice and transported in 50 mL plastic
tubes to a nearby laboratory. Total community DNA from the reactor samples was extracted using the
FastDNA® Kit for Soil (MP Biomedicals, USA), amplified and barcoded with the primer pair 1391f (5’-
GTA CACACCGCCCGT C-3’) and EukBr (5’-TGATCCTTCTGC AGG TTC ACC TAC-3’) targeting the variable
region 9 (V9) of the 18S rRNA gene (Amaral-Zettler et al., 2009). Each forward and reverse primer
contained a specific primer pad (TATGGTAATT/AGTCAGCCAG) and linker (GT/GG), as described in the
protocols and standards section of the Earth Microbiome Project (earthmicrobiome.org/; Thompson
etal.,, 2017). PCR reactions (20 uL) were executed in triplicates and contained 14.6 uL ultrapure water
(Roth, Karlsruhe, Germany), 4 uL Taq&Go (5 x; MP Biomedicals, France), 0.2 uL of forward and reverse
primer each (10 uM) and 1 pL DNA template (98 °C, 5 min; 10 cycles of 98 °C, 10s; 53 °C, 10's; 72 °C,
30s; 20 cycles of 98 °C, 10's; 48 °C, 30's; 72 °C, 30 s; final extension 72 °C, 10 min). PCR products of
respective samples had a length of 200bp and were quality checked by gel electrophoresis. PCR
products were purified using Wizard® SV Gel and PCR clean-up system (Promega, Fitchburg, USA)
according to manufacturer’s protocol. Purified, barcoded samples were pooled equimolarly and sent
for paired-end MiSeq Illlumina sequencing (GATC Biotech, Germany). Sequencing data was analyzed
using the QIIME 1.9.0 pipeline (Caporaso et al., 2010). Barcodes, primer and adapter sequences were
removed and the sequences were quality filtered (maximum unacceptable phred quality score: 19;
phred offset: 33). Chimeras were removed from the 18S rRNA gene sequences by using usearch61 to
perform both de novo (abundance based) and reference based chimera detection. OTU tables were
created by an open reference method with UCLUST at a 97 % cut-off level for the 18S rRNA gene
sequences (Edgar, 2010). OTUs were identified by performing a standard nucleotide BLAST with the
NCBI nucleotide collection database excluding uncultured and environmental sample sequences
(Altschul et al., 1990). The final OTU network was constructed by filtering all sequences assigned to
Chlorella, Scenedesmus and Haematococcus. Detailed description of QIIME scripts used in

bioinformatics analyses are listed in Supplementary Table S4.

Isolation and identification of microalgae. In order to perform susceptibility tests, the unicellular
microalgae C. vulgaris, S. vacuolatus and H. lacustris were isolated from industrial microalgae reactors.
Dilution series of respective samples were plated on solid modified Bold’s Basal Medium (Bold, 1949)
(mBBM) containing 250 mg/L NaNOs, 175 mg/L KH,PO4, 75 mg/L K;HPO,4, 75 mg/L MgS04 x 7 H,0,
25 mg/L CaCly, 25 mg/L NaCl, 2.6 mg/LH3BOs, 5 mg/LFeSO4 x 7 H,0, 8.8 mg/L ZnSO4 x 7 H,0, 1.4 mg/L
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MnCl; x 4 H,0, 1.4 mg/L MoOs, 1.6 mg/L CuSO4x 5 H,0, 0.5 mg/L Co(NOs); x 6 H,0, 0.5 mg/L EDTA,
0.3 mg/L KOH, 0.017 mg/L vitamin B;;, 0.013 mg/L 4-aminobenzoate, 0.003 mg/L biotin, 0.013 mg/L
nicotinic acid, 0.017 mg/L hemicalcium-pentathenate, 0.05 mg/L pyridoxamine-HCI, 0.033 mg/L
thiaminiumdichlorid, 0.0091 mg/L thioctic-acid, 0.01 mg/L riboflavin, 0.0049 mg/L olic acid and 18 g/L
agar-agar. Vitamins and heat-sensitive components were added after autoclaving by sterile filtration
(0.20 um pore size). In order to obtain pure microalgae cultures single colonies were picked using a
heat sterilized inoculation loop and transferred onto fresh mBBM agar plates. Plates were incubated

at room temperature at a light/dark cycle (L:16 h/D:8 h).

In order to identify isolated microalgae species, cells were resuspended in 300 pL 0.85 % NaCl and
transferred in sterile Eppendorf tubes filled with glass beads. After mechanical disruption using a
FastPrep FP120 instrument (MP Biomedicals, Germany) suspensions were centrifuged at 3,000 rpm for
5 min. Supernatant served as template for the following PCR reactions. Partial 185 rRNA gene sequence
was amplified by using primer pair TAReuk454FWD1 (5’- CCA GCA SCY GCG GTA ATT CC-3’) and
TAReukREV3P (5’-ACT TTC GTT CTT GAT YRA-3’) covering the variable region 4 (V4; 200bp; Stoeck et
al.,, 2010). The PCR was performed in a total volume of 30 uL containing 16.2 uL ultrapure water, 6 pL
Taq&Go (5 x), 2.4 uL MgCl, [25mM], 1.2 uL of each primer [10 uM] and 3 pL template DNA (98 °C, 30's;
10 cycles of 98 °C, 10's; 53 °C, 10's; 72 °C, 30 s, followed by 20 cycles of 98 °C., 10's; 48 °C, 30's; 72 °C,
30 s; final extension at 72 °C, 10 min). In addition, 18S rRNA gene sequences were amplified using
primer pair NS1 (5’ - GTA GTC ARA RGC CTT GTC TC- 3’) and NS8 (5’ - TCC GCA GGT TCA CCT ACG
GA - 3’)(White et al., 1990). The PCR was performed in a reaction mix (20 uL) containing 16 plL
ultrapure H,0, 6 pL Tag&Go (5 x), 1.2 uL of each primer [10 uM], 2.4 uL MgCl; [25mM] and 3 uL DNA
template. PCR products were purified using Wizard SV Gel and PCR clean-up system according to
manufacturer’s protocol. 185 rRNA gene fragments were sequenced by LGC genomics (Berlin,
Germany) and subsequently aligned against the NCBI nucleotide collection database excluding

uncultured and environmental sample sequences using the BLAST algorithm (Altschul et al., 1990).

Decontamination experiments in fluid suspensions. To obtain pre-cultures for the following
experimental procedure, flasks containing 20 mL mBBM were inoculated with a single colony of
Haematococcus sp., Scenedesmus sp. and Chlorella sp. respectively and incubated at room
temperature at a light/dark cycle (L:16 h/D:8 h) for 5 to 7 days. Following successful cultivation, 1 mL
of the pre-culture served as inoculum for 9 mL mBBM. After incubation for 3 days under the above-
mentioned conditions, algae suspensions were treated with different concentrations (0.33 %, 1.0 %,
1.66 %) of 5-Isobutyl-2,3-dimethylpyrazine. Experiments were performed in triplicates; for the

negative controls equal volumes of 0.85 % NaCl were added instead of the pyrazine. Efficiency of
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treatment was determined by counting CFU on solid mBBM plates that were incubated at room

temperature at a light/dark cycle (L:16 h/D:8 h)

Decontaminations with vaporized alkylpyrazines. Pre-cultures for each tested algae species were
obtained by inoculating 30 mL mBBM with single colonies of H. lacustris, S. vacuolatus and C. vulgaris
respectively. For H. lacustris 5 mL of the pre-culture were further transferred to a 1 L ground flask for
7 days under permanent illumination and aeration. After successful cultivation, the number of living
cells in the pre-culture was determined by applying the drop plate technique. For all tested microalgae,
5 mL of the pre-culture suspension were then transferred in sterile 100 mL flasks and dried under
sterile conditions. After evaporation of the fluid medium, the flasks were connected to 100 mL flasks
filled 500 uL pyrazine or H,0 (control); connectors and openings were sealed with paraffin oil. Each of
the experiments was performed in triplicates. After 5h of incubation and vaporization of the
alkylpyrazine in the lower flask at 50 °C, the dried algae were rinsed with 2 mL mBBM. The living cell
count was determined by using the drop plate technique. After incubation at room temperature at a
light/dark cycle (L:16 h/D:8 h) the CFU number was determined for the controls and the pyrazine-

treated samples.

Microscopic visualizations of treated algae. For visualization model microalgae were cultivated in
300 mL flask containing 10 mL sterile mBBM and incubated at room temperature at a light/dark cycle
(L:16 h/D:8 h). When high cell density was reached, cultures were incubated with 10 uL/mL pyrazine.
Micrographs of C. vulgaris, S. vacuolatus and H. lacustris cultures before and after treatment were
obtained with a light microscope (Leitz; Wetzlar, Germany) at 400 x magnification and in combination

with a phase contrast objective.

Statistical analyses. Results presented in the diagrams are the average of three replicates. Statistical
analyses were performed using the IBM SPSS program (version 23.0; IBM Corporation, NY, USA). All

data was analyzed using Student’s paired t-Test at p < 0.01.
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Results

Diversity of the eukaryotic community in photobioreactors

The overall dataset that was obtained by sequencing of 18S rRNA gene fragments in eight reactor
samples contained a total of 4,992,008 reads. After removal of bacterial and archaeal sequences
4,886,808 reads remained, and were clustered in 554 operational taxonomic units (OTUs). The overall
structure of the eukaryotic community is shown in Table 3.1. In the filtered dataset, a major proportion
consisting of 4,512,85reads (92.3%) was clustered in 245 0OTUs (44.3%) and assigned to
Haematococcus (genus level); 1,871 reads (0.04%) were clustered in five OTUs (0.9%) and assigned to
Scenedesmus and 37,986 reads (0.78%) in 25 OTUs (4.5%) to Chlorella (Figure 3.1). In total 286 OTUs
(51.6%) were assigned to Plantae and included seven genera in addition to the mentioned microalgae.
113 OTUs (20.4%) were assigned to Chromista sharing 140,545 reads and further classified as three
different genera including Ochromonas (106 OTUs, 140,519 reads), Poterioochromonas (6 OTUs,
18 reads) and Spumella (1 OTU, 8 reads). Moreover, 21 fungal species were identified (35 OTUs, 6.3%;
531 reads). Protista were represented by 73 OTUs (13.2%) and further identified as 23 different
genera, whereby the most abundant genus was Ripella with a total amount of 28 OTUs and
160,259 reads; a total of 190,531 reads was assigned to Protista. Six OTUs (1.1%) were assigned to
Animalia (1,289 reads, assigned to four different species). In addition, 41 OTUs (7.4%) remained
unassigned (579 reads). Overall, the unambiguously identified fraction of contaminating

microorganisms in the photobioreactors was 7.7% based on read numbers.

Figure 3.1. Composition of the
eukaryotic reactor community in an
industrial Haematococcus sp.
cultivation  process.  Taxonomic
information is based on 18S rRNA
gene sequence analyses and
assignments within the NCBInt
database. Each circle represents a
different taxonomic rank (innermost
circle: kingdom; outermost circle:
genus). The percentage represents
the relative number of OTUs for each
taxonomic group over the whole
cultivation process.

Lukaryotic community
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Selection of representative microalgae isolates for decontamination experiments

Based on the microbiome analysis of the multi-stage cultivation process, three microalgae isolates

were selected that represent the reactor’s algae population. The genera Haematococcus,

Scenedesmus, and Chlorella together accounted for 93.1% of the reads and 49.7% of the OTUs in the

analyzed reactors (Figure 3.2). Manual BLAST searches assigned the representative OTU sequences of

abundant (>100 reads) Haematococcus hits to two H. lacustris entries in the NCBInt database

(Supplementary Table S3.1).

Table 3.1. Biodiversity in photobioreactors assessed with 18S rRNA gene fragment amplicon sequencing. The
community structure of eukaryotic taxa within an industrial scale photobioreactor was assessed with the QIIME
1.9.0 pipeline and BLAST searches within the NCBI nucleotide database.

OTU count Read count
I absolute rel. [%] absolute rel. [%]

Animalia Rotifera 4 0.72 1,282 0.03
6 OTUs (1.08%) Anthropoda 1 0.18 1 <0.01
1,284 reads (0.03%) Chordata 1 0.18 1 <0.01
Chromista Ochrophyta 113 20.40 140,545 2.88
Fungi Ascomycota 28 5.05 461 0.01

148 OTUs (26.71%) .
141,076 reads (2.89%) Basidiomycota 7 1.26 70 <0.01
Plantae Chlorophyta 283 51.08( 4,553,107 93.17
268 OTUs (51.62%) Angiosperm 2 0.36 216 <0.01
4,553,333 reads (93.18%) Streptophyta 1 0.18 10 <0.01
Amoebozoa 46 8.30 178,377 3.65
Apicomplexa 1 0.18 27 <0.01
Ciliophora 9 1.62 696 0.01
Protista Euglenophyta 4 0.72 1167 0.02
73 OTUs (7.40%) Euglenozoa 8 1.44 9,867 0.20
190,531 reads (3.90%) Excavata 1 0.18 39 <0.01
Heterokontophyta 1 0.18 270 0.01
Perclozoa 1 0.18 8 <0.01
Rhizaria 2 0.36 8 <0.01
No blast hit 41 7.40 579 0.01
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Representative Chlorella sequences for OTUs with the same read threshold were assigned to
C. vulgaris and two additional Chlorella sp. entries. Only one Scenedesmus OTU met the read threshold
and the representative sequence was assigned to S. vacuolatus. Accordingly, reactor isolates assigned
to H. lacustris, C.vulgaris, and S. vacuolatus were selected for the decontamination efficiency
experiments. The identity of respective isolates was confirmed by Sanger sequencing of 18S rRNA gene

fragment.

Haematococcus sp.
Chlorella sp.

.. @® Scenedesmus sp.
® ® @ (&)
0y, %00000°" .o

Figure 3.2. Schematic visualization of a dominant microalgae subpopulation in an industrial cultivation
process. The pictured OTUs were assigned to Chlorella (green), Haematococcus (red) and Scenedesmus (yellow).
Node sizes correspond to the number of reads that was assigned to each OTU. All OTUs with more than 100 reads
were labeled and subjected to manual BLAST searches against NCBInt. Taxonomic assignments at species level
are included in Table S1.1.

Microalgae treatments with liquid alkylpyrazines

The application of liquid 5-isobutyl-2,3-dimethylpyrazine in microalgae cultures was highly efficient
and led to significant reductions of cell viability for all three treated algae species. In case of
S. vacuolatus, treatments showed mean reduction rates of 98.2% after two hours, 99.0% after four

hours, 99.8% after six hours, and 100% after 30 hours of incubation (Figure 3.3a). This was observed

72



Pyrazine-based bioreactor decontamination

with the lowest tested alkylpyrazine concentration (v/v) of 3.3 uL/mL. Higher pyrazine concentrations
of 10.0 uL/mL and 16.6 uL/mL led to a reduction rate of 100% after two hours of incubation. For
C. vulgaris and H. lacustris a reduction rate of 100% was already observed after two hours of
incubation with each of the tested concentration (3.3 uL/mL, 10.0 pL/mL and 16.6 pL/mL; Figure 3.3b
and 3.3c; Supplementary Table S3.2).
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Figure 3.3. Cultivation-based quantification of viable S. vacuolatus (a), C. vulgaris (b) and H. lacustris (c) cells
after treatment with liquid pyrazine. Bars represent the number of viable microalgae cells. Samples were treated
with different pyrazine concentrations as indicated in the graph and analyzed at different time points; TO: before
treatment; T2: after two hours of incubation; T4: after four hours of incubation; T6: after six hours of incubation;
T30: after 30 hours of incubation. Asterisks represent significant differences in cell viability as evaluated with
Student’s paired t-test at p<0.01.
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Exposure of microalgae to vaporized alkylpyrazines

The number of viable cells was significantly reduced for all tested microalgae after the desiccation
procedure. The average reductions for C. vulgaris (20.0%), H. lacustris (90.3%) and S. vacuolatus
(99.8%) were highly dissimilar (Supplementary Table S3.3). Treatment of microalgae with vaporized 5-
isobutyl-2,3-dimethylpyrazine resulted in similar reductions as already observed with fluid
applications. For C. vulgaris which had the highest recovery rate after the dehydration step, a decrease
of 100% in CFU was observed. The same reduction rates were achieved when S. vacuolatus and
H. lacustris were treated; after five hours of incubation a reduction rate of 100% in cell viability was

observed for all microalgae isolates (Figure 3.4).

S. vacuolatus C. vulgaris H. lacustris

1.00 = 10% 1.00 = 10% 1.00 = 10°

1.00 = 10¢ 1.00 = 10¢ 1.00 = 104

*
1.00 = 107 E

1.00 = 10? 1.00 = 10? 1.00 = 102

CFU/mL
CFU/mL
CFU/mL

1.00 = 109 1.00 = 10%

preculture control treated preculture control treated preculture control treated

Figure 3.4. Quantification of viable S. vacuolatus (a), C. vulgaris (b) and H. lacustris (c) cells after treatment
with vaporized 5-isobutyl-2,3-dimethylpyrazine. Bars represent CFU counts following 5 h of exposure to the
alkylpyrazine in sealed flasks. Asterisks represent significant differences in cell viability as evaluated with
Student’s paired t-test (p<0.01).

Microscopic visualization of the effects

In order to visualize the effects of alkylpyrazine treatments on the representative microalgae isolates,
fluid cultures were treated with 1.0 uL/mL 5-isobutyl-2,3-dimethylpyrazine for six hours. Microscopic
visualization of microalgae cells after treatment showed ruptured cell walls and cell debris in close
proximity to algal cytoplasm for all three species (Figure 3.5). Moreover, cells with a seemingly intact
cytoplasmic membrane and missing cell wall were frequently observed. Most of the cells were visibly
impaired by the application of the biocidal compound as indicated by morphological changes when
compared to controls that remained untreated. Other effects beside those on the microalgae’s cell
walls and cytoplasmic membrane were not observed. The resolution of the obtained micrographs was

not sufficient to provide information on changes of intracellular compartments.
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Before treatment After treatment

C. vulgaris S. vacuolatus

H. lacustris

Figure 3.5. Micrographs of microalgae cells before and after treatment in fluid pyrazine solution. The three
microalgae isolates were treated for six hours and transferred to microscope slides without any further
preparations. For all treatments, the bioactive compound was added in a concentration of 1% (v/v).
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Discussion

This is the first study to demonstrate the biocidal effect of alkylpyrazines on different microalgae
species. The efficacy assessment was guided by an analysis of the eukaryotic community and included
three representative microalgae isolates for a first evaluation of the compound’s efficacy towards
eukaryotic contaminants. Irrespective of the application form, the viability of the implemented test
organisms was drastically reduced. Moreover, we observed a complete removal of the model

contaminates when an isolate-specific concentration of the active compound was applied.

In microalgae cultivations both eukaryotic as well as prokaryotic contaminants can substantially
affected the fermentation process. In particular, open pond microalgae cultivation systems are highly
susceptible to various kinds of contaminations, which can influence the performance of the desired
inoculant (Carney and Lane, 2014). Huo and colleagues identified and isolated the wild strain
Scenedesmus sp. FS as a contaminant from an outdoor Chlorella zofingiensis culture. By showing high
alkali resistances and possessing the ability to adapt to stresses of environmental changes, the wild
strain was able to quickly replace C. zofingiensis and occupy an ecological niche in the photobioreactor
(Huo et al., 2017). Recent studies also showed that the occurrence of the microalgae Coelastella sp. or
the co-fermentation of P. malhamensis — a member of the phylum Ochrophyta — in a microalgae
cultivation system can lead to significant biomass yield losses or even the collapse of the main culture
(Dawidziuk et al., 2017; Ma et al., 2017). These findings reinforce the need for more efficient

decontamination of photobioreactors and microalgae cultivation vessels.

In the present study we assessed the efficacy of a volatile antimicrobial alkylpyrazine derivative on
three microalgae species - all members of the phylum Chlorophyta - which can affect the productivity
of the cultivated species due to specific interactions within the community and/or niche occupation
(Huo et al., 2017). One of the isolates (Haematococcus sp.) was the cultivated microalgae in the
analyzed process, but was still included in the study as model contaminant, because we found a high
number of different OTUs for the same genus. This finding indicated genetic variance of the main

inoculum, thus differences in the productivity of the inoculated strain are likely.

While algae accounted for more than 93% of the total eukaryotic population, the second most
abundant eukaryotic lineage was assigned to Protista, in particular Amoebozoa. This group of protists
is ubiquitously found in the environment, particularly in freshwater bodies and soil, mainly within
biofilms. Some members of this group are known to endure desiccation and harsh environmental
conditions for up to 20 years (Balczun and Scheid, 2018; Sriram et al., 2008). Insufficient cleaning
procedures after cultivations may result in an enrichment and manifestation of these organisms due

to their enhanced persistence.

76



Pyrazine-based bioreactor decontamination

Only microalgae were included in this pilot study; however, foregoing studies suggest a broad
applicability of certain alkylpyrazines for decontamination purposes. It was shown that the same
compound can be employed to reduce highly complex bacterial communities on hatching eggs
(Kusstatscher et al., 2017). The applicability of alkylpyrazines for inactivation of eukaryotic
contaminants is supported by the findings of the present study. Here, all tested microalgae were highly
susceptible to the bioactive compound irrespective of the treatment approach. An incubation of 30 h
was required to completely eliminate all tested isolates when the Ilowest
5-isobutyl-2,3-dimethylpyrazine concentration was applied. This was mainly due to the resistance of
the S. vacuolatus isolate at lower concentrations of the antimicrobial compound. In a similar context,
Scenedesmus sp. LX| has been reported to resist Methylisothiazolinone (MIT), a widely used synthetic
biocide in water-containing solutions (Wang et al., 2018). Here, the photosynthetic apparatus was
damaged by the biocide, but the cell respiration and ATP synthesis remained unaffected. After removal
of the biocide, the algae cultures were shown to completely recover. The production of antioxidant
enzymes such as superoxide dismutase (SOD) and catalase (CAT) was shown to be crucial for the
resistance against MIT-induced damages (Wang et al., 2018). By increasing the synthesis of several
antioxidant enzymes and non-enzymatic components like B-carotenes or flavonoids, many algae are
able to resist reactive oxygen species (ROS) whose formation is induced by various environmental
stresses such as extremes of temperature, high salt concentrations, herbicides or UV-radiation (Mallick
and Mohn, 2000). In the present study, increased concentrations and the application of the vaporized
pyrazine led to complete elimination of viable cells for all tested microalgae. Notably, the preparation
required for vaporization experiments led to decreased CFU counts in the control treatments that likely
resulted from the desiccation-stress that the microalgae were exposed to. Gray and colleagues showed
that aquatic microalgae belonging to the family Chlorophyceae (e.g. Scenedesmus sp.) and
Trebuxiophyceae (e.g. Chlorella sp.) can recover from desiccation after one to five days when
rehydrated and re-illuminated (Gray et al., 2007). However, the resilience to desiccation differs among

different microalgae species (Wieners et al., 2018).

Microscopic observation of microalgae cells frequently showed impaired cell walls and ruptured
cells. This is a first indication that pyrazines target the algal cell wall or decrease its stability by direct
or indirect interactions. The cell wall composition differs within the employed model species.
Scenedesmus spp. are known to have pectic layers within their cell wall, which contributes to the
stability of the cell wall (Bisalputra and Weier, 1963). The other two species lack this skeletal unit as
their cell wall comprises mainly mannose and glucose (Bisalputra and Weier, 1963; Hagen et al., 2002;
Loos and Meindl, 1982). The observed tolerance of the Scenedesmus isolates against the employed

alkylpyrazine is potentially linked to structural characteristics of its cell wall. However, the detailed
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mode of action of bioactive alkylpyrazines against microalgae remains to be elucidated in upcoming

studies.

Microalgae are often produced for human consumption and subjected to specific regulations
related to food safety (Enzing et al., 2014). Non-hazardous decontaminations during the production
process could improve the quality of the final products by minimizing the occurrence of toxic
compounds. In 2002 the Flavor and Extract Manufacturers Association (FEMA) determined pyrazine
derivatives to be generally recognized as safe (GRAS) and are considered safe for human consumption
at certain intake levels (Adams et al., 2002). Their evidence is supported by the fact that various foods
harbor pyrazine derivatives itself. Especially in vegetables various pyrazines are widely distributed.
They occur in trace amounts in numerous plants where they are responsible for the aroma and the
characteristic odor of several vegetables (Murray and Whitfield, 1975). Pyrazine derivatives can further
be frequently found in bacteria and in insects where they are assumed to be involved in chemical
communication between microorganisms (Beck et al., 2003; Bramwell et al., 1969; Buttery et al., 1969;
Rybakova et al., 2016; Vander Meer et al., 2010). Currently used disinfectants such as hydrogen
peroxide or sodium hypochlorite have not only negative effects on humans, but also on the
environment. Thus, microalgae producers would benefit from new, environmental friendly, natural
disinfectants in the cultivation process. In order to make the presented method applicable for
industrial decontaminations, extended evaluations with more test organisms and larger sample sizes
to validate the promising effects will be required. Further developments of the presented
decontamination method could provide a highly efficient alternative for conventional treatments of

bioreactors.
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Supplementary Material

Table S3.1. Closest hits of OTUs represented by more than 100 reads. Reference sequences were aligned with
NCBI’s standard nucleotide BLAST against the NCBI nucleotide collection database excluding uncultured and
environmental sample sequences.

Accession

OTUID Closest NCBI hit Identity | Read count
number

OTU 22 Haematococcus lacustris 18S ribosomal RNA gene KY364700.1 99% 4,367,178

OTU 2041 Haematococcus lacustris strain KMMCC 1552 18S J0315538.1 100% 143,109
ribosomal RNA gene

OTU 29 Haematococcus lacustris 18S ribosomal RNA gene KY364700.1 97% 713
OTU 3067 Haematococcus lacustris 18S ribosomal RNA gene KY364700.1 92% 201
OTU 1641 Haematococcus lacustris 18S ribosomal RNA gene KY364700.1 99% 196
OTU 30 C'h/ore//a vulgaris isolate 18S rRNA small subunit MF686452.1 100% 35,252
ribosomal RNA gene
OTU 1748 Chlorella sp. ZJU0201 18S ribosomal RNA gene JX097053.1 100% 2,451
OTU 3055 Chlorella sp. SAG 222-2a 18S rRNA gene (partial) FM205857.1 100% 171
oTuU 4 Scenedesmus vacuolatus 18S small subunit rRNA X56104.1 99% 1,831
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Table $3.2. CFU/mL counts following treatments in liquid alkylpyrazine solutions. Different incubation times
were tested in combination with three distinct pyrazine concentrations. A control without supplementation of
the bioactive compound was included for comparisons.

time control 0.33 uL/mL 1.00 pL/mL 1.66 pL/mL

[h] [x10° CFU/mL] [x10° CFU/mL] [x10° CFU/mL] [x10° CFU/mL]
0 2.64+0.17 2.83+0.37 293+0.34 2.23+0.19
é‘ 2 2.84 +0.65 0.05+0.03 0.00 +0.00 0.00 +0.00
g 4 2.41+0.52 0.03+£0.02 0.00 £ 0.00 0.00 +0.00
E 6 2.41+0.89 0.01+0.00 0.00 £ 0.00 0.00 +0.00
30 2.44 +£0.22 0.00+0.00 0.00 +£0.00 0.00 +0.00
0 55.3+£8.02 53.3+9.78 46.2 £ 6.67 58.3+2.50
2 2 42.3+19.3 0.00 +£0.00 0.00 £0.00 0.00 £0.00
% 4 58.1+22.8 0.00 +£0.00 0.00 £0.00 0.00 £ 0.00
o 6 54.8+2.40 0.00 +£0.00 0.00 £0.00 0.00 £0.00
30 57.9+16.8 0.00 +£0.00 0.00 £0.00 0.00 £ 0.00
0 0.24£0.03 0.25+0.02 0.20£0.05 0.33+£0.05
.§ 2 0.34+0.18 0.00 +£0.00 0.00 £0.00 0.00 £ 0.00
§ 4 0.32+0.15 0.00 +£0.00 0.00 £0.00 0.00 £ 0.00
;f 6 0.45 £ 0.04 0.00 +£0.00 0.00 +0.00 0.00 +0.00
30 0.48 £0.35 0.00 +0.00 0.00 +0.00 0.00 +0.00

Table $3.3. Total CFU/mL counts following the treatment with vaporized 5-isobutyl-2,3-dimethylpyrazine and
an incubation time of five hours.

Organism Preculture Control Treatment
[x10° CFU/mL] [x105CFU/mL] [x10° CFU/mL]

S. vacuolatus 57.4 +4.49 0.11+0.09 0.00 +0.00

C. vulgaris 39.6+7.09 31.7+3.60 0.00 + 0.00

H. lacustris 20.5+£5.84 4.10%2.10 0.00 £ 0.00

80



Pyrazine-based bioreactor decontamination

Table S3.4: QIIME scripts used for bioinformatics analyses of the amplicon dataset. For network rendering and
diversity analyses, the OTUs were manually identified with nucleotide BLAST searches within the NCBI nucleotide

collection database.

Process step

Script

Pipeline, plugins and parameters

Join reads

join_paired_ends.py

QIIME 1.9.0 (SeqPrep)

Remove barcodes from sequences

extract_barcodes.py

QIIME 1.9.0

Assign sequences to samples /
Check quality

split_libraries_fastq.py

QIIME 1.9.0 (quality score: 19; phred
offset: 33)

Identify chimeric sequences

identify_chimeric_seqgs.py

QIIME 1.9.0 / usearch61

Remove chimeric sequences

filter_fasta.py

QIIME 1.9.0

Identify OTUs

pick_open_reference_otus.py

QIIME 1.9.0 / UCLUST (97% cutoff
level) / DB: SILVA release 119

Compute node and edge table for
OTU network

make_otu_network.py

QIIME 1.9.0
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THE TEA LEAF MICROBIOME SHOWS SPECIFIC RESPONSES TO CHEMICAL
PESTICIDES AND BIOCONTROL APPLICATIONS

Tomislav Cernava®?3, Xiaoyulong Chen®?, Lisa Krug?, Haoxi Li'?, Maofa Yang"?, Gabriele Berg?
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550025, Guiyang, China

Abstract

The plant microbiome is known to be influenced by certain biotic as well as abiotic factors.
Nevertheless, the drivers for specific changes in microbial community composition and structure are
largely unknown. In the present study, the effects of chemical and biological treatments for plant
protection on the indigenous microbiome of Camellia sinensis (L.) Kuntze were contrasted.
Assessment of bacteria-specific ribosomal RNA gene fragment amplicons from a representative set of
samples showed an increased microbial diversity in treated plants when compared to untreated
samples. Moreover, distinct microbial fingerprints were found for plants subjected to a conventional
pesticide treatment with lime sulphur as well as for plants that were biologically treated with a
Piriformospora indica spore solution. The bacterial community of pesticide-treated plants was
augmented by 11 taxa assigned to Proteobacteria and Actinobacteria. In contrast, plants from
biological control treatments were augmented by 10 taxa representing a more diversified community
enrichment and included members of Actionobacteria, Proteobacteria, Bacteroidetes,
Planctomycetes, and Verrucomicrobia. Complementary, molecular quantification of fungi in the
samples showed a significantly lower number of internal transcribed spacer copies in plants
subjected to biological control treatments, indicating the highest efficiency against fungal pathogens.
The overall results show that leaves that are used for tea production show distinct microbiome shifts
that are elicited by common pest and pathogen management practices. These shifts in the microbial

population indicate non-target effects of the applied treatments.

Published in “Science of the Total Environment”
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Abstract

Seed endophytes of crop plants have recently received increased attention due to their implications in
plant health and the potential to be included in agro-biotechnological applications. While previous
studies indicated that plants from the Solanaceae family harbor a highly diverse seed microbiome,
genotype-specific effects on the community composition and structure remained largely unexplored.
The present study revealed Enterobacteriaceae-dominated seed-endophytic communities in four
Nicotiana tabacum L. cultivars originating from Brazil, China, and the USA. When the dissimilarity of
bacterial communities was assessed, none of the cultivars showed significant differences in microbial
community composition. Various unusual endophyte signatures were represented by Spirochaetaceae
family members and the genera Mycobacterium, Clostridium, and Staphylococcus. The bacterial
fraction shared by all cultivars was dominated by members of the phyla Proteobacteria and Firmicutes.
In total, 29 OTUs were present in all investigated cultivars and accounted for 65.5% of the combined
core microbiome reads. Cultivars from the same breeding line were shown to share a higher number
of common OTUs than more distant lines. Moreover, the Chinese cultivar Yunyan 87 contained the
highest number (33 taxa) of unique signatures. Our results indicate that a distinct proportion of the
seed microbiome of N. tabacum remained unaffected by breeding approaches of the last century,
while a substantial proportion co-diverged with the plant genotype. Moreover, they provide the basis
to identify plant-specific endophytes that could be addressed for upcoming biotechnological

approaches in agriculture.

Submitted to “Computational and Structural Biotechnology Journal”
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