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Summary 
Among our planet’s oceans, lakes and streams, diatoms are ubiquitous photosynthetic 

eukaryotes. They are often closely associated with prokaryotes, interacting in ways that we are 

only beginning to understand. These interactions ultimately have global consequences, as they 

dictate many aspects of aquatic ecosystems. In benthic environments, diatoms are often the most 

abundant eukaryotes, and together with bacteria form biofilms. In an industrial context, biofilms 

formed by diatoms incur substantial costs, as they will colonise practically any surface, leading 

to biofouling. Despite recent advances in our understanding of diatom – bacteria interactions, 

little is known about the interactions between diatoms and bacteria in biofilms in general, and 

even less regarding freshwater biofilms. This thesis aims to understand the interactions of these 

microbes in freshwater biofilms. The ubiquitous freshwater diatom Achnanthidium minutissimum 

and a bacterium thought to belong to the genus Dyadobacter (strain 32) were used, building on 

previous studies using these organisms. This thesis further aimed to establish the two as a model 

system with which to study diatom – bacteria interactions in benthic systems. The research 

elucidated new aspects of diatom – bacteria interactions, summarised below.  

The genome of strain 32 was sequenced, confirming that it belongs to the Dyadobacter genus. 

Several genes and gene clusters were identified which stood out as interesting in the context of 

diatom – bacteria interactions, opening the door for more detailed studies regarding the 

molecular biology of this organism. 

The interaction of these species was investigated by transcriptome analysis of 

A. minutissimum in presence or absence of Dyadobacter sp. 32. Several metabolic pathways were 

expressed differentially during co-culture with the bacterium, including nitrogen metabolism 

and photosynthesis related genes. Subsequent pigment analysis confirmed that the 

photosynthetic physiology of diatoms within the biofilm was altered, uncovering a new 

phenotype associated with biofilm formation.  

A purification method was established to identify the specific, hydrophobic molecules 

secreted by D. sp. 32 induce diatom biofilm formation. It was also shown that closely related 

bacteria induce biofilm formation, but different bioactive molecules appear to be excreted by 

these species. Furthermore, these species originate from diverse freshwater systems worldwide, 

suggesting that these possibly related molecules produced by bacteria affect freshwater biofilms 

in diverse environments. Additional work is required to elucidate the structure of these 

molecules. 

The growth of A. minutissimum, and two species of marine diatom, was shown to be 

inhibited by 2-alkyl-4-quinolones, a class of bacterial metabolite. The physiological mechanism of 

this inhibition was uncovered in the diatom Phaeodactylum tricornutum, using several techniques, 

including pulse amplitude modulated fluoremetry. It was shown that photosynthetic electron 

transport was hindered. Using 2-heptyl-4-quinolone, further experiments identified the 

cytochrome b6f complex as the primary site of inhibition. This molecule also inhibited respiration, 

in doing so revealing new aspects regarding the chemical biology of 2-alkyl-4-quinolones, and 

suggesting they play a role in diatom – bacteria interactions. 
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Zusammenfassung 
In den Meeren, Seen und Flüssen dieser Erde sind photosynthetischen Diatomeen, einzellig 

Algen weit verbreitet. Sie sind oft mit Bakterien assoziiert, die Interaktionen zwischen den 

Organismen sind bisher nur in Grundzügen verstanden. Diese Interaktionen haben letztlich 

globale Folgen, da sie Aspekte der aquatischen Ökosysteme bestimmen. In benthischen 

Lebensräumen sind Diatomeen oft die am häufigsten vorkommenden Eukaryoten und formen 

zusammen mit Bakterien Biofilme. Von Diatomeen gebildete Biofilme verursachen substantielle 

wirtschaftliche Kosten, da beinahe jede Oberfläche von ihnen kolonisiert werden kann, was zu 

Biofouling führt. Obwohl in den letzten Jahren durchaus erste Fortschritte in der Erforschung der 

Interaktion von Diatomeen und Bakterien in marinen Lebensräumen erzielt wurden, ist noch 

wenig bekannt  Süßwasserbiofilme  . Ziel dieser Doktorarbeit ist daher die Charakterisierung von 

Interaktion von Bakterien und Diatomeen in Süßwasserbiofilmen. Aufgrund vorheriger Studien 

wurden hierzu die ubiquitäre Süßwasserdiatomee Achnanthidium minutissimum und ein 

vermutlich zum Genus Dyadobacter gehörendes Bakterium (Stamm 32) verwendet,  um sie als 

Modellsystem für Diatomeen/Bakterien-Interaktion in benthischen Systemen zu etablieren. Es 

konnten dabei neue Erkenntnisse gewonnen werden, welche im Folgenden zusammengefasst 

werden. 

Das Genom von Stamm 32 wurde sequenziert, wodurch die Zugehörigkeit zum Genus 

Dyadobacter bestätigt wurde. Mehrere Gene und Gencluster wurden identifiziert, die im Kontext 

der Interaktion von Diatomee und Bakterium von Bedeutung sein könnten.  

Die Reaktion der von A. minutissimum  auf die Gegenwart und Abwesenheit von Stamm 32 

wurde mittels Transkriptomanalyse untersucht. Mehrere Stoffwechselwege konnten identifiziert 

werden, die in Co-Kultur mit Stamm 32 reguliert wurden, darunter der Stickstoffmetabolismus, 

die Vitaminbiosynthese und in der Photosynthese involvierte Gene. Nachfolgende 

Pigmentanalysen konnten bestätigen, dass die photosynthetische Physiologie der Diatomeen im 

Biofilm verändert war, ein Phänotyp, der bislang noch nicht mit Biofilmen assoziiert wurde.  

Eine Aufreinigungsmethode für Signalsubstanzen wurde entwickelt, mit der gezeigt 

wurde, dass einzelne, von Stamm 32 sekretierte stark hydrophobe Moleküle, die Biofilmbildung 

von A. minutissimum induzieren können. Es konnte außerdem gezeigt werden, dass eng 

verwandte Bakterien ebenfalls die Bildung von Biofilmen induzieren. Die sekretierten 

Biomoleküle scheinen jedoch spezies-spezifisch zu sein. Da diese Stämme aus unterschiedlichen 

Süßwassersystemen weltweit stammen, könnten diese sekretierten, möglicherweise verwandten, 

Moleküle Süßwasser-Biofilme in unterschiedlichsten Lebensräumen beeinflussen. Für die 

Bestimmung der molekularen Struktur dieser Moleküle sind weiter Studien nötig. 

Es konnte gezeigt werden, dass das Wachstum von A. minutissimum, sowie zweier mariner 

Diatomeen, durch 2-alkyl-4-Chinolone, eine Klasse bakterieller Metabolite, inhibiert wird. Der 

physiologische Mechanismus dieser Inhibition wurde in der Diatomee P. tricornutum mittels 

pulsamplituden-modulierter Fluorometrie untersucht. Es konnte gezeigt werden, dass der 

photosynthetische Elektronentransport gehemmt wurde. Weitere Experimente mit 2-heptyl-4-

Chinolon zeigten, dass der Ort der primären Inhibition der Cytochrom b6f Komplex ist. Dieses 

Molekül inhibierte außerdem die Atmung, was neue Aspekte bezüglich der chemischen Biologie 

von 2-alkyl-4-Chinolonen aufdeckte und darauf hinweist, dass sie eine Rolle in der Interaktion 

zwischen Diatomeen und Bakterien spielen könnten.  
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Introduction 

Diatoms: morphology and evolutionary history 
Throughout Earth’s aquatic environments, phototrophic microalgae thrive wherever there 

is light with which to photosynthesise. Since their appearance between 160 – 250 million years 

ago (Sorhannus, 2007), diatoms are one class of algae that has become ubiquitous. The success 

and presence of diatoms in practically any body of water (and even certain terrestrial 

environments) means they play a vital role in a range of globally relevant biological and 

biogeochemical processes: For example, 45% of global primary production is conducted by 

marine organisms (Field et al., 1998), however roughly 40% of marine productivity is attributed 

just to diatoms, making them an essential part of the planets biosphere (Yool and Tyrrell, 2003). 

Along with primary productivity, diatoms also have important roles in the Earth’s silicon, 

phosphorous, iron and nitrogen cycles (Sarthou et al., 2005).   

Diatoms have a number of unique morphological characteristics, as discussed by Armbrust 

(2009). The most striking feature of these single celled eukaryotes is an extracellular cell wall 

called a frustule. This is a complex structure composed largely of silicate, and is divided into two 

halves named thecae. These two halves overlap, with the smaller (hypotheca) fitting inside the 

larger half (epitheca). Because the frustule is a rigid structure, it has several outcomes for the 

biology of diatoms. Firstly, the frustule defines the symmetry of diatoms, as the meeting point of 

the two thecae (named the girdle band) can be seen as an equatorial plane. Secondly, asexual cell 

division takes place inside the frustule, and each daughter cell inherits one theca after division. 

They then grow the remaining theca themselves within the inherited one, meaning each 

generation has, on average, a smaller cell size (see Figure 1-1 C). In order to maintain the correct 

cell size, diatoms therefore also have a sexual life cycle, which regenerates cell size via the fusion 

of gametes that shed their frustules. The frustule of diatoms also poses nutritional requirements, 

as silicon and selenium are necessary components of the cell wall. 

The phylogenetic history of diatoms has had a decisive impact on their morphology, most 

notably regarding the plastid architecture (see below) but also on the cell shape. Diatoms are 
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divided into two separate lineages, the centric and the pennate diatoms, which are delineated by 

their symmetry: centric diatoms have a radial symmetry, while pennate diatoms possess bilateral 

symmetry (see Figure 1-1 A and B). It is believed the ancestral diatom was a centric species, and 

later speciation led to the evolution of pennate species (Armbrust, 2009). Some pennate diatoms 

have a further defining characteristic called the raphe, which is a wide slit or opening on the 

apical faces of each theca. Those species of diatom with a raphe (raphid diatoms) use this raphe 

as part of an apparatus with which to glide over surfaces, and so raphid diatoms have evolved a 

method of motility. The evolution and biology of pennate diatoms are particularly relevant for 

the topic of this thesis, because pennate diatoms have so successfully colonised the benthos 

(discussed below).  

 

Figure 1-1: Diatom structure and cell division. A: example of a centric diatom, Stephanodiscus sp. 

B: example of a pennate diatom, Cosmioneis pusilla. The raphe is visible on the top face of the cell. 

Both images are provided by David G. Mann, under creative commons license, at the Tree of Life 

Web Project (Mann, 2010). C: The rigid frustule of diatoms leads to the decrease in average cell 

size over successive generations. Each daughter cell inherits a single theca, which is used as the 

epitheca, and a new hypotheca is produced within.  

The endosymbiotic events that led to the plastid of modern day diatoms has resulted in a 

characteristic plastid morphology. Modern plastids are the result of an endosymbiotic event, in 

which a heterotrophic eukaryote is thought to have incorporated a cyanobacterium (Zimorski et 
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al., 2014). This ancestor diversified into a variety of photosynthetic organisms, including green 

algae and land plants. A secondary endosymbiotic event occurred (at least once), in which a 

photosynthetic cell derived from the primary endosymbiosis was once again engulfed by a 

heterotrophic cell. This individual led to a diverse array of algae, including diatoms, with so-

called ‘red-type’ plastids (named after red algae, one group within this clade of algae), which 

possess plastid morphology unique to their lineage. In the case of diatoms, their plastids have 

two additional membranes, (the outermost being contiguous with the endoplasmic reticulum), 

which are thought to be remnant membranes from the secondary endosymbiotic event (Gibbs, 

1981). The innermost membrane, the thylakoid membrane, has a different structure to green 

plastids: instead of being organised into grana stacks, they are stacked into groups of three in a 

simple sheet (Rast et al., 2015). Diatoms also have a characteristic suite of photosynthetic 

pigments, the major components being chlorophylls a and c, fucoxanthin, and beta-carotene 

(Lepetit et al., 2012). Additionally, diatoms have two more xanthophyll pigments which take part 

in the photoprotective mechanism known as non-photochemical quenching: diatoxanthin and 

diadinoxanthin. This is in contrast with other photosynthetic organisms, which instead use 

zeaxanthin and violaxanthin.   

Diatom associated bacteria: The phycosphere 
As discussed, diatoms are key drivers of the earths biogeochemistry. However, aquatic 

ecosystems must be viewed with heterotrophic bacteria in mind, as bacteria survive primarily off 

nutrients produced by microalgae. Illustrating the importance of bacteria in aquatic systems is 

the fact that between 25 and 50% of the carbon fixed by algae is respired by bacteria, and that this 

carbon is often metabolised by bacteria in a matter of hours (Larsson and Hagström, 1979; 

Fuhrman and Azam, 1982). Furthermore, it has been estimated that bacteria comprise up to 25% 

of the oceans’ biomass (Fuhrman and Azam, 1982), vastly outnumbering diatoms on a per cell 

basis. This cyclical fixation and respiration of carbon by microalgae and bacteria is termed the 

microbial loop (Pomeroy et al., 2007). Given that bacteria populated aquatic environments long 

before diatoms, and their reliance on organic carbon, one would hypothesise that close 

interactions between diatoms and bacteria have evolved. Indeed, diatoms from natural samples 

have bacteria attached or closely associated to them (illustrated in Figure 1-2), and these bacteria 
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populations differ from samples of free planktonic bacteria (Grossart et al., 2005; Ajani et al., 

2018). This coupling of alga and distinct bacterial population forms the basis of the phycosphere: 

a unique microenvironment surrounding algae, which is distinct from the rest of the water 

column.  

Along with being biologically distinct from the water column, the phycosphere also has a 

distinct physical makeup compared to the bulk properties of open water (the phycosphere as a 

microhabitat is extensively reviewed by Seymour et al. (2017)). Essentially, because of the way 

fluid flows around small particles such as cells, a boundary layer of water surrounds the diatom, 

which does not diffuse easily with the surrounding water. Simulations suggest that even in 

relatively turbulent water, this boundary layer persists. Any chemicals which are exuded by 

microbes within this boundary layer should therefore reach higher local concentrations than 

larger samples of water (i.e. > 1 mL) would suggest. Thus, the phycosphere is the result not only 

of unique organisms, but also a unique chemical environment, and it is in the phycosphere that 

the majority of diatom – bacteria interactions take place.   

Although the phycosphere is a microscopic environment, the interspecies interactions that 

take place within this small volume of water add up to have large consequences (Azam and 

Malfatti, 2007). This is exemplified by the importance of dimethylsulphopropionate (DMSP), a 

metabolite produced and excreted by most diatoms. DMSP is a charged molecule important for 

the osmotic balance of diatoms (Kiene et al., 2000). In fact, up to 10% of the carbon fixed by 

microalgae is converted into DMSP (Simó et al., 2002). However when DMSP is excreted, it is a 

valuable source of carbon and sulphur for bacteria (Kiene et al., 2000). It has also been shown that 

bacteria can utilise DMSP in chemotaxis, ensuring bacteria can find a suitable diatom to reside 

on. How bacteria metabolise DMSP has far reaching consequences. Many bacteria incorporate the 

propionate carbon chain, and discard the dimethyl-sulpho moiety as dimethyl sulphide (Curson 

et al., 2011). Dimethyl sulphide is very volatile, and ultimately evaporates, at which point it 

becomes a major actor in cloud nucleation (Sievert et al., 2007). In this regard, dimethyl sulphide 

influences the global water cycle, while also being vital for sulphur cycling. It is also thought that 

dimethyl sulphide attracts predators from higher trophic levels, such as fish and birds, which 
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feed on crustaceans such as krill (which themselves feed on diatoms) (Bonadonna et al., 2006; 

Cunningham et al., 2008; Amo et al., 2013). In attracting larger predators, diatoms conceivably 

lower predation rates on themselves. Thus, it can be seen how the chemical interactions between 

bacteria and diatoms in the phycosphere have far reaching effects.  

Figure 1-2: Scanning electron micrograph of the 

benthic diatom Achnanthidium minutissimum and 

a phycosphere associated bacterium, produced 

by Katrin Leinweber & Peter Kroth at the 

Electron Microscopy Centre of the University of 

Konstanz. Bacteria are highly concentrated 

around each diatom, visible as bacilli. Scale bar: 

1 µm.  

 

Benthic diatoms and life in a biofilm 
Any surface submerged by water, such as stones, sediment, or artificial material, will almost 

always be colonised by microorganisms to form a biofilm. Bacteria are ubiquitous in these 

biofilms (Flemming et al., 2016), however, wherever sufficient light penetrates the overlying 

water, microalgae also inhabit these biofilms. This lifestyle is known as a photoautotrophic 

biofilm (hereafter referred to as biofilms). The term photoautotrophic refers to the fact that some 

organisms within the biofilm fix carbon via photosynthesis. In these biofilms, diatoms and 

heterotrophic bacteria are typically the two most abundant groups of organisms, and the diatoms 

present are usually pennate species, although other organisms are often present, such as green 

algae, cyanobacteria and fungi. This has been shown, for example, on man-made surfaces in the 

Adriatic Sea and Baltic sea (Totti et al., 2007; Mejdandžić et al., 2015; Sanli et al., 2015), on the steel 

hulls of boats (Leary et al., 2014), and on a variety of ‘anti-fouling’ surfaces designed to prevent 

biofilm formation (Molino et al., 2009a; Briand et al., 2012). Biofilms also form on natural surfaces, 

most notably in the intertidal zone (reviewed by Van Colen, Underwood et al. (2014)), which is 

often a distinctive brown colour due to the extreme density of diatoms living there. In contrast to 

pelagic species, the phycospheres of benthic species have joined up, forming a large contiguous 

community of diatoms and bacteria, connected via extracellular polymeric substances (see 

below).  
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While biofilms are, from an ecological point of view, important for many aquatic 

ecosystems, they can either be an advantage, or serious problem, for aquatic industry and 

transportation. On one hand, organisms embedded in a biofilm can be a convenient tool for 

wastewater treatment (Van Loosdrecht and Heijnen, 1993; Roeselers et al., 2008). On the other 

hand, biofilms on the hulls of ships, for instance, cause an increase in drag, leading to increased 

fuel consumption, by at least 15% (Schultz, 2005; Schultz, 2007). If this so called biofouling is not 

removed, it can cause corrosion of the substrate, and as discussed above, lead to larger organisms 

to colonising the surface. For this reason, the hulls need to be cleaned on a regular basis, which 

incurs its own costs. The combined costs of hull fouling for the US navy is estimated at between 

180 and 240 million $ for a single year (Schultz et al., 2011). The detrimental effects of biofouling 

also affect a number of other industries, including aquaculture, water desalination and 

petrochemicals (reviewed by de Carvalho (2018)). Consequently, a vast amount of research is 

devoted to finding ways to inhibit biofouling. Despite this, biofilms form on practically every 

surface (Molino and Wetherbee, 2008). In contrast to the efforts made to stop diatom biofilm 

formation, little is known about the events leading to, or promoting, their formation. 

Biofilm formation has typically been studied by submerging material in aquatic 

environments (or submerging them in specific cultures of organisms from aquatic environments), 

and observing the organisms that colonise this fresh surface. Through these experiments, a model 

of biofilm formation has been generally accepted (de Carvalho, 2018). This process begins almost 

immediately, with the adsorption of biological molecules onto the surface (Compère et al., 2001), 

which is thought to condition the surface, making it easier for organisms to adhere. Next, bacteria 

adhere following this initial conditioning phase, and in some cases they establish a biofilm within 

24 hours (Dang et al., 2008; Molino et al., 2009b; Doghri et al., 2015). These bacterial colonisers are 

then followed by the establishment of diatoms in the biofilm (Molino et al., 2009a; Mejdandžić et 

al., 2015). There is also evidence that a second phase of diatom development occurs. This is 

possibly caused by diatoms competing with one another for better light conditions within the 

biofilm, as well as the production of larger, more robust attachment mechanisms (Molino and 

Wetherbee, 2008). However, while there is evidence that bacteria aid in the attachment of diatoms 

(Roeselers et al., 2007), it is important to note that diatoms do not passively ‘stick’ to the biofilm 
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produced by bacteria. Indeed, diatoms produce their own structures with which they adhere 

(Bahulikar and Kroth, 2007; Bahulikar and Kroth, 2008; Molino and Wetherbee, 2008), in doing so 

excreting specific molecules (Buhmann et al., 2014; Poulsen et al., 2014; Willis et al., 2014). The 

recent discovery that bacterial molecules are required for biofilm formation for the diatom 

Achnanthidium minutissimum illustrated that an axenic diatom can form a biofilm, so long as the 

necessary signalling molecules are present (Windler et al., 2015). Therefore, the commonly quoted 

sequence of events leading to the formation of an aquatic biofilm fails to illustrate the complex 

nature of biofilm formation; that diatoms have their own methods of biofilm formation.   

Pennate diatoms can be sub-divided into two groups: those with raphes, and those without. 

A raphe allows diatoms to glide over surfaces, and this behaviour (or lack thereof) has 

consequences in a biofilm. In intertidal biofilms, the tides and wave movement results in diatoms 

in biofilms being exposed to extreme fluctuations in light intensity. To adapt to this challenge, the 

non-motile araphid diatoms rely on cellular mechanisms to deal with light stress, such as non-

photochemical quenching (NPQ) (Lepetit et al., 2012). Meanwhile, the motile, raphid diatoms 

tend to move to a location with more favourable conditions (sometimes into the sediment of the 

substrate itself) (Laviale et al., 2016). Motile diatoms utilise the same cellular mechanisms to adapt 

to light stress as non-motile species, but these mechanisms appear to be slower to react to light 

variations in motile species (Barnett et al., 2015).   

A biofilm lifestyle is by no means exclusive to the benthos in aquatic habitats. Indeed, 

microbes form biofilms in many locations, such as on stones and buildings (Polo et al., 2012), on 

soil surfaces (Mogul et al., 2017), and on the surfaces of plants and macroalgae (Fujishige et al., 

2006; Lachnit et al., 2013; Saha et al., 2014). Probably the most studied biofilm communities are 

those in clinical settings, such as (heterotrophic) biofilms formed by opportunistic pathogens such 

as bacteria from the Pseudomonas and Burkholderia genera (Hoiby et al., 2011). Despite the clear 

differences between these habitats, a biofilm lifestyle often confers certain advantages for the 

organisms within. In the case of photoautotrophic biofilms, diatoms have been shown to benefit 

from an increased tolerance to salinity stress (Steele et al., 2014), as well as desiccation and 

predation (de Carvalho, 2018). An elegant selection experiment indicated biofilms are associated 
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with resistance to fluctuations in temperature, using the centric diatom Thalassiosira pseudonana 

(Schaum, 2019). This diatom does not normally form biofilms, but when exposed to fluctuations 

in temperature, selectively produced biofilm forming morphotypes were more resilient. It has 

also been observed that sea ice diatoms (diatoms which grow in the polar regions, forming a kind 

of biofilm underneath and within the seasonal ice floes) react to salinity and cold stress by 

forming a biofilm, which plays a role in protecting the diatoms from the harsh conditions (Aslam 

et al., 2012; Aslam et al., 2018). Furthermore, bacteria isolated from the benthos survive better in 

a biofilm when exposed to antibiotics (Wang et al., 2018), or to grazing from single celled 

herbivores (Raghupathi et al., 2017). Hence, a biofilm lifestyle often gives diatoms and bacteria 

increased tolerance to certain environmental stresses. It is important to note however, that many 

of the advantages listed here appear to be due to the effects of extracellular polymeric substances, 

discussed below. 

The chemical ecology of biofilms 
Biofilms not only harbour a diverse range of microbes, but are also important for 

multicellular organisms. Biofilms can be thought of as ‘chemical lighthouses’ for other organisms 

searching for a location on which to attach. For example, it has been shown that zoospores of the 

green macroalga Ulva attach to substrates based on chemical cues from certain biofilm bacteria 

(Joint et al., 2002; Joint et al., 2007). Similarly, mussel larvae settlement and metamorphosis is 

responsive to the biofilm density, and different bacteria present in biofilms either promote or 

inhibit settlement activity (Bao et al., 2007; Ganesan et al., 2010). Biofilms are also a source of food 

and nutrients for aquatic ecosystems, for instance as feedstock for daphnids and other predators, 

and the high density of microbes appears to be an important source of B-vitamins for the entire 

hydrosphere (Monteverde et al., 2015).  

A number of interesting interactions between biofilm organisms have also been observed. 

One seminal study showed that a diatom from the Nitzschia genus excreted the extremely 

poisonous cyanogen bromide, probably in order to prevent being overgrown by other species of 

bacteria or diatoms (Vanelslander et al., 2012). There is also evidence that bacteria within biofilms 

interfere with the sexual reproduction of the diatom Seminavis robusta (Cirri et al., 2018). The 

bacterial alkaloid 2-pentyl-4-quinolone has been shown to inhibit benthic diatom motility and 
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attachment (Wigglesworth-Cooksey et al., 2007) (these compounds are discussed in detail in 

Chapter 5). These studies show how biofilms are shaped by a variety of chemical signalling and 

interspecies interactions. Furthermore, the diverse prokaryotes and eukaryotes living in close 

quarters within biofilms suggest many more interactions stand to be discovered within biofilms. 

Freshwater biofilms 
While marine and freshwater biofilms share many similarities, a number of characteristics 

also differentiate these biofilms. For example, these biofilms exist at a meeting point between 

many ecosystems: they lie on the boundary of open freshwater and groundwater systems, and 

are continuously influenced by biotic and abiotic factors from upstream and runoff from nearby 

dry land. Meanwhile these biofilms ultimately influence the downstream, estuarine and coastal 

ecosystems (Battin et al., 2016), and affect the hydrology of streams (Battin et al., 2003). It has also 

been shown that freshwater biofilms affect the chemistry of the overlaying water, as they tend to 

absorb nutrients such as nitrogen and phosphorous from the water column (DeLong et al., 1999; 

Woodruff et al., 1999), contaminant heavy metals (Ancion et al., 2010) and herbicides (Larras et 

al., 2014). Unlike marine ones, freshwater ecosystems are in fact net heterotrophic systems (Battin 

et al., 2008; Raymond et al., 2013), further illustrating the importance of the microbes living in 

freshwaters. Hence, it is important to understand freshwater biofilms for a broader 

understanding of the ecosystems they influence.  

Much like marine biofilms, pennate diatoms and bacteria tend to dominate freshwater 

biofilms (Battin et al., 2016), as shown in Figure 1-3, and have been shown to interact in a number 

of ways. Studies have consistently shown that the most abundant bacteria present in freshwater 

biofilms belong to the proteobacteria and bacteroidetes phyla (Bruckner et al., 2008; Battin et al., 

2016), as in marine systems (Amin et al., 2012), and it is known that bacterial isolates from 

freshwater can grow solely on the carbon fixed by diatoms. Previous studies have shown that 

bacterial siderophore biosynthesis is induced by diatom exudates (Buhmann et al., 2013). Diatoms 

in freshwater biofilms also respond to bacteria. For example, the diatom cell size/cell cycle is 

known to be affected by the bacteria present (Windler et al., 2014). Freshwater benthic diatoms 

are known to excrete a spectrum of substances in response to bacteria, notably amino acids 
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(Bruckner et al., 2011) and carbohydrates (Bruckner et al., 2008; Bruckner et al., 2011). These 

carbohydrates are often insoluble, in the form of extracellular polymeric substances. 

 

Figure 1-3: Freshwater biofilms on stones from Lake Constance. The top panel shows a typical 

stone, covered in a biofilm, which has a typical brown colour, due to both the high density of 

diatoms, and sediment that has stuck to the biofilm. A section of biofilm has been scraped away, 

exposing the rock below. The lower four panels show micrographs of the material removed from 

the above rock. Black arrows indicate the diatoms present. Also visible in these images is the 

extracellular polymeric substances surrounding diatoms, indicated with a white arrow.  

Extracellular Polymeric Substances 
Extracellular polymeric substance (EPS) is a term that broadly defines any insoluble 

conglomeration of biological molecules excreted by an organism. Diatoms excrete EPS in many 

environments, including the open ocean (Decho and Gutierrez, 2017). It was originally thought 

to be a by-product of photosynthesis, until it was shown to be excreted even in the dark (Smith 

and Wiebe, 1976; Smith and Underwood, 1998). It is a complex mixture of carbohydrates, proteins 

and nucleic acids. In the context of biofilms, the EPS is vital for the structural stability of the 
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biofilm, as well as the sediment beneath, and beyond a structural role, enzymatic reactions, 

horizontal gene transfer and nutrient recycling are aided by EPS (Underwood and Paterson, 2003; 

Flemming, 2011). While other microorganisms excrete EPS, such as bacteria, the EPS produced 

by diatoms is often more sophisticated. The EPS excreted by diatoms can be differentiated into 

specific structures (Bahulikar and Kroth, 2007), and unique molecules have been isolated from it 

(Poulsen et al., 2014). Raphid diatoms also utilise EPS as part of their motility, leaving trails of 

mucilage as they glide over surfaces (reviewed in Molino and Wetherbee (2008)). Thus, in 

producing EPS, diatoms play a vital role in helping to build biofilms. However, while we know 

that EPS is secreted in response to certain environmental stresses, many gaps in our knowledge 

remain. For example, it is not clear what mechanisms are employed to excrete this material, or if 

it is rendered using extracellular machinery. We also do not know by what signals EPS 

production is regulated. 

Achnanthidium minutissimum 
The freshwater diatom Achnanthidium minutissimum is the central focus of this thesis. This 

benthic, pennate, araphid, non-motile diatom (originally named Achnanthes minutissima) is found 

globally in lakes and streams (Guiry, 2019), and in the Baltic sea (where salinity is low) (Busse 

and Snoeijs, 2003). It is one of the most abundant benthic diatoms in lakes (Cattaneo, 1990; 

Stevenson et al., 1991; Cyr, 2016; Rivera et al., 2018). Importantly, previous research has shown 

that this diatom will not adhere to surfaces, nor produce EPS when grown axenically (that is, 

without bacteria) (Bruckner et al., 2011; Windler et al., 2015). Furthermore, this ‘xenic’ biofilm 

forming phenotype, shown in Figure 1-4, was found to be related to specific bacteria isolates, in 

particular one which was isolated from the same location as A. minutissimum. This strain of 

bacteria, designated “Strain 32” was putatively classified as a strain of the genus Dyadobacter. 

Essentially, this showed that bacteria associated with diatoms were necessary for EPS production 

and biofilm formation. This work also contradicted the long-held belief that biofilms were 

initially formed by bacteria, with diatoms colonising the surfaces afterwards. Instead, if the 

correct signal molecules were present, biofilms could be formed by axenic diatoms. This result 

reinforced the importance of diatom – bacteria interactions in freshwater environments, 

suggesting that a natural biofilm required specific signals to be sent between species of diatom 
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and bacteria. Thus, A. minutissimum presents itself as a useful diatom to study biofilm formation 

and diatom – bacteria interactions in freshwater environments. For example, by identifying the 

signal molecules inducing EPS production, we stand to discover new insights into how biofilm 

formation is induced. Furthermore, this model system allows us to understand the molecular 

processes involved in biofilm formation, by studying A. minutissimum when biofilm formation is 

induced. 

Figure 1-4: A biofilm comprised of A. 

minutissimum and associated bacteria. The 

organisms visible in this micrograph are 

tightly adhered to the bottom of the flask in 

which they are growing. A mat of bacteria 

is visible along with the interspersed 

diatoms.  

 

 

 

 

Aims 
With the aforementioned discoveries in mind, this thesis aims to understand how diatoms 

and bacteria interact during biofilm formation, and in doing so develop a number of tools and 

information resources which can be used in future research. Despite their relevance to both 

human activity and the function of diverse ecosystems, diatoms in freshwater biofilms remain 

understudied. Therefore, biofilm formation was probed using A. minutissimum as a model 

system. Diatom – bacteria interactions are investigated from different viewpoints, by examining 

the genetics, physiology, and chemical ecology of these interactions, in the hope of identifying 

the signal molecules involved, as well as how the biology of diatoms adapt to living in biofilms. 

Ultimately, this thesis builds towards understanding why these diatoms form biofilms, and how 

they might be prevented from doing so on man-made surfaces. 
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Complete genome sequence of Dyadobacter sp. 32, 
isolated from a culture of the freshwater diatom 
Cymbella microcephala 
Lachlan Dow, Kathryn Lee Morrissey, Anne Willems & Peter G. Kroth  

Abstract 
Bacteria have been shown to be involved in different species-specific interactions with 

eukaryotic algae such as diatoms, impacting important ecosystem processes. Recently, a strain 

assigned to Dyadobacter, named ‘species 32’, has been shown to be involved in a number of 

ecologically relevant diatom processes, such as biofilm formation or growth enhancement, 

depending on the diatom species. This bacterium was originally isolated from a culture of 

freshwater benthic diatoms that originated from an epilithic biofilm, in which both bacteria and 

diatoms coexist. A single complete circular chromosome of Dyadobacter sp. 32 was assembled with 

a length of 7,101,228 bp, containing 6062 protein coding genes and 3 rRNA operons. A number of 

interesting genetic features were found, such as a putative zeaxanthin biosynthetic gene cluster. 

A large number of polysaccharide utilizing gene clusters were also detected, along with genes 

potentially acquired from other bacteria through horizontal gene transfer, and genes previously 

identified in other algae-bacteria interactions. These data serve to increase our understanding of 

specific interactions within freshwater biofilms, and identify a number of gene targets with which 

to study the molecular basis of diatom-bacteria interactions.  

Introduction 
In aquatic environments, diatoms are closely associated with bacteria, and the interactions 

between these microbes have global consequences (Seymour et al., 2017). Certain species of 

bacteria and diatoms readily colonize the benthos, where they are often the most abundant taxa 

(Van Colen et al., 2014). In doing so, they form biofilms: diverse communities of microorganisms, 

living in close quarters, connected by a complex interconnected material known as extracellular 

polymeric substances (EPS), consisting of mostly carbohydrates. These biofilms and the microbes 

within play a myriad of ecological roles, ranging from fostering the attachment of multicellular 

organisms (Ganesan et al., 2010), to stabilizing the sediment upon which the biofilm has formed 
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(Chen et al., 2017). When biofilms form on man-made structures they can have detrimental 

consequences, as this so-called biofouling leads to the decay of machinery, and in the case of 

ships’ hulls, increased drag, leading to greater fuel costs (Schultz et al., 2011). Hence, the 

characterization of the bacteria involved in biofilm formation is an important step in 

understanding (and potentially preventing) biofilm formation. 

In freshwater environments, biofilms are not only industrially and ecologically important, 

but here they also live at the nexus of the overlying water body, groundwater, upstream 

environments and land runoff, while also influencing habitats downstream (reviewed in Battin 

et al. (2016)). Notably, research shows the biology of benthic freshwater diatoms is dictated by 

the associated cohort of bacteria. One strain, Dyadobacter sp. 32, originally isolated with the 

freshwater diatom Cymbella microcephala, itself isolated from biofilms of Lake Constance, was 

shown to have significant impacts on diatom biofilm formation, and metabolite secretion. For 

example, certain benthic freshwater diatoms excrete more soluble carbohydrate when co-cultured 

with Dyadobacter sp. 32 (Bruckner et al., 2011), in some cases more than ten-fold in comparison to 

axenic diatom cultures. The authors also observed changes in the dissolved free amino acid 

content of these diatom-bacteria co-cultures, which involved both increases and decreases in the 

content of different amino acids. Further research focusing on the diatom Achnanthidium 

minutissimum showed biofilm formation and EPS secretion to be absent in axenic cultures. 

However, when this diatom was co-cultured with Dyadobacter sp. 32, the diatom adhered to the 

substratum, forming a biofilm and secreting a large “capsule” of EPS surrounding each cell 

(Windler et al., 2015). This was achieved even when the diatom was treated with sterile spent 

media, or solid phase extracts from Dyadobacter sp. 32 monocultures. This research showed that 

this bacterium (and its metabolites) can dictate metabolite secretion and biofilm formation in 

diatoms. Therefore, the genome and metabolic potential of the bacterium Dyadobacter sp. 32 is of 

particular interest in understanding diatom-bacteria interactions, diatom EPS secretion and 

biofilm formation.  

Originally proposed by Chelius and Triplett with the type species D. fermentans (Chelius 

and Triplett, 2000), the genus Dyadobacter comprises at least 14 fully characterized species. These 
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species are Gram-negative staining, rod like, non-motile and aerobic, contain a flexirubin like 

pigment, and typically possess GC contents of around 48%. They have generally been isolated 

from soil samples, as well as freshwater environments, and in association with vascular plants 

(Reddy and Garcia-Pichel, 2005). This article describes the genome of the isolate Dyadobacter sp. 

32, isolated from benthic biofilms of Lake Constance. The level of 16S rRNA gene sequence 

similarity of strain 32 with other Dyadobacter species is between 92.65 and 94.29%, based on the 

EZTaxon type strain database (Yoon et al., 2017). The 16S phylogeny is depicted in Figure 2-1 

based on the leBIBI-PPF web tool (Flandrois et al., 2015). 
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Figure 2-1: Phylogenetic neighbourhood of 

Dyadobacter sp. 32, based on 16S ribosomal 

sequences. Tree construction was performed 

using the LeBIBI-PPF web tool, recruiting 

only from the type strain database. 30 strains 

were recruited using a BLAST search, 

alignment using the clustalo program, and 

phylogeny calculated with the phyML 

program. Branch support is indicated with 

the branch width, with branch support 

values greater than 0.9 being rendered. 

Shown in red are the three 16S rRNA from 

sp. 32.  
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Data description 
Dyadobacter sp. 32 was grown using half-strength LB media under aerobic conditions at 

20°C with shaking (70 rpm), and DNA extracted using the CTAB method described by the Joint 

Genomes Institute (Feil et al., 2012). A second DNA sample was extracted from colonies grown 

on R2A media, using the Maxwell RSC instrument (Promega). Genome sequencing was 

conducted using Illumina MiSeq v3 (using a TruSeq nano kit for library prep) and PacBio RSII 

sequencing platforms (Pacific Biosystems), achieving coverage of 209× and 197×, respectively. 

Genome assembly was achieved with reads from both sequencing technologies, using the hybrid 

assembly method (at ‘normal’ stringency settings) of Unicycler (Wick et al., 2017). The assembled 

genome was annotated using the integrated microbial genomes expert review annotation 

pipeline version v. 5.0.2 (Markowitz et al., 2012). 

The general genome and physiological characteristics of Dyadobacter sp. 32 are summarized 

in Table 2-1. The completed genome has a size of 7,101,228 bp, organized in a single chromosome. 

Annotation identified 6123 genes, 6062 of which are protein coding. The genome contains three 

ribosomal RNA operons, one of which contains two tRNA genes (isoleucine and alanine, 

respectively) between the 16S 23S genes (Figure 2-2). The sudden ‘flip’ in GC skew values was 

not aligned with the locus of the chromosomal replication initiator protein DnaA (locus tag 

DYADSP32_1). Instead, these two features were separated by roughly 1 mbp, much like the 

genome sequence of D. fermentans (Lang et al., 2009).  

Table 2-1: general features of Dyadobacter sp. 32 
Property Description 

General features  

Classification Domain Bacteria 

 Phylum Bacteroidetes 

 Class Cytophagia 

 Order Cytophagales 

 Family Cytophagaceae 

 Genus Dyadobacter 

Gram stain Negative 
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Cell shape Rods 

Colony color Yellow 

Motility Non-motile 

Temperature range  8 – 30°C 

NaCl range 0 – 5% (w/v) 

Oxygen requirements Aerobic 

MIxS data  

BioProject accession PRJEB33118 

Investigation type bacteria_archaea 

Latitude and longitude 47.695396, 9.193617 

Depth 0 m 

Geographic location Germany 

Environment (biome) Freshwater environment (ENVO:01000306) 

Environment (feature) Freshwater lake (ENVO:00000021) 

Environment (material) Biofilm (ENVO:00002034) 

Elevation 395 m 

Trophic level Heterotroph 

Sequence features  

Sequencing platforms Illumina MiSeq, PacBio RS 

Assembly method Unicycler v. 0.4.4 

Size (bp) 7101228 

GC content (%) 44.93 

Genes 6123 

Protein coding genes 6062 

rRNA operons 3 

tRNA genes 40 

Replicons 1 

 

The genome was surveyed for secondary metabolite biosynthetic gene clusters, using the 

antiSMASH online tool v. 5.0.0 (Blin et al., 2019). Five biosynthetic gene clusters were detected, 

the results of which are summarized in SI 1. The role of one such gene cluster (Region 4), was 

putatively assigned as carotenoid biosynthesis. The gene cluster contains one regulatory element 

and five biosynthesis related genes, including a beta-carotene 3-hydroxylase (EC 1.14.15.24), 

utilized in the biosynthesis of zeaxanthin (see Figure 2-3). This gene cluster was identified in 
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every other Dyadobacter strain, except for D. ginsengisoli DSM 21015 (SI 1). In order to identify the 

pigment synthesized, D. ginsengisoli was acquired from the DSMZ, and the pigments of both 

strains were extracted following the pigment extraction and HPLC analysis by Lepetit et al. 

(2013). This analysis identified a pigment from Dyadobacter sp. 32, which matched the retention 

time and absorption spectrum of a known zeaxanthin standard, and was not present in extracts 

of D. ginsengisoli (SI 2). These data suggest this gene cluster synthesizes zeaxanthin, or a pigment 

very similar to it.  

 

Figure 2-2: Complete genome of Dyadobacter sp. 32, produced with Gview v. 1.7 (Petkau et al., 

2010). The rings illustrate the following features, from the outside in: Gene coordinate (in mbp); 

tRNA genes; rRNA genes; GC content; GC skew; and COG category.  

The ability to process a wide range of carbohydrates is a common property of the 

Bacteroidetes phylum, and indeed novel carbohydrate utilizing enzymes have been identified in 

other species of Dyadobacter (Nihira et al., 2015). Given Dyadobacter sp. 32 is capable of growth 

when only supplied by carbohydrates secreted by diatoms, its genome could shed light on the 
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methods by which bacteria utilize the unique carbohydrates of diatoms. To this end, the genome 

was surveyed for carbohydrate gene clusters using the dbCAN2 meta server (Zhang et al., 2018). 

This analysis detected 97 putative gene clusters, shown in SI 3. This value is within the same 

range of polysaccharide utilizing loci found in other Dyadobacter species by Terrapon and 

coworkers (2018).  

 

Figure 2-3: Putative zeaxanthin biosynthetic gene cluster structure. Six genes were identified, 

including one regulatory function (grey), and five biosynthetic elements (blue hues). The locus 

coordinates are shown for the beginning and end of the gene cluster above, along with the locus 

tag for each gene, with the locus tag prefix omitted (4995-5000). The length of each gene (in bp) is 

shown within the gene symbol, and distance between each gene is shown below (4995 and 4996 

overlap by 3 bp). 5000: MerR DNA-binding transcriptional regulator; 4999: Phytoene desaturase; 

4998: Phytoene/squalene synthetase; 4997: Isopentenyl-diphosphate delta-isomerase; 4996: Beta-

carotene 3-hydroxylase; 4995: Lycopene cyclase domain-containing protein.  

Finally, the genome was scanned for genomic islands, using IslandViewer 4 (Bertelli et al., 

2017), shown in SI 4. This analysis detected 24 genomic islands using at least one detection 

method, the largest of which being a 104 kbp island containing 114 genes. In fact, when homologs 

of each gene from this region were searched for using a standard BLAST search, one gene (locus 

tag DYADSP32_1929) was most similar to a protein encoded by Kordia algicida (NCBI gene 

accession code WP_040559848.1), a bacterium which excretes diatom-lethal proteases (Sohn et al., 

2004; Paul and Pohnert, 2011). In neither bacterium is this gene a protease, nor does Dyadobacter 

sp. 32 appear to be detrimental to diatom growth. However, it is tempting to hypothesize that 

this putatively horizontally transferred gene confers an advantage during interactions with 

diatoms. Intrigued by this discovery, the genome was examined further for genes identified in 

other algae-bacteria interactions. Through this search it was found that Dyadobacter sp. 32 also 

harbors the so-called Ebo operon (DYADSP32_2563-DYADSP32_2568), a six gene operon 
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identified in the genomes of both eustigmatophyte algae and bacteria, as illustrated by Yurchenko 

and co-workers (Yurchenko et al., 2016). While this operon has been hypothesized as synthesizing 

a novel metabolite, it is not clear if the operon has a function in algae-bacteria interactions. 

The whole genome sequence of Dyadobacter sp. 32 is a valuable tool for understanding inter-

species signalling in freshwater biofilms, which contributes to biofouling. The genomic analyses 

outlined above have identified a potentially novel zeaxanthin biosynthetic gene cluster. 

Furthermore, these analyses outline a number of targets for future studies regarding the 

ecological roles this bacterium plays, including genes which may help facilitate diatom-bacteria 

interactions. 

Genome Accessions  
The associated data of this publication are available under the bioproject accession 

PRJEB33118, and the strain has been deposited in the Belgian Coordinated Collection of 

Microorganisms under the accession code LMG 31449.  
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Transcriptomic analysis of the diatom Achnanthidium 
minutissimum during biofilm formation 
Lachlan Dow, Svenja Mayer, Bernard Lepetit and Peter G. Kroth  

Abstract 
Throughout the world’s oceans and waterways, diatoms and bacteria are omnipresent 

within the photic zone. This is equally true in benthic systems in which bacteria and diatoms are 

often found in high abundances within biofilms: highly productive layers of microorganisms 

attached to a substrate. Transcriptomics has become a useful tool in understanding these 

interactions. The ubiquitous benthic freshwater diatom Achnanthidium minutissimum forms 

biofilms during interactions with the bacterium Dyadobacter sp. 32, and therefore presents a 

unique opportunity to study transcriptomic changes during biofilm formation. The transcriptome 

of A. minutissimum when grown axenically and when co-cultured with Dyadobacter sp. 32 were 

compared. Results showed that among other responses, photosynthetic pathways were 

upregulated in A. minutissimum co-cultures, along with a downregulation of TCA cycle and 

glycerolipid biosynthesis genes, suggesting a shift in the carbon metabolism of the diatom. 

Furthermore, a number of functions were differentially regulated which were previously 

identified in other diatom – bacteria interaction studies, including arginine and urea biosynthesis. 

Taken together, this study builds on our understanding of how diatoms and bacteria 

communicate and cooperate, and suggests that certain metabolisms maybe regularly utilised by 

diatoms in diverse interactions with bacteria. 

Introduction 
In aquatic environments, any submerged solid substrate is likely to be colonised by a 

biofilm: a layer of microbes connected by EPS (both to one another and to the substrate) (de 

Carvalho, 2018). If the substrate is illuminated, photosynthetic organisms persist in these 

biofilms. These communities of both prokaryotes and eukaryotes are called phototrophic 

biofilms, and the diatoms within take advantage of certain aspects of a biofilm lifestyle, such as 

resistance to salinity and temperature stress (Aslam et al., 2012; Steele et al., 2014). These biofilms 

have important consequences commercially, as practically all submerged man-made surfaces 
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develop biofilms, which leads to substantial maintenance costs (Molino and Wetherbee, 2008). 

Diatoms are abundant in phototrophic biofilms, and a large portion of the phylum’s diversity live 

in these environments, in which they play a central role by providing a carbon source via 

photosynthesis. This photosynthate is used by themselves and associated heterotrophic 

organisms to produce the EPS scaffold. Hence, understanding benthic diatoms is a crucial aspect 

of understanding phototrophic biofilms as an aquatic habitat and as an industrial nuisance. 

Interspecies communication as well as the exchange of metabolites appear to be 

commonplace in phototrophic biofilms. For example, Vanelslander et al. (2012) showed the 

diatom Nitzschia cf pellucida utilises cyanogen bromide, BrCN, as a strong allelopathic agent 

against other organisms in biofilms. Other benthic diatoms were shown to disperse from their 

benthic habitat upon treatment with the diatom derived aldehyde 2E,4E-decadienal (Leflaive and 

Ten-Hage, 2011). Furthermore, Bruckner et al. (2011) showed how a variety of freshwater benthic 

diatoms excrete certain amino acids differentially, depending on the bacteria they were cultured 

with. Meanwhile, bacteria within phototrophic biofilms have been found to excrete key 

metabolites. The sexual reproduction of the benthic estuarine diatom Seminavis robusta was 

shown to be influenced by the associated bacteria (Cirri et al., 2018). The well-studied class of 

bacterial quorum sensing molecules, N-acyl-homoserine lactones (AHL), are suggested to induce 

EPS production in the diatom Cylindrotheca sp. when treated with AHL molecules (Yang et al., 

2016), and also act as a chemoattractant for the zoospores of the macroalga Ulva (Joint et al., 2002; 

Joint et al., 2007) as well as animals (Hadfield, 2011).  

Bacteria are also the primary source of B-vitamins for many auxotrophic algae (reviewed in 

Croft et al. (2006)), however the supply of benthic diatoms with B-vitamins from bacteria is far 

less studied compared to planktonic diatom species. In 2015 however, Monteverde et al. (2015) 

showed how thiamine (vitamin B1) was more concentrated in the top layer of marine sediments 

compared to the water column above. This evidence suggests that vitamins are likely to be 

exchanged between microbes in biofilms.  

Recently, RNA-seq has proven to be a useful technique to elucidate interactions between 

diatoms and bacteria. One well studied model system is the mutualistic diatom – bacterium co-
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culture of Thalassiosira pseudonana and Ruegeria pomeroyi DSS-3. Within this system, 

transcriptomics guided experiments illustrated how T. pseudonana benefited via the supply of 

vitamin B12, while R. pomeroyi was able to proliferate due to a specific diatom derived substrate, 

2,3-dihydroxypropane-1-sulfonate (Durham et al., 2015). Further transcriptomic and 

metabolomic studies identified the differential regulation of a variety of diatom metabolic 

pathways, including lipid metabolism, recognition response and metabolite transport (Durham 

et al., 2017). In a separate diatom – bacterium system, it was discovered that the bacterium 

Sulfitobacter SA11 had growth promoting effects upon the diatom Pseudonitzschia multiseries. 

Transcriptomics was able to highlight how these two species cooperated, as P. multiseries supplied 

tryptophan among other nitrogen containing compounds, in turn receiving indole-3 acetic acid 

(IAA) (Amin et al., 2015). In light of these experiments, the model system of A. minutissimum and 

Dyadobacter sp. 32 presented a unique opportunity to simultaneously study the genetic regulation 

during both biofilm formation and diatom – bacteria interactions.  

Importantly, diatom biofilm formation appears to be a concerted process, and therefore 

under genetic control, rather than due to the random settling of cells. During biofilm formation, 

the EPS which diatoms excrete, in contrast to the EPS of bacteria, can be classified into discrete 

structures (Bahulikar and Kroth, 2007; Molino and Wetherbee, 2008). These structures are used 

by the diatom to attach to one another or substrate, or in the case of motile diatoms, as a means 

by which to slide along the substrate. The EPS excreted by diatoms has unique biochemistry 

(Smith and Underwood, 1998), and certain diatoms have been found to utilize specific proteins 

and small molecules in adhesion to substrates (Buhmann et al., 2014; Poulsen et al., 2014; Willis 

et al., 2014). This implies that specific genes are involved in the production of EPS. In this study, 

we employed RNA sequencing to identify the genetic elements underlying diatom biofilm 

formation. The diatom of interest in this study, Achnanthidium minutissimum, is a diatom found 

worldwide in freshwater environments. It excretes EPS and hence forms biofilms only when co-

cultured with certain associated bacteria (Windler et al., 2015). The bacteria in question, 

Dyadobacter sp. 32 (Bacteroidetes) originated from the same location as from 

where A. minutissimum was isolated. Furthermore, the authors (Windler et al., 2015) showed this 

effect was due to compounds excreted by bacteria, illustrating how biofilm formation is induced 
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in diatoms, and hence diatom genes must be involved. Electron microscopy of A. minutissimum – 

Dyadobacter sp. 32 biofilms showed that the bacterium only adheres to the surfaces of diatoms 

excreting EPS (Leinweber and Kroth, 2015), illustrating how benthic communities rely on EPS 

excreted by diatoms.  

With this in mind, the A. minutissimum – Dyadobacter sp. 32 co-culture is an ideal model 

system with which to study the genetic elements of diatom biofilm formation. In this study, we 

show for the first time, the transcriptional activity of A. minutissimum during biofilm formation, 

in order to understand the changes in metabolism underlying biofilm formation. Dyadobacter 

sp. 32. The biofilm phenotype coincides with the onset of the stationary growth phase of the 

diatom, thus RNA from each culture was extracted at this growth stage, hypothesising that genes 

whose regulation is correlated with biofilm formation in diatom – bacteria co-cultures are 

involved in biofilm formation. 

Materials and methods 

Growth conditions 

Achnanthidium minutissimum (Kützing) Czarnecki, originally isolated from autotrophic 

biofilms in Lake Constance, Germany was cultured in bacillariophycaean media (BM) (Schlösser, 

1994) at 16°C, under a 16:8 day:night cycle with a light intensity of 70 µmol m-2 s-1 without shaking. 

Cultures were kept in sterile tissue culture flasks (Sarstedt). Dyadobacter sp. 32, originally isolated 

from a culture of Cymbella microcephala collected from Lake Constance biofilms, was cultured in 

half-strength lysogeny broth (LB) media at 20°C with shaking (90 rpm), in sterile Erlenmeyer 

flasks.  

Experimental setup 

Four T175 tissue culture flasks containing 150 mL BM were each inoculated with 1 mL from 

an A. minutissimum stock culture (containing 9.5 ×10
5
 cells mL-1). To two of these cultures 100 µL 

of Dyadobacter sp. 32 inoculum was also added to create two co-culture replicates. To prepare this 

inoculum, a culture of Dyadobacter sp. 32 was grown until the exponential phase (OD600 = 0.67), 

centrifuged in a sterile microcentrifuge tube (10 min, 16100 g) and resuspended in sterile BM 

media. The suspension was centrifuged and resuspended in sterile BM once more, to a final 
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optical density of 0.12. The four cultures were then grown with the flasks lying on their large face 

(see Figure 3-1 A) for ten days, to allow a biofilm to form in the co-culture replicates.  

The four cultures were then harvested, after cell density was measured and control cultures 

were tested for axenicity. For harvesting, the bottom of each culture (including the control 

cultures) was scraped with a sterile cell scraper (Sarstedt) to suspend the biofilms formed in co-

cultures. A 1 mL aliquot of each culture was used to quantify cell density using a multisizer 3 

coulter counter (Beckmann-Coulter). Cultures had cell densities ranging from 1.35 – 1.6 ×10
6 cells 

mL-1. Axenicity of the control cultures was confirmed with microscopic inspection using SYBR-

Green staining. Each culture was poured into three 50 mL Falcon tubes and pelleted (5 min, 4,000 

g). the three pellets were combined and centrifuged once again. The supernatant was discarded 

and the remaining pellet was snap frozen in liquid nitrogen. The pellet was stored at -80°C until 

further use. 

 
Figure 3-1: Experimental design of laboratory setup (A) and RNA data acquisition and analysis 

(B). Four flasks, two axenic and two co-cultures were inoculated. Total RNA was extracted from 

each and sequenced. After alignment and counting, differential expression analysis was 

conducted such that each co-culture was treated individually, while the two axenic samples were 

treated as replicates.  

RNA 
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Differential expression analysis:
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 RNA extraction 

RNA from the four respective axenic and co-culture pellets was extracted using the 

peqGOLD total RNA kit (peqlab VWR), with a number of alterations to the recommended 

instructions. The frozen cell pellets were put into a cold, clean mortar, and the mortar filled with 

liquid nitrogen. The pellet was ground with a pestle until a fine powder was produced. Before 

the sample was degraded (indicated by a bright green colour) it was collected and added to a 

sterile microcentrifuge tube and frozen in liquid nitrogen. To each sample 1 mL of trizol reagent 

was added, and the samples vortexed (20 sec.) and incubated with a thermoshaker (Eppendorf, 

1100rpm, 5 min, RT). Chloroform was added (200 µL) and the samples vortexed and incubated 

once again, then centrifuged (16000 g, 20 min, 4°C). The aqueous layer was transferred to a clean 

tube and combined with an equal volume of ice cold 70% (v/v) ethanol. RNA was extracted 

hereafter following the Peqlab instructions, beginning with addition of samples to the Peqlab 

perfect bind micocentrifuge column. RNA extraction results were determined photometrically 

via A260/280 and A260/230 absorbance ratios, and RNA quality and DNAse efficacy determined via 1% 

agarose gel electrophoresis of a sample aliquot. 

RNA sequencing and library preparation 

For sequencing, RNA was diluted to 100 ng µL-1 with RNase free water. Sequencing was 

conducted by GATC/Eurofins Genomics (Constance, Germany). Poly(A)-enriched, fragmented 

RNA was used to create a randomly primed cDNA library, which was sequenced using the 

Illumina HiSeq2500 platform with a sequencing depth of more than 30 × 10
6
 reads per sample 

(TrueSeq cDNA de novo sequencing), with single ended 50 bp reads. 

Sequence data treatment and analysis 

A schematic representation of the data analysis pipeline is shown in Figure 3-1 B. Raw read 

files were confirmed for quality using the online tool fastqc (Andrews). As all samples were 

deemed of acceptable quality, each was thus aligned and quantified to the in-house normalised 

transcriptome library prepared by Rottberger (2013), using the quasi alignment method from the 

program Salmon (Patro et al., 2017), with a kmer value of 17. Singletons were not used. No 
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trimming of the data was performed, given that less than 0.2% of reads had elements beyond the 

expected quality score range. 

These alignment files were used for differential expression analysis, conducted using the R 

package EdgeR (Robinson et al., 2010). Counts were normalised using the weighted trimmed 

mean function. Based on principal component analyses using the biological coefficient of 

variation as well as leading logarithmic fold-change parameters (shown in Figure 3-2 A), two 

differential expression analyses were defined: co-culture replicate 1 vs. the axenic duplicates, and 

co-culture replicate 2 vs. the axenic duplicates. Due to the lack of replicates, read counts were 

modelled using the quasi-likelihood generalised linear model, along with dispersion estimates (a 

factor that accounts for the variability among biological replicates). Singletons in the 

transcriptome library were not modelled. Hence a differential expression dataset was produced 

displaying the fold-change of each co-culture with respect to both co-cultures. For all downstream 

analyses, contigs for which one or more sample possessed CPM values of < 1 were ignored.  

Contigs whose annotation included a KEGG ontology code were visualised on the 

respective KEGG metabolic pathway maps using the R program Pathview (Luo and Brouwer, 

2013). Pathview was conducted such that the logarithmic fold change of the two co-culture 

samples in relation to the control treatment were visualised on a single pathway. For contigs 

possessing the same KEGG ontology the average LFC was calculated and displayed. Pathways 

were discarded if no gene mapped onto it, or if they were deemed irrelevant, for example human 

disease or organismal system pathways.   

In cases when genes of similar or identical functional annotation yet different 

processes/subcellular localisation (for example phosphoribulokinases), transcript sequences were 

compared to the most similar homolog in the P. tricornutum (CCAP 1055) genome hosted on the 

Joint Genomes Institute page. When possible, each transcript of A. minutissimum was thus 

assigned the same function as the homolog identified in P. tricornutum. In the case of possible 

plastid localised proteins, this was supported via the use of the signalP 3.0 and ASAFind online 

tools (Dyrløv Bendtsen et al., 2004; Gruber et al., 2015), using the 6-frame translations of the 

transcript sequence. 
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Pigment analysis 

Cultures of axenic A. minutissimum and Dyadobacter sp. 32 − A. minutissimum co-cultures 

were grown in a volume of 150 mL as quadruplicates in AM media (identical to BM media with 

soil nutrients substituted for f/2 Guillard multivitamins, trace metal and silicate/selenate 

solutions) for 10 days under cultivation conditions.  

In order to extract pigments from axenic cultures, aliquots of each replicate were 

centrifuged (4600 g, 5 min, 23°C), the supernatant discarded and the aliquots frozen in liquid 

nitrogen for future use. From co-cultures, suspended cells along with the growth media were 

poured out. The remaining attached biofilm cells were removed with a sterile cell scraper 

(Sarstedt) and suspended in a minimal amount of milli-Q water. This suspension was centrifuged 

(4600 g, 5 min, 23°C) and the pellet frozen in liquid nitrogen. The pellet was suspended in 600 µL 

extraction buffer (81% methanol, 10% ethyl acetate, 9% 0.2 M ammonium acetate) and vortexed 

thoroughly (> 15 seconds). The resulting solution was centrifuged (1 min, 18000 g, RT) and the 

supernatant filtered with a 0.45 µm syringe filter before being injected onto a Hitachi LaChrom 

Elite HPLC system with a 10°C cooled autosampler and a Nucleosil 300-5 C18 column (Macherey-

Nagel, Germany). Eluents and gradient programs were as described in Kraay et al. (1992). 20 µL 

of each pigment extract was injected and pigments were quantified according to Wilhelm et al. 

(1995). Absorbance peak areas were converted to moles using their respective extinction 

coefficient and normalised to the sum of chlorophyll a and chlorophyllide amount in the sample. 

Statistics and graphing was completed using Graphpad Prism (v. 5.02). 

Results 

Sequencing of A. minutissimum RNA extracts and differential expression analysis 

A transcriptomics experiment was designed with the aim of identifying genetic elements 

involved in biofilm formation in the diatom A. minutissimum. To this end, four cultures of A. 

minutissimum were grown in parallel: two of which were axenic, and the remaining two 

inoculated with the bacterium. RNA was extracted from each sample when biofilms had formed 

in the co-culture treatments. At least 89.68% of the reads in each sampled were aligned to the 

normalised, annotated transcriptome library produced by Rottberger et al. (2013) (see Table 3-1).  
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Table 3-1: Summary of RNA sequencing results and mapping 
Sample No. reads No. mapped reads Total reads mapped 

Axenic 1 47 087 330 42 227 686 89.68% 
Axenic 2 50 903 671 47 534 149 93.38% 
Co-culture 1 41 105 061 38 684 229 94.11% 
Co-culture 2 46 371 893 43 732 410 94.31% 

 

The analysis of the quantified reads showed that the estimated biological coefficient of 

variation (BCV) was low, with only a few genes possessing a BCV higher than 0.3 (a commonly 

used threshold for reliability, see Figure 3-2 B). While principal component analysis revealed both 

axenic samples were closely grouped, a large variation between the two co-culture samples 

(Figure 3-2 B). For this reason, differential expression in each co-culture in relation to the two 

axenic cultures was analysed separately, such that fold change data was attained for each co-

culture. The results of this analysis showed that the number of genes differentially expressed in 

both co-cultures were relatively few (summarised in Table 3-2); 605 genes had a log fold-change 

higher than 1, and 219 genes were identified with a fold change of less than −1, corresponding to 

2.32 and 0.84% of all identified genes, respectively. Furthermore, very few genes were found with 

fold-changes high magnitudes (shown in Figure 3-2 C and D). This result suggested that a 

relatively small subset of the A. minutissimum genome is responsible for biofilm formation.  
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Figure 3-2: Visualisation of differential expression analysis. A: Principle component analysis of 

differential expression results using LFC data. B: Comparing BCV with transcript count data 

showed only a handful of outlier contigs had a large variation within treatments. Each dot 

represents a gene (tagwise). C & D: Respective ‘smear’ plots generated from each co-culture 

illustrating transcript abundance (horizontal axis) and LFC (vertical axis). Each dot represents a 

transcript, which are coloured red when statistically significant (P < 0.05). Blue line indicates the 

LFC threshold of 1 (a fold change of 2).  

 

Table 3-2: Summary of transcripts differentially regulated in both co-cultures 

 Upregulated in co-cultures Downregulated in co-cultures 

LFC threshold 1 2 −1 −2 
No. genes  
(% of genes in transcriptome) 

605  
(2.32) 

58  
(0.22) 

219  
(0.84) 

1  
(0.004) 

 

BA

C D
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Surveying putative metabolic pathways reveals regulation of photosynthesis 

metabolism   

We mapped those genes with KEGG enzyme codes onto the respective metabolic pathways 

using pathview (Luo and Brouwer, 2013). The mapped enzymatic steps were in agreement with 

those identified during the original annotation by Rottberger et al. (2013). With manual overview 

of these pathways it was thus possible to identify those subsets of the diatom’s metabolism which 

were differentially regulated during biofilm formation (as well as view the variation between co-

culture replicates). Combined with targeted gene searches aided by an in-house BLAST search, 

several potential changes in the metabolism of A. minutissimum were identified in both co-

cultures. These included: photosynthesis, redox regulation, amino acid and nitrogen metabolism, 

glycerolipid metabolism and TCA cycle, and vitamin synthesis and import, the details of which 

will be discussed below.  

Photosynthesis  

Genes were upregulated in both co-cultures which were involved in the so-called 

xanthophyll cycle. In diatoms, this cycle comprises the catalysis between diatoxanthin and 

diadinoxanthin, and is a vital component of a diatoms ability to dissipate excess light energy. This 

led the authors to inspect a wider range of photosynthesis related genes and pathways. Indeed, 

by filtering contigs whose expression was upregulated (with an LFC larger than 1) in both co-

cultures and whose gene product was predicted to reside in the plastid, a total of 29 upregulated 

photosynthesis related genes were identified, in contrast to just one photosynthesis related gene 

downregulated compared to axenic cultures. This trend involved genes in both light dependent 

and independent reactions, with the majority of genes being involved in xanthophyll binding and 

light harvesting (13 and 5 genes respectively), as shown in Table 3.3 

.  
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Table 3-3: Genes with predicted photosynthetic function and plastid localised gene annotation, 

upregulated in both co-cultures (LFC > 1)  

Gene description No. of genes 

Fucoxanthin chlorophyll a-c-binding protein 12 

Fucoxanthin chlorophyll a-c binding protein precursor 2 

Fucoxanthin chlorophyll a-c deviant 1 

Gamma-tocopherol methyltransferase 1 

Light-harvesting protein 5 

Oxygen-evolving enhancer protein 2 

Phosphoglycerate kinase 1 

Phosphoribulokinase 1 

Photosystem II extrinsic protein 1 

Unknown (likely Redox process) 1 

Diadinoxanthin de-epoxidase 1 

Diadinoxanthin de-epoxidase-like protein precursor 1 

Diatoxanthin epoxidase 1 

 

Surprisingly, particular enzymes involved in carbon fixation, which included 

phosphoribulokinase (Prk), phosphoglycerate kinase (Pgk), glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), and fructose-bisphosphate aldolase. These four enzymes are 

responsible for the reactions immediately before, and three reactions immediately after, CO2 

fixation in the Calvin-Benson-Bassham cycle (shown in Figure 3-3 A). The annotation of these 

transcripts were predicted to target the plastid, as were the corresponding closest homologues in 

P. tricornutum (determined via the NCBI BLAST algorithm), supporting their predicted roles in 

carbon fixation rather than similar enzymes localised in the cytosol and mitochondria.  

Along with genes involved in the light independent reactions of photosynthesis, genes 

responsible for chlorophyll biosynthesis were upregulated. Starting with porphobilinogen 

synthase (HemB), seven out of the twelve biosynthetic steps leading to chlorophyllide synthesis 

were upregulated in both co-culture replicates, while the regulation of two other reactions varied 

between replicates (the remaining three steps were unmapped, see Figure 3-3 B). Chlorophyllide 

is the penultimate metabolite in chlorophyll synthesis, and this final step, catalysed by 

chlorophyll a synthase, was only upregulated in one co-culture replicate.  
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Figure 3-3: Regulation of Carbon fixation (A) and chlorophyll biosynthesis (B). Each box 

represents the average LFC of one co-culture in comparison to axenic cultures for that enzymatic 

step (as defined by KEGG enzyme code). Dotted arrows: multiple reactions for which no enzymes 

were associated.  
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We hypothesised that differences in pigment concentrations could be identified, given the 

observed regulation of genes involved in photosynthesis (especially concerning the observed 

xanthophyll cycle genes). To this end, pigments of axenic and co-culture A. minutissimum were 

extracted and analysed using HPLC with a photo-diode array. In co-cultures, only adhered cells 

were extracted and analysed, and those still suspended were discarded. The chlorophyll content 

on a per cell basis was significantly less in co-cultures (Figure 3-4 A), while also exhibiting a 

significant increase in diatoxanthin content, equating to roughly 25% depoxidation of the 

xanthophyll pool (Figure 3-4 B), suggesting the co-culture diatoms had activated their non-

photochemical quenching mechanism. Among other pigments such as fucoxanthin or 

chlorophyll precursors/isomers, only minor differences between axenic and co-cultures were 

observed (data not shown), however the presence of zeaxanthin could be detected in all co-

cultures, while only found in trace amounts in a single axenic culture (Figure 3-4 C). Although 

this pigment is sometimes produced by diatoms, it is also produced by D. sp. 32. At times, this 

concentration of this pigment was comparable to the β-carotene content in co-cultures.  

 

Figure 3-4: Pigment contents of A. minutissimum axenic and co-cultures, analysed via HPLC. Blue 

triangles: axenic culture replicates; red diamonds: co-culture replicates; Black line: treatment 

mean. Asterisks indicate a statistical significance between treatments (P < 0.05, Mann-Whitney 

non-parametric t-test). A: chlorophyll content per cell, calculated by the sum of chlorophyll a and 

chlorophyllide content, divided by the respective sample cell counts. B: xanthophyll pool 

depoxidation state, calculated by the diatoxanthin (Dt) content divided by the sum of 

diatoxanthin and diadinoxanthin (Dd) content. C: zeaxanthin content, normalised to the total 

chlorophyll (Chl) content.  
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Redox status 

A range of peroxide utilising and redox status associated enzymes were differentially 

regulated in co-culture samples (Figure 3-5). In particular, all identified glutaredoxin genes were 

upregulated, which in photosynthetic organisms are considered to perform a range of functions 

including oxidative stress and pathogen response (Rouhier et al., 2008). All but one ascorbate 

peroxidase contig were upregulated in each co-culture treatment, while other classes of 

peroxidases and catalases were generally downregulated. Four of the gene products were 

predicted to target the plastid and three others to target the mitochondria, based on their 

annotation and similarity to plastid targeted proteins in P. tricornutum (shown in Figure 3-5). 
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Gene type  LFC CC1 LFC CC2 

ascorbate peroxidase 

●   

●   

   

●   

   

cytochrome c peroxidase 

   

   

   

   

   

glutaredoxin 
   

   

glutathione peroxidase 

   

   

○   

○   

   

○   

glutathione reductase 

   

   

   

   

Hydroperoxidase (HPI like) 

   

   

   

   

hypothetical heme peroxidase ●   

 

LFC -2    0    2 

 

Figure 3-5: Heatmap displaying the LFC of various redox regulating genes in each co-culture. 

Red colours indicate downregulation, while green colours indicate upregulation. Closed circles: 

gene product has predicted plastid localisation. Open circles: gene product has predicted 

mitochondria localisation.  

Nitrogen assimilation and amino acid transport 

Arginine biosynthesis (including urea cycle genes) was found to be downregulated, as 

shown in Figure 3-6. Given the importance of these metabolites on nitrogen nutrition, particularly 

urea (Hao et al., 2018), these observations led to the hypothesis that a shift in how nitrogen 
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resources were being utilised was taking place. Therefore, the differential expression of genes 

involved in the transport and oxidation state of nitrogen were surveyed. 

 

Figure 3-6: Biosynthetic pathway regulation for arginine and urea. Each box represents the 

average LFC of one co-culture in comparison to axenic cultures for that enzymatic step. Pi: 

phosphate.  

The A. minutissimum transcriptome annotation was surveyed for nitrogen transporters (in 

the form of nitrate, ammonium or amino acids) and nitrogen reductases (in the form of nitrate or 

nitrite reductases) based on the annotated gene ontology and via BLAST helper using the 

Phaeodactylum tricornutum homologs. The differential regulation of these genes is summarised in 

Figure 3-7. Four nitrate reductases were identified, the transcripts of which were upregulated in 

each co-culture replicate (average LFC 1.08). Three nitrite reductases were also found, two of 

which were downregulated in both replicates (average LFC −1.15) while the third transcript 

varied between replicates.  

In comparison to nitrogen reducing genes, nitrogen transporters varied more between the 

respective genes, and between samples. Of six identified nitrate transporters, three were 

upregulated in both co-culture replicates, while the other three varied between replicates. All 

< −1
< −0.5
±0.5
> 0.5
> 1

LFC:
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three identified ammonium transporters varied significantly between replicates in their 

regulation status. 

A suite of 15 amino acid and polyamine transporters were identified. Six of these 

transporters were upregulated in both co-cultures, while two were downregulated, with the 

remaining six varying between replicates. However, eight of these 15 genes had no homolog in 

P. tricornutum, based on BLAST algorithm. Taken together, the diverse differential regulation of 

nitrogen transport and redox transcripts observed indicates the available nitrogen pool (both 

inorganic and organic) is altered in diatom – bacteria co-cultures.  
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description 

Homolog in P. 
tricornutum (protein ID) 

LFC 
CC1 

LFC 
CC2 

ammonium 
transporters 

none   

none   

none   

nitrate transporters 

54101   

26029   

26029   

54101   

26029   

26029   

amino 
acid/polyamine 
transporters 

1946   

1946   

none   

none   

none   
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9233   

none   
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13154   

none   

13154   

nitrate reductases 

54983   

54983   

none   

54983   
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Figure 3-7: Heatmap displaying the regulation of various nitrogen transport/transformation 

genes in co-cultures. Red colours indicate downregulation, while green colours indicate 

upregulation.  
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Carbohydrate and lipid metabolism 

Given that biofilm formation in A. minutissimum is characterised by the formation of 

extracellular polymeric substances (EPS), most of which is deemed to be carbohydrates, 

understanding changes in carbohydrate metabolism during co-culture was of particular interest. 

Hence, KEGG pathways categorised under carbohydrate metabolism were surveyed. The 

outcome of this survey found consistent downregulation of TCA cycle genes, shown in Figure 

3-8. 

  

Figure 3-8: Transcriptional regulation of the TCA cycle. Each box represents the LFC of one co-

culture in comparison to the average of axenic cultures for that enzymatic step.  
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In addition, glycerolipid metabolism was downregulated in co-culture samples, the starting 

point of which is glycerone phosphate, evidence of a downregulation in lipid biosynthesis (Figure 

3-9). Fatty acid elongation and degradation pathways were also hypothesised to be differentially 

expressed in co-culture treatments, however no trend was clearly visible in either pathway. 

Sequence description LFC CC1 LFC CC2 

1-acyl-sn-glycerol-3-phosphate acyltransferase   

Glycerol kinase 
  

  

Glycerone kinase 

  

  

  

Glycerol-3-phosphate o-acyltransferase 
Glycerone kinase 
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Figure 3-9: Heatmap displaying the regulation of various genes in co-cultures involved in 

glycerolipid biosynthesis. Red colours indicate downregulation, while green colours indicate 

upregulation.  

Vitamin biosynthesis and import 

An important question regarding the effect of bacteria on diatoms is what metabolites 

might be transferred between organisms. Certain diatoms rely on bacteria and other microbes in 

their environment to supply them with vitamins. Hence, it was hypothesised that 

A. minutissimum may be able to enlist the metabolism of Dyadobacter sp. 32 as a supplementary 

source of vitamins. In order to test this hypothesis, transcripts associated with vitamin 

biosynthesis were studied, along with transcripts of proteins that use vitamins as cofactors. 

A striking contrast between thiamine (vitamin B1) and pyridoxal phosphate (vitamin B6) 

biosynthesis was observed (illustrated in Figure 3-10). Genes involved in the biosynthesis of 

thiamine were consistently downregulated among co-cultures, while pyridoxal phosphate 

synthesis was upregulated. A group of compounds related to pyridoxal phosphate 

(pyridoxamine, pyridoxine, and the corresponding phosphorylated metabolites) are 

interconverted by one of two genes, pyridoxamine 5'-phosphate oxidase and pyridoxine kinase, 
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both of which were also upregulated in A. minutissimum co-cultures. This suggests that other 

pyridoxal forms are present and utilised by A. minutissimum in the co-cultures. 

 

Figure 3-10:  Regulation of biosynthetic patways for thiamine (vitamin B1) and pyridoxal (vitamin 

B6). Each box represents the average LFC of one co-culture in comparison to axenic cultures for 

that enzymatic step (as defined by corresponding KEGG enzyme code shown).  

Potential EPS production related genes 

In 2018, Aslam and co-workers studied the transcriptome of the ice diatom Fragilariopsis 

cylindrus, throughout a range of salinity and temperature regimes (Aslam et al., 2018). This 

diatom produces EPS in response to both temperature and salinity stress (Aslam et al., 2012), thus 

by correlating the transcriptome with the characteristics and quantity of EPS produced, Aslam 

and co-workers were able to find putative genes for EPS biosynthesis and secretion (Aslam et al., 

2018). We hypothesised that homologs of the genes in A. minutissimum would be similarly 

regulated during bacterial co-culture. Of the 60 genes correlated with EPS production in 

F. cylindrus, 54 possessed homologs in A. minutissimum. From this set of genes, 13 were regulated 

similarly in each co-culture (with fold changes greater than 1.4), shown in Table 3-4. 
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Table 3-4: Gene similarity and transcriptional regulation of putative Fragilariopsis cylindrus EPS 

biosynthesis homologs in A. minutissimum 

F. 
cylindrus 

A. 
minutissimum  

BLAST 
similarity 

LFC 
CC1 

LFC 
CC2 

Sequence description 

protein ID contig 
Bit 

score 
E-

value 
    

274454 c11924 221 4E-57 -1.51 -1.33 glucose-6-phosphate isomerase 

203822 c2664 279 1E-74 0.97 0.61 p-type atpase 

152145 rep_c9017 171 1E-42 1.03 1.31 fructokinase 

255097 c4551 87.4 9E-17 0.97 0.82 glucose-6-phosphate isomerase 

180632 c15636 289 3E-78 -0.58 -0.51 morn motif-containing protein 

178079 c8514 527 
3E-
149 

0.95 0.69 abc atp-binding permease protein 

211615 
c2724 340 9E-93 1.31 1.16 p-type atpase 

c2800 338 6E-92 0.88 1.25 aminophospholipid atpase 

203168 c13761 206 2E-53 1.54 1.92 udp-glucose 4-epimerase 

145946 
c2724 350 1E-95 1.31 1.16 p-type atpase 

c2800 347 1E-94 0.88 1.25 aminophospholipid atpase 

180623 
c4551 248 4E-65 0.97 0.82 glucose-6-phosphate isomerase 

c17707 232 2E-60 0.76 0.96 phosphoglucose isomerase 

 

Discussion 

A. minutissimum transcriptome response to the bacterium Dyadobacter sp. 32 

during biofilm formation 

In recent years, a number of publications have used transcriptomics to reveal the molecular 

functions of diatoms during their interaction with bacteria (Amin et al., 2015; Cirri et al., 2019). In 

some cases, RNA sequencing has also been applied to the bacteria species involved (Durham et 

al., 2015). In this paper, we compared the transcriptomes between axenic cultures and diatom – 

bacteria co-cultures during biofilm formation. When co-cultured with Dyadobacter sp. 32, the 

diatom A. minutissimum excretes EPS and subsequently forms a biofilm (Windler et al., 2015). 

Hence, RNA was extracted from replicates when biofilms had formed in co-cultures, to identify 

gene expression underlying this phenotype. 

In general, the transcriptomes of axenic and co-cultured diatoms were similar to one 

another. This is evidenced by the MDS and smear plots in Figure 3-2, which showed that there 

was little variation based on BCV. Smear plots mapping the LFC of each co-culture compared to 

both axenic cultures illustrate that only few transcripts possessed an LFC greater than 1. 
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Furthermore, less than 2.5% of contigs had an LFC greater than 1, as shown in Table 3-2. This is 

in contrast to similar studies (Durham et al., 2017), which showed considerably larger differential 

expression in response to bacteria. The relatively small fold changes of A. minutissimum could be 

due to the long period of co-culture with bacteria (ten days), allowing the diatom time to adjust 

its phenotype accordingly. It could also be attributed to the unadhered diatoms present in co-

cultures, which may not respond to the presence of D. sp. 32 and thus not alter their gene 

expression. Such a result could suggest that in future studies, diatoms in co-cultures adhered to 

the substrate and those still suspended in growth media should be separated for measurements, 

as was done for the pigment extraction and analysis shown in Figure 3-4. This hypothesis is 

supported by previous SEM experiments, which demonstrated that D. sp. 32 does not adhere to 

diatom cells not excreting EPS (Leinweber and Kroth, 2015), and highlights the importance of 

microscale interactions between diatoms and bacteria (Seymour et al., 2017).  

Through the visualisation of genes possessing KEGG enzyme codes onto their respective 

metabolic reactions, metabolic pathways were successfully constructed using the Pathview R-

package. This downstream analysis was complemented with the manual identification of genes 

involved in metabolic functions of interest, aided by the ‘blasthelper’ and BLAST algorithms. A 

number of metabolic functions were identified, which in co-cultures showed a clear pattern of 

regulation. These metabolisms, namely photosynthesis, redox regulation, arginine/urea and 

nitrogen metabolism, glycerolipid metabolism and TCA cycle, and vitamin synthesis and import, 

shall be discussed below. 

A number of transcripts involved in photosynthesis were upregulated, including 

transcripts related to both light dependent and independent reactions, and chlorophyll 

biosynthesis. This general trend is highlighted by genes annotated as photosynthesis related 

(shown in   



48 

Table 3-3) with an LFC greater than one in both co-culture replicates. In contrast, only one 

such gene was downregulated in both co-cultures (LFC < −1). This included fucoxanthin binding 

proteins, potentially including the lhcx genes responsible for non-photochemical quenching 

(gene IDs 3260, 8407, 34213, 4464). These four genes, were identified based on their similarity to 

the lhcx1-4 genes of P. tricornutum, via clustalW alignment. Differential regulation of fucoxanthin 

binding proteins was also observed in transcriptomics analyses of the marine benthic diatom 

Seminavis robusta and P. multiseries, when co-cultured with bacteria (Amin et al., 2015; Cirri et al., 

2019). The identified genes involved in A. minutissimum chlorophyll biosynthesis were typically 

upregulated, although of the final step, catalysed by chlorophyll a synthase, was only 

upregulated in a single replicate. Extracted pigments analysed via HPLC were able to identify 

differences in pigment concentration, supporting the hypothesis that diatoms in a biofilm could 

be adjusting their light harvesting physiology. For example, chlorophyll content per cell was 

lower in co-cultures. Regarding xanthophylls, both transcripts and pigments extracted show that 

adhered A. minutissimum cells have activated the so-called xanthophyll cycle, as part of the non-

photochemical quenching mechanism (NPQ) involved in light protection. Benthic diatoms have 

a wide range of adaptations to the changing light conditions, including rapid NPQ and cell 

motility (Laviale et al., 2016; Blommaert et al., 2017; Lepetit et al., 2017). The results presented in 

this work highlight these adaptations and suggest that A. minutissimum adjusts to the light 

conditions it expects in a biofilm when required. However, unlike previous studies into the 

photophysiology of benthic diatoms, the diatoms studied here are predominantly of epilithic 

origin, as opposed to diatoms from sandy/muddy substrates. Future studies are required to 

understand these physiological adaptations to epilithic lifestyles. Co-cultures also contained 

zeaxanthin, likely of bacterial origin (see Chapter 2). It is not clear if the presence of zeaxanthin 

has any effect on diatoms, although it could potentially be used to quantify the biomass of 

zeaxanthin containing bacteria in biofilms in future studies. 

The regulation of genes in the CBB cycle suggests an increase in carbon fixation activity. 

The influence of attached bacteria on microalgal carbon fixation has been observed in both the 

diatom P. tricornutum, and the eustigmatophyte Nannochloropsis salina (Samo et al., 2018). In the 

study by Samo and co-authors, spatial mass spectrometry techniques were used to measure 
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carbon fixation, while this study provides molecular evidence of this phenotype for the first time. 

Within the CBB cycle, three steps consume ATP: Rubisco, phosphoribulokinase (EC: 2.7.1.19) and 

phosphoglycerate kinase (EC: 2.7.2.3). While rubisco transcripts were not sequenced in this study 

(due to the plastidial encoding of both subunits), phosphoribulokinase and phosphoglycerate 

kinase were both clearly upregulated (with an LFC of 1.0 and 1.4 respectively), supporting the 

notion that more ATP is made available in co-cultured diatoms. Despite the upregulation of 

photosynthesis, no difference in growth rate between axenic and co-culture A. minutissimum has 

been observed.  

As shown in Figure 3-8, the TCA cycle, a key element of a respiration, was differentially 

regulated in co-cultures. The TCA cycle is linked to the urea cycle via its metabolism of fumarate 

produce in arginine biosynthesis, which was also downregulated. The downregulation of TCA 

cycle genes has been previously observed in diatom – bacteria co-cultures (Amin et al., 2015), and 

could suggest energy and carbon sourced from photosynthesis is put towards gluconeogenesis, 

rather than respiration. Such a hypothesis is supported by the downregulation of transcripts 

encoding enzymes responsible for the final steps in glycolysis (from pyruvate to acetyl-CoA), and 

in the TCA cycle. This would be understandable given the increased carbohydrate demands of 

EPS production. While it is known that axenic A. minutissimum also excretes soluble 

carbohydrates (Windler et al., 2015), it is not yet clear if this is an equal quantity of carbohydrate 

to that which is rendered as EPS in co-cultures. 

Diatoms are well known to accumulate large quantities of lipids, especially during times of 

nutrient stress (Sayanova et al., 2017). If carbon is being utilised for carbohydrate production, and 

a downregulation of acetyl- and malonyl-CoA producing enzymes is observed (as shown in 

Figure 3-8), a decrease in lipid metabolism would be expected. This was observed in co-cultures, 

with a downregulation of glycerolipid metabolism genes (as shown in Figure 3-9). The 

downregulation of lipid biosynthesis was previously observed in Durham et al. (2017), when 

T. pseudonana was co-cultured with a bacterium. Such a downregulation of lipid metabolism, in 

concert with an upregulation in gluconeogenesis has been observed in a number of molecular 

studies, in which knockout or knockdown lines of certain genes were able to direct the path of 
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photosynthetically derived carbon (Sayanova et al., 2017). The observed downregulation of 

glycerolipid metabolism can be seen as a means for co-cultures of A. minutissimum to increase 

their carbohydrate production, and alternatively that co-cultures are less nutrient starved 

compared to axenic cultures. Such a hypothesis would explain the observed upregulation of 

nitrogen importers and nitrate reductases illustrated in Figure 3-7, suggesting that the presence 

of D. sp. 32 might aid in the re-mineralisation of nitrogen, alleviating nitrogen stresses in biofilms.  

Biofilm formation and EPS production: potential mechanisms conserved among 

diatoms 

In benthic systems, the excretion of EPS typically leads to the formation of biofilms. In an 

analogous situation in pelagic systems, diatoms which excrete EPS (or similarly, transparent 

exopolymer particles) are considered to lead to the formation of particulate matter, often referred 

to as marine snow (Grossart et al., 2006; Gardes et al., 2011). In parallel to the diatom – bacteria 

system utilised in this study, the centric estuarine diatom Thalassiosira weissflogii also excretes EPS 

in response to its associated bacteria, especially Marinobacter adhaerens HP15 (Gardes et al., 2011). 

Intriguingly, two studies presented proteomic and genetic evidence, which illustrated how this 

bacterium responds to T. weissflogii via the upregulation of arginine/ornithine biosynthesis, and 

amino acid/polyamine transporters (Stahl and Ullrich, 2016; Torres-Monroy and Ullrich, 2018). 

Additionally, it was shown in the work of Stahl and Ullrich (2016) that Marinobacter adhaerens 

HP15 preferred carbon source is amino acids. In another recent study, the benthic marine diatom 

Seminavis robusta altered expression of amino acid synthesis genes including branched chain 

amino acids, when treated with sterile exudates of marine bacteria (Cirri et al., 2019). 

This chapter showed that the urea cycle and arginine biosynthesis was downregulated in 

A. minutissimum co-cultures, potentially showing a conserved method by which diatoms may 

“cultivate” their phycosphere through nutrient export (as shown in Figure 3-6 and Figure 3-11). 

Such a concept was illustrated in another centric diatom – bacteria model, in which specific 

carbon sources, again including branched chain amino acids, were excreted by Thalassiosira 

pseudonana in response to a bacterium (Durham et al., 2015; Durham et al., 2017). This observation 

is substantiated by Bruckner et al. (2011), who showed the dissolved free amino acid pool of a 
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diverse array of diatom cultures is heavily influenced by bacteria in co-culture. Importantly, the 

arginine and citruline concentration was often highly decreased when D. sp. 32 was co-cultured 

with a variety of diatoms. In summary, there is mounting evidence that diatoms in diverse 

environments use amino acids as a signal molecule or even “nutrient currency” towards the 

associated bacteria. 

There are also similarities between the transcriptomes of Fragilariopsis cylindrus and 

A. minutissimum during EPS secretion. While it is not entirely clear why A. minutissimum produces 

EPS, there is strong evidence that F. cylindrus does so in response to decreases in temperature or 

increases in salinity to cope with the extreme environment of polar ice (Aslam et al., 2012; Aslam 

et al., 2018). The identification of similar genes upregulated in A. minutissimum co-cultures 

suggest that the mechanism of EPS production and secretion is conserved between these species. 

This work gives a foothold for future studies into the mechanism of EPS formation in 

A. minutissimum. 

Along with amino acids, this transcriptomics study builds on recent research highlighting 

the importance of the B-vitamins in diatom – bacteria interactions, particularly in benthic 

communities. Many diatoms are unable to synthesise one or several B-vitamins themselves, 

which they must source from their surrounding environment (Croft et al., 2006). Even though 

previous work (Windler, 2014) and the transcriptome itself suggest A. minutissimum is 

prototrophic for all B-vitamins, several vitamin biosynthesis pathways were differentially 

regulated in co-culture with D. sp. 32. Thiamine biosynthesis was downregulated, while 

pyridoxal synthesis was upregulated (see Figure 3-10). The genome of D. sp. 32 also suggests this 

bacterium possesses the necessary genes to synthesise its own vitamins as well. Nevertheless, the 

results presented here suggest that when these organisms associate within the confines of a 

biofilm, the metabolic requirements for certain vitamins is altered, particularly pyridoxal 

phosphate and thiamine. One explanation is D. sp. 32 excretes thiamine, which accumulates in 

EPS, supplementing the diatoms supply, while the inverse is true for pyridoxal, as A. 

minutissimum may increase its biosynthesis in return. This interspecies distribution of B-vitamin 

biosynthesis has been observed in coastal phytoplankton communities, in which only certain 
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species (both eukaryotic and prokaryotic) were found to synthesise certain B-vitamins at a given 

time (Gomez-Consarnau et al., 2018). Such a paradigm is also often observed in other open ocean 

systems (Cruz-López et al., 2018; Suffridge et al., 2018). This data has for the first time illustrated 

a correlation between vitamin biosynthesis and biofilm formation, however further studies are 

required to understand the effects these essential metabolites have on EPS secretion, particularly 

for model organisms such as P. tricornutum and Thalassiosira, which are auxotrophic for certain B-

vitamins (Bertrand et al., 2012). 

Among other vitamin biosynthetic pathways, a number of differentially regulated genes 

were also found. This included the A. minutissimum homolog of the cobalamin (B12) transporter 

CBA1, which was upregulated in co-cultures (A_min_c7249, LFC = 1.05), the biotin (B7) 

biosynthesis gene dethiobiotin synthetase (A_min_c25625, LFC = −0.75). A number of folate (B9) 

recycling enzymes were also differentially regulated, namely dihydrofolate reductase, which was 

downregulated in both co-cultures (A_min_c14030, LFC = −1.15), while both identified glutamyl-

hydrolases, responsible for the conversion of glutamyl folate to active folate were upregulated in 

both co-cultures (A_min_rep_c1887 and A_min_rep_c3129, average LFC = 1.87). These 

observations present further evidence that in biofilms, A. minutissimum has an altered B-vitamin 

metabolism. In the case of cobalamin, the upregulation of the transporter CBA1 was not 

associated with cobalamin starvation observed in previous studies in P. tricornutum and T. 

pseudonana, such changes in methionine biosynthesis and so-called ‘folate trapping’ (Bertrand et 

al., 2012). This could suggest that instead of being cobalamin starved, A. minutissimum is simply 

taking advantage of an expected increase in external cobalamin within biofilms. 

To conclude, this study utilised transcriptomics to identify potential metabolism shifts 

associated with biofilm formation and co-culture with a bacterium. The results of this experiment 

highlighted a number of pathways which were differentially regulated, including amino acid, 

glycerolipid and vitamin biosynthesis, all of which have been shown to be regulated in previous 

studies into diatom – bacteria interactions. Key photosynthesis related genes were also shown to 

be upregulated, along with a number of glycolysis/gluconeogenesis related genes in the presence 

of bacteria, suggesting the core metabolism of A. minutissimum is affected by certain bacteria. 
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Further research is required to elucidate the corresponding physiological changes associated to 

this transcriptomic phenotype.  

 

Figure 3-11: Summary of observed potential responses by A. minutissimum to the bacterium D. 

sp. 32, which may play a part in interspecies communication. The left side outlines 

downregulated metabolisms while the right panel outlines upregulated metabolisms (including 

transporters, enzymes and EPS production, which are upregulated). Dotted lines: hypothesised 

activities; black lines: putative transport/metabolic transformations; green lines: upregulated 

metabolisms; red lines: downregulated metabolisms.   
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Bioassay-guided isolation of infochemicals from 
bacteria inducing biofilm formation in a freshwater 
diatom  
Lachlan Dow, Peter G. Kroth & Dieter Spiteller  

Abstract 
Diatoms are ubiquitous eukaryotes occupying phototrophic biofilms: layers of microbial 

communities with diverse ecological roles. Within these biofilms, diatoms are often the chief 

primary producers, and their photosynthate not only provides an energy source for heterotrophs, 

but also a scaffold for the entire biofilm in the form of extracellular polymeric substances (EPS). 

Previous studies have shown that the production of EPS in a number of freshwater and marine 

diatoms depends on the associated bacteria, however the chemical cues instigating this 

interaction are not known. This work aims to purify bacterial compounds inducing EPS 

production and subsequent biofilm formation in diatoms. Using the model freshwater benthic 

diatom Achnanthidium minutissimum and a biofilm formation assay, it was found that a range of 

bacteria from the Bacteroidetes phylum induced biofilm formation. Biofilm formation was 

replicated treating axenic A. minutissimum with solid phase extracts from these species. A number 

of chromatographic techniques were used to purify the infochemicals involved by bioassay-

guided fractionation, which were combined to produce a method of purifying biofilm inducing 

compounds. Results showed that the bacterium Dyadobacter sp. 32, previously shown to excrete 

biofilm inducing compounds, excretes several compounds with biofilm forming activity. The 

most bioactive fractions were also the most hydrophobic fractions, which eluted from a RP18 

UPLC system with 100% methanol. The bioactivity of these fractions also exhibited an optimum 

range, outside of which no biofilm formation was observed. These results open the door for future 

work in identifying biofilm inducing compounds, as well as more diverse studies into the effects 

these molecules have on diatoms.      
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Introduction 

Bacterial signals are a key component of the phycosphere 

Throughout aquatic environments, microalgae are the foundation of the food web; 

ubiquitous primary producers providing organic nutrients for heterotrophic organisms. 

However, it is now clear that microalgae form close associations with other microbes, especially 

bacteria. These interactions take part within the volume of water surrounding algae, termed the 

phycosphere (Bell and Mitchell, 1972), and while these interactions play out on the microscale, 

they have global consequences (reviewed in Seymour et al. (2017) and Cirri and Pohnert (2019)). 

Understanding and identifying the bacterial signals which mediate this interaction is therefore a 

key component to our understanding of aquatic ecosystems.  

Recent studies have identified a range of molecules from bacteria (typically marine ones) 

with roles in the phycosphere. These molecules vary in their structure and function, however a 

large proportion of them can be assigned into one of two groups: algicidal compounds (Meyer et 

al., 2017), or vitamins (or precursors thereof) required by certain algae (Helliwell, 2017). 

Comparatively few studies have identified compounds produced by bacteria with more specific 

roles in signalling or phenotypic changes of microalgae. This chapter focusses on the isolation of 

bacterial signals which induce EPS secretion and subsequent biofilm formation in the freshwater 

diatom Achnanthidium minutissimum. 

Diatoms secrete EPS, shaping the benthos on aquatic surfaces 

Extracellular polymeric substances (EPS) are excreted by a wide variety of aquatic microbes 

(Decho and Gutierrez, 2017) including diatoms, which can use EPS to create a variety of structures 

(Bahulikar and Kroth, 2007; Bahulikar and Kroth, 2008; Molino and Wetherbee, 2008). With 

respect to benthic diatoms, EPS plays a particularly important ecological role, acting as the 

extracellular matrix within which microbial communities thrive. A substantial amount of work 

has elucidated the function of EPS in a diatoms ability to adhere to surfaces, and for motile 

species, their ability to move over it (Molino and Wetherbee, 2008; Buhmann et al., 2014; Willis et 

al., 2014). Non-motile diatoms utilise ‘pads’ and ‘stalks’ with which they tether themselves to the 

substrate, a process which utilises unique EPS compounds (Poulsen et al., 2014). Meanwhile, 

motile species (such as the well-studied Amphora coffeaeformis and Seminavis robusta) apparently 
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utilize EPS as a link between the substrate and intracellular machinery required for motility 

(Molino and Wetherbee, 2008), leaving behind a trail of EPS. Many species of diatom also produce 

a rudimentary capsule, which surrounds the entire cell (Bahulikar and Kroth, 2007). Ultimately, 

the EPS coats the substrate, laying a foundation with which other microbes and multicellular 

organisms can settle upon, leading to a multispecies biofilm. The EPS secreted by diatoms is 

therefore an important component for the form and function of biofilms. These biofilms are both 

ecologically and industrially relevant (see introduction for details). Indeed, while much research 

is focussed on the prevention of biofilm formation, very little is known about what prompts EPS 

secretion, nor biofilm formation. 

Bacteria induce EPS secretion and biofilm formation 

What is known about the induction of EPS secretion in diatoms is that i) EPS is sometimes 

secreted in response to abiotic stress, and ii) diatom associated bacteria influence EPS secretion. 

In the sea-ice diatom Fragilariopsis cylindrus, environmental and laboratory experiments show EPS 

secretion is associated with decreased temperatures and increases in salinity, suggesting EPS has 

a role in protecting F. cylindrus from the harsh polar environment (Aslam et al., 2018). 

Furthermore, Aslam et al. showed F. cylindrus was better protected against salinity stress when 

given an exogenous supply of artificial EPS (in the form of xanthan) (2012). Using the same 

technique, it was found the biofilm forming diatom C. closterium was more resistant to short and 

longer term salinity shock, supporting the hypothesis that diatoms utilise EPS in response to cold 

and/or saline stress. 

A number of diatom species secrete EPS in response to bacteria. The planktonic diatom 

Thalassiosira weissflogii produces transparent exopolymer particles (analogous to EPS), leading to 

the formation of larger aggregations (which contributes to so-called marine snow). Interestingly, 

it was shown by Gärdes et al. (2011) that axenic T. weissflogii makes substantially more transparent 

exopolymer particles when cultured with specific strains of bacteria which were originally 

isolated from T. weissflogii cultures. One such strain of bacteria was later shown to be chemotactic 

towards the T. weissflogii (Sonnenschein et al., 2012), showing this interaction involves two-way 

communication.  
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Particularly relevant to this study, certain freshwater benthic species also secrete EPS in 

response to bacteria, as shown by Bruckner et al. (2011). In this seminal work, a wide range of 

axenified benthic diatoms were treated with a strain of bacteria, either Escherichia coli or one of a 

number of bacteria co-isolated with benthic diatoms. This study showed that EPS content was 

highly increased when certain species of diatom were inoculated with bacteria, while other 

species of diatom were unaffected or even decreased EPS production. The diatom with the 

strongest response was Achnanthes minutissima (now Achnanthidium minutissimum), which 

produced the highest amounts of EPS when treated with the bacterium Dyadobacter sp. 32, while 

producing next to no EPS when cultured axenically. This diatom – bacterium co-culture was 

studied in detail by Windler et al. (2015), who showed that this EPS secretion leads to biofilm 

formation. Furthermore, biofilm formation could be induced simply via treatment of 

A. minutissimum with solid phase extracts of the bacterium, indicating that a chemical signal is 

responsible for EPS secretion and biofilm formation.   

A number of natural products from bacteria have recently been found that affect aquatic 

eukaryotes in manners beyond simple growth inhibition or promotion (reviewed in Wichard and 

Beemelmanns (2018)). In a similar vein, unknown bacterial signals induce EPS secretion in 

diatoms. The diatom – bacterium model system of A. minutissimum and Dyadobacter sp. 32 is 

therefore a useful system with which to study biofilm induction, because this diatom produces 

next to no EPS without chemical cues from bacteria. This chapter focusses on efforts to 

characterise and isolate these chemical cues. 

Materials and methods 

Growth conditions and media 

Achnanthidium minutissimum (Kützing) Czarnecki, originally isolated from autotrophic 

biofilms in Lake Constance, was cultured at 16°C, under a 16:8 light:dark cycle with a light 

intensity of 70 µmol m-2 s-1 without shaking. For bacterial co-culture experiments, diatoms and 

bacteria were cultured in Bacillariophycaean media (BM) (Schlösser, 1994). For all other 

experiments, diatoms were cultured in “Achnanthidium media” (AM media, (Windler, 2014)), a 

modified, ‘minimal’ version of BM, lacking soil extract, and the same complement of vitamins, 

trace elements, silicon and selenium as F/2 media (Guillard, 1975).  
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Bacteria were cultured in half-strength lysogeny broth (LB) media before being applied to 

co-culture experiments. For all other experiments, bacteria were cultured in AM media 

supplemented with 10 mM glucose. Cultures were grown at 20°C with shaking (90 rpm).  

Dyadobacter sp. 32 was originally isolated from a culture of Cymbella microcephala collected 

from Lake Constance biofilms. Flavobacterium gelidilacus DSM15343, D. fermentans DSM18053, D. 

ginsengisoli DSM21015 and D. koreensis DSM19938 were acquired from the German Collection of 

Microorganisms and Cell Cultures and Rhabdobacter roseus JCM30685 was acquired from the 

Japan Collection of Microorganisms. A summary of the strains used in this chapter is shown in 

Table 4-1. 

Table 4-1: Bacterial strains utilized in co-culture and extraction experiments 

Species Catalogue number Isolation locale Isolation habitat 

Dyadobacter sp. 32 - Lake Constance Freshwater biofilm 
D. fermentans DSM18053 USA Maize tissue 
D. ginsengisoli DSM21015 S. Korea Ginseng field soil 
D. koreensis DSM19938 S. Korea Freshwater wetland 
Flavobacterium gelidilacus DSM15343 Antarctica Freshwater lake 
Rhabdobacter roseus JCM30685 S. Korea Soil 

 

Bacterial spent media extractions 

Bacteria were grown in glucose supplemented AM media, and grown until stationary phase 

(roughly 48 hrs or to an OD600 > 0.2). Crude extract was produced via solid phase extraction or by 

directly evaporating cultures under reduced pressure.  

Solid phase extraction  

Cultures of varying volume were centrifuged and filtered through a membrane filter (0.02 

µm, Millipore) into autoclaved flasks. This media was either stored at 4°C or immediately 

extracted.  

In small scale experiments, 30 – 50 mL of bacterial cultures were centrifuged (5000 g, 5 min) 

and filtered through a syringe filter (0.02 µm, Millipore). The filtrate was extracted with 500 mg 

c18ec solid phase cartridge (Chromabond) following the manufacturer’s instructions, eluting four 

times with 500 µL methanol, which were combined. Larger scale extractions (500 – 1000 mL) were 

conducted with either 5000 mg c18ec (Supelco), or 10000 mg c18ec cartridges (Chromabond), 
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following the manufacturer’s directions. Cartridges were washed with autoclaved milliQ water 

with 5% (v/v) methanol, eluting four times with 10 mL methanol. In all experiments, the eluent 

was combined and dried under reduced pressure and redissolved in 1 mL methanol per 100 mL 

of culture extracted.  

Direct evaporation of spent medium 

Ethanol roughly equivalent to 20% (v/v) of the culture volume was added to 1 litre batch 

cultures of D. sp. 32 and the cultures stored at 4°C until further use, in an effort to limit further 

growth or biological contamination. Cultures were then dried using a rotary evaporator. This 

concentrate was combined from multiple cultures and dissolved in approximately 20 mL 

methanol. The resulting thick oil was centrifuged (5000 g, 5 min) to remove undissolved material.  

Extractions of freshwater from Lake Constance 

Water was sourced from the shore of Lake Constance in 1 litre flasks, and filtered through 

a bottle top filter (0.02 µm, Millipore). Metabolites were extracted using a 10000 mg c18ec 

cartridge (Chromabond), following the manufacturer’s directions. Cartridges were washed with 

autoclaved milliQ water and eluted four times with 10 mL methanol. The eluent was combined 

dried under reduced pressure and redissolved in 1 mL of methanol. 

Chromatography 

Bacterial extracts were purified initially using a number of reversed phase and size 

exclusion methods, specified below: 

Medium pressure liquid chromatography 

Up to 2 mL of methanolic extract from up to 2 L of culture was injected onto an MPLC 

system using a self-made Polygoprep c18 column (approximately 30 cm in length and 2.5 cm in 

width, 50 Å, 60 µm, Macherey-Nagel) in a single injection, using distilled water and acetonitrile 

as mobile phases, both with 0.1% (v/v) acetic acid, and a flow rate of 10 mL min-1. The mobile 

phase profile is shown in Table 4-2. Fractions were collected each minute and dried under 

reduced pressure before being dissolved in methanol.  
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Table 4-2: MPLC mobile phase parameters 

Time (minutes) Acetonitrile concentration (% v/v) 

0 5 (hold) 
3 5 (ramp) 
30 100 (hold) 
45 100 (end) 

 

High performance liquid chromatography 

Solid phase extracts were injected onto a Nucleodur 100-5 c18ec HPLC column (Macherey-

Nagel), in serial injections of 40 µL, using distilled water and acetonitrile as mobile phases, both 

with 0.1% (v/v) acetic acid (flow rate 0.8 mL min-1). Up to 24 injections (i.e. ~1 mL of extract 

corresponding to 100 mL of bacterial culture) were made and the eluent combined. The mobile 

phase profile is shown in Table 4-2. Fractions were collected each minute, dried under reduced 

pressure and redissolved in 1 mL methanol. 

Table 4-2: HPLC mobile phase parameters 

Time (minutes) Acetonitrile concentration (% v/v) 

0 2 (hold) 
2 2 (ramp) 
25 100 (hold) 
35 100 (ramp) 
36 2 (wash) 
42 2 (end) 

 

Ultra performance liquid chromatography 

Samples previously purified by successive MPLC and size exclusion chromatography were 

injected onto a Kinetex c18-endcapped UPLC column (100 mm × 2.1 mm, Phenomenex) in serial 

injections of 5 or 10 µL (best results were achieved with 60 injections of 10 µL). The two mobile 

phases were distilled water and methanol, both with 0.1% (v/v) acetic acid (flow rate 0.2 mL min-

1). Fractions were collected every 12 seconds and dried, and redissolved in methanol, 

approximately equal to the total volume of sample injected. The mobile phase profile is shown in 

Table 4-3. 

  



61 

Table 4-3: UPLC mobile phase parameters 

Time (minutes) Methanol concentration (% v/v) 

0 2 (hold) 
1 2 (ramp) 
8 100 (hold) 

12 100 (ramp) 
12.5 2 (wash) 
15.5 2 (end) 

 

Size exclusion chromatography 

Size exclusion chromatography was carried out using a manually prepared Sephadex LH-

20 column (approximately 15 cm in length and 1 cm in width), compounds were eluted with 

methanol (without applying pressure). Samples up to 1 mL in volume either from MPLC 

preparations (see above) or solid phase extracts of spent media (i.e. from 100 mL of culture) were 

fractionated. Fractions were collected manually, each being approximately 2 mL in volume. Each 

fraction was then either directly used in bioassays, or concentrated for use in UPLC experiments. 

Biofilm formation assays 

Diatom biofilm formation assays were conducted using a modified version of the method 

developed by Leinweber et al. (Leinweber et al., 2016). This assay differed in that 96-well 

microtitre plates (Sarstedt) were used instead of 48-well plates, and pipetting was conducted via 

the automated system described below. The contents of each microtitre plate was prepared under 

sterile conditions. Experiments using extracts or purified extracts were first added to the 

respective well positions, and when the methanol had evaporated, axenic diatoms suspended in 

250 µL of AM medium at a density of 200 × 103 cells mL-1 were added. Methanol was used as a 

control. For co-culture experiments, bacteria were grown in either half strength LB medium or 

glucose supplemented AM medium to late exponential phase (OD600 roughly 0.25), and washed 

with 1 mL BM. The cultures were adjusted to an OD600 of 0.1 before 5 µL of culture was added 

into the well. Axenic or xenic (diatom cultures still harbouring native bacterial flora) diatom 

cultures were counted using a Multisizer 3.0 (Beckman Coulter) and adjusted to a density of  

200 × 103 cells mL-1. Plates were sealed and grown for ten days under standard diatom growth 

conditions (16°C, 16:8 h light:dark, without shaking). 
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Well plates were prepared for biofilm quantification using a Freedom EVO pipetting robot 

(Tecan) along with a Tecan Infinite F500 plate reader equipped with a 580 nm filter. Growth media 

and non-adherent cells were removed via a robotic pipetting program (the illustration of 

pipetting steps is shown in Figure 4-1). In order to quantify extracellular polysaccharide secretion, 

well plates were then stained with 40 µL of 0.02% (w/v) aqueous crystal violet (CV) solution 

(Sigma-Aldrich) and incubated for one minute. Excess CV solution was removed, well plates 

rinsed with water and excess liquid removed by manual pipetting. CV staining intensity was 

quantified based on the absorbance at 580 nm. The absorbance of each well was measured twelve 

times, in twelve locations in each well. The average value of these twelve measurements was used 

as a single replicate. Because CV selectively binds to extracellular carbohydrates, this method of 

biofilm quantification is used to estimate the density of EPS and excreted by diatoms adhering to 

substrates, thus serving as a proxy for biofilm density. 

Statistics 

Statistics and graphing was performed using Graphpad Prism (GraphPad Prism version 

5.02 for Windows, GraphPad Software, San Diego California USA). Where possible, data were 

tested for normality using the D'Agostino & Pearson omnibus normality test. For data not 

conforming to a normal distribution, the Kruskal-Wallis’ nonparametric ANOVA was conducted 

using the Dunn’s posttest. For all other standard ANOVA tests, the Dunnett’s posttest was used. 
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Figure 4-1: Overview of the pipetting program used by Freedom EVO robot. Specific steps are 

shown in blue, while the general phases of the method are shown in red. A map of the workbench 

layout is shown underneath.  
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Results 

Strains of Dyadobacter and Rhabdobacter induce biofilm formation  

Previous studies have shown certain strains of bacteria induce biofilm formation when co-

cultured with A. minutissimum, including the Dyadobacter sp. 32 (Windler et al., 2015). It was 

therefore hypothesised that strains of bacteria related to D. sp. 32 would also induce biofilm 

formation. A range of related bacteria (see Figure 4-2) as well as a more distantly related 

Flavobacterium were acquired and tested in co-culture assays. Results showed biofilms formed 

when strains of Dyadobacter or Rhabdobacter were used, while the Flavobacterium did not (Figure 

4-2). The induced biofilms were significantly denser than that of the axenic diatom, while being 

only somewhat less dense than the xenic culture, which always induces a dense biofilm. This 

result indicated that D. sp. 32 is not unique among the genus, and indeed a clade of bacteria 

within the Cytophagaceae induce biofilm formation.  

 

Figure 4-2: Co-culturing of A. minutissimum with certain bacteria induces biofilm formation. Each 

box and whisker plot displays the biofilm density of each co-culture, the axenic negative control 

(blue), or xenic positive control (red). Boxes represent upper and lower quartiles; whiskers 

represent minimum and maximum values; centre line represents median. Letters represent the 

grouping of statistical significance based on a one-way ANOVA (P < 0.05, n > 12).  
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From those strains of bacteria inducing biofilm formation in co-culture, it was subsequently 

hypothesised that this is due to an excreted signal, as has been shown for D. sp. 32 in previous 

publications (Windler et al., 2015). This was confirmed using solid phase extracts from the spent 

media of those cultures shown above, as all species which induce biofilm formation in co-cultures 

also excrete some substance, or substances, which induce biofilm formation, as shown in Figure 

4-3. This effect was evidently dosage dependent, with lower dosages inducing thinner biofilms 

or none at all. It was also observed that on certain occasions, higher dosages of these extracts did 

not induce biofilm formation, as seen in R. roseus extracts in Figure 4-3. 

 

Figure 4-3: Solid phase extracts of several bacteria induce biofilm formation. Solid phase extracts 

from 500 mL cultures were applied to cultures of A. minutissimum and quantified as described in 

the methods. At higher concentrations, this occasionally led to an inhibition of biofilm formation 

(see R. roseus, 60 µL). The dotted line represents the crystal violet absorption of untreated diatoms 

(n = 103); error bars represent standard deviation (n = 3).  

Biofilms are induced by extracts after at least one week of growth 

It is known that EPS secretion and subsequent biofilm formation in the diatom A. 

minutissimum is associated with the onset of the stationary phase in co-cultures (Bruckner et al., 

2011; Windler et al., 2015), however it is not clear if this is due to the stationary phase itself or that 

it simply takes some time for the diatom to respond to bacterial signals. In order to test this 
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conundrum, axenic diatoms were inoculated in a 96-well microtitre plate in an identical manner 

to the standard biofilm formation assay described. However, no treatment of bacteria or bacterial 

extracts were administered. In a second well plate, solid phase extract from D. sp. 32 was 

administered and dried. On the first day and for each day afterwards, cultures growing in the 

first microtitre-plate were transferred to the corresponding wells in the second plate. After ten 

days the biofilms formed in each well were quantified. In this way, cultures in different growth 

phases were treated with biofilm induction signals. The results are shown in Figure 4-4, which 

indicate that only those cultures exposed to extracts for at least a week produced biofilms. These 

results suggest that while A. minutissimum forms biofilms in correlation with the stationary phase, 

diatoms already in the stationary phase do not immediately respond to biofilm inducing signals, 

if at all.   

 

Figure 4-4: Biofilms do not appear until seven days of exposure to solid phase extracts, although 

diatoms are nevertheless in the stationary phase. Diatoms were treated with solid phase extracts 

(SPE, orange data) from D. sp. 32, or untreated (control, black data) and cultured for a given time 

period. The outcome of the biofilm quantification as described in the methods is shown. Each dot 

represents individual analytical replicates; line connects the mean of each day.  

Extracts from Lake Constance water induce biofilm formation 

Achnanthidium minutissimum is found worldwide in freshwater biofilms, illustrating how 

this benthic lifestyle is the norm for this diatom in environmental systems. One would therefore 

assume that the signals (or bacteria) inducing biofilm formation can be found in the environment. 



67 

In order to substantiate this assumption, untreated water was sampled from Lake Constance, and 

the metabolites were extracted in the same manner as from bacterial cultures. From one litre of 

lake water a solid phase extract (see methods) eluted with methanol recovered 0.8 mg of material, 

which was dissolved in one millilitre of methanol. As little as four microliters of this solution 

induced biofilm formation (meaning diatoms were exposed to a concentration of 13 ng mL-1), 

shown in Figure 4-5 below. 

 

Figure 4-5: A. minutissimum forms biofilms upon treatment with solid phase extracts of lake 

water. Lake water was collected and solid phase extracts concentrated in 1 mL of methanol, which 

was subsequently applied to diatoms at a range of concentrations. The outcome of the biofilm 

quantification assay (as described in the methods) is shown. The dotted line represents the crystal 

violet absorption of untreated diatoms (n =20); asterisks indicate significance level compared to 

the untreated group (one-way ANOVA, P < 0.05); error bars indicate standard deviation (n = 3).   

Purification of bacterial extracts using reversed phase and size exclusion 

chromatography 

Having confirmed that a clade of bacteria excrete biofilm inducing compounds, and the 

(potential) presence of compounds with similar effects in environmental extracts, we sought to 

develop a method to isolate and potentially identify such compounds. Using solid phase extracts 

of D. sp. 32 and related species, methods of purification were developed using both reversed 

phase chromatography and size exclusion chromatography. Firstly, solid phase extracts of 

D. sp. 32 media were injected onto a c18 endcapped HPLC column, and fractions collected over 
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the course of the elution period, with multiple injections. The dried fractions were dissolved in 

methanol, and used in the diatom biofilm formation assay described in the methods. The results, 

shown in Figure 4-6 A, exhibited a very broad range of bioactive fractions, starting at an 

acetonitrile content of roughly 50%. The most bioactive material eluted in 100% acetonitrile, or 

just before the onset of the isocratic phase of separation. Initial attempts using methanol instead 

of acetonitrile as a mobile phase were unsuccessful at producing any active fractions (data not 

shown). Bioactive fractions were even more broadly resolved when using a phenyl ether 

stationary phase, instead of the c18 material. The three most active fractions, corresponding to 

the 24th, 25th and 26th minutes of elution (Figure 4-6 A arrows) were combined in methanol (1 mL) 

and once again tested for bioactivity, at a range of concentrations (Figure 4-6 B). This experiment 

indicated that biofilm formation is dose dependent, where concentrations too low or too high fail 

to induce biofilm formation. This work confirmed that reversed phase chromatography could be 

used to purify biofilm inducing compounds.  

In parallel, size exclusion chromatography was employed to separate compounds in 

D. sp. 32 solid phase extracts. Using LH-20 resin with a mobile phase of methanol, fractions were 

collected and used in biofilm formation assays without further treatment. Once again, bioactive 

compounds were present in a broad band of fractions, shown in Figure 4-6 C, however this 

confirmed that size exclusion chromatography is a viable method of isolating biofilm inducing 

components of bacterial extracts. 
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Figure 4-6: HPLC and SEC can purify diatom-biofilm inducing compounds from bacteria. 

Fractions were dissolved in 1 mL methanol and applied in biofilm quantification as described in 

the methods. Dotted lines represent the absorption of untreated diatoms (n = 58, 9 and 42 for A, 

B and C respectively). A: HPLC fractionation using a Nucleodur 100-5 c18ec column of solid 

phase extracts of D. sp. 32 spent media. Serial injections were collected at one minute intervals. 

Diatoms were treated at two different concentrations (2 & 30 µL, orange and tan data); grey line 

shows the acetonitrile profile (ACN, right hand Y-axis); error bars indicate standard deviation (n 

= 3); Arrows indicate the three fractions combined and tested in B: bioactive material purified by 

HPLC shows concentration dependent effects. Material collected in A (arrows) was combined 

and tested. Each dot represents individual replicates; black bars represent the average. C: size 

exclusion fractionation of solid phase extracts of D. sp. 32. Data points indicate the mean 

absorbance; asterisks indicate significance level compared to the untreated group (one-way 

ANOVA, P < 0.05); error bars indicate standard deviation (n = 3).  

Using size exclusion chromatography, a qualitative comparison of the active components 

from different bacterial species was conducted. Extracts of equal volume from three species, 

R. roseus, D. koreensis and D. ginsengisoli, were each separated on the identical size exclusion 

column on the same day, each following a thorough rinsing of the column with methanol. The 
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resulting fractions’ bioactivity were directly tested (see Figure 4-7). These results showed that the 

active components excreted by each of the bacteria have different properties.  

 

Figure 4-7: Size exclusion chromatography from solid phase extracts of other bacteria. Fractions 

of 2 mL were collected and directly tested in biofilm formation assays (see methods). A: 

Dyadobacter ginsengisoli; B: Dyadobacter koreensis; C: Rhabdobacter roseus. Data points indicate the 

mean absorbance; asterisks indicate significance level compared to the untreated group (one-way 

ANOVA, P < 0.05); error bars indicate standard deviation (n = 3); dotted lines indicate the average 

absorbance of untreated diatoms (n = 42).  
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It was then shown that larger scale extracts could be separated and analysed using an MPLC 

column with Polygoprep c18 resin. A solid phase extract from 500 mL of bacterial culture was 

dissolved in 2 mL of methanol and separated, as described in the methods. This resulted in several 

active fractions, resolving several distinct (fairly hydrophobic) bioactive compounds (Figure 4-8). 

This result showed that larger quantities of material could be separated. As with HPLC 

experiments, early attempts using methanol instead of acetonitrile as the secondary mobile phase 

failed to elute active fractions.  

 

Figure 4-8: MPLC can purify bioactive components of bacterial extracts. Each 10 mL fraction was 

dried, dissolved in 1 mL methanol, and tested in the biofilm formation assay (see methods). Each 

data point represents the mean of 3 replicates; error bars indicate standard deviation (n = 3); grey 

line indicates the acetonitrile profile (ACN, right hand Y-axis); dotted line represents the average 

of untreated diatoms (n = 15).  

A multistep method of purifying biofilm inducing compounds 

Having confirmed that reversed phase and size exclusion chromatographic techniques 

could separate biofilm inducing compounds of D. sp. 32 extracts, they were combined to produce 

pure samples from larger scale extractions (i.e. ten litres). Solid phase extraction was not used at 

these scales; instead, batch cultures of D. sp. 32 were directly dried and combined in methanol. 

From ten one-litre cultures of D. sp. 32, which were dried under reduced pressure, the material 

soluble in methanol was combined and separated with the MPLC system described above.  
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From the fractions collected using MPLC separation, the fraction corresponding to the 26th 

minute of elution was then separated using size exclusion chromatography and tested on 

A. minutissimum, the results of which are shown in Figure 4-9 A. Compared to the results shown 

in Figure 4-6 C, this sample had a considerably narrower range of active fractions, suggesting a 

confined set of bioactive molecules had been isolated. The most active fraction, weighing 0.6 mg, 

had a bioactivity of at least 12 ng mL-1. This fraction was then finally separated on a UPLC system 

equipped with a c18 endcapped column, collecting fractions at 12 second intervals. Biofilm 

inducing activity was confined to five fractions in one experiment, and four in a second attempt, 

suggesting bioactive material was resolved across a retention time spanning a 30 – 50 second 

window, shown in Figure 4-9 B. Attempts using a c-8 endcapped column failed to purify any 

bioactive material. 
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Figure 4-9: Purification of biofilm inducing compounds using successive SEC and UPLC. Large 

scale extracts from D. sp. 32 separated via MPLC, was further fractionated and tested in two steps: 

SEC (A) and UPLC (B) (see methods). A: MPLC fractions (RT = 26-27 minutes) separated using 

SEC. Two dosages are shown, 25 µL (dark orange) and 5 µL (light tan); data points represent 

mean; error bars indicate standard deviation; asterisks indicate statistical significance compared 

to untreated control group (one-way ANOVA, P < 0.05); asterisks above correspond to 25 µL 

treatment; asterisks below correspond to 5 µL treatment. B: UPLC purifaction of bioactive 

compounds after SEC. Material from the most active fraction (arrow, panel A) was separated and 

tested (see methods). The orange and tan data points each represent the outcome from one 

biological replicate. Grey line indicates methanol profile (MeOH).  
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Discussion 
Diatoms excrete extracellular polymeric substances in a diverse array of situations; be it to 

protect themselves against harsh climatic conditions, to attach to one another in microcolonies, 

or to submerged surfaces. The EPS that diatoms secrete is particularly important in biofilms, as it 

acts as a connective tissue for the entire ecosystem. Previous studies have shown that benthic 

diatoms secrete EPS in response to particular bacteria signals (Bruckner et al., 2011; Windler et 

al., 2015), however it is not clear what these signals are. Here we present the purification of such 

compounds from bacteria, using reversed phase and size exclusion chromatography. These 

results suggest that there are a number of bioactive compounds in bacterial extracts, based on the 

HPLC, MPLC and SEC fractionation experiments shown in Figure 4-6 and Figure 4-8, which 

show groups of active fractions. When combining these methods, a narrower window of active 

fractions resulted, indicating that other bioactive compounds had been eliminated. The most 

bioactive fractions were quite hydrophobic, eluting during the 100% methanol isocratic phase 

during UPLC fractionation (Figure 4-9), and at around 100% acetonitrile in HPLC experiments 

(Figure 4-6). Whether this molecule is more potent compared to less bioactive, less hydrophobic 

samples, or simply more abundant, is not clear. At higher concentrations, samples failed to induce 

biofilms (Figure 4-6 B). This may also explain a similar effect sometimes observed when diatoms 

were treated with crude extracts.  

Using these methods, a protocol is proposed for the purification of compounds inducing 

EPS secretion, which can be used to characterise these molecules (Figure 4-10). Although no 

candidate molecule has yet been identified from these fractions (from UPLC-MS and GC-MS 

traces), purified bioactive material can nevertheless be used in future chemical identification, or 

experiments on diatom physiology. For example, one could test if purified material induces 

similar phenotypes as observed in diatom – bacteria co-cultures (see Chapter 3). 
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Figure 4-10: Summary of the developed method to purify biofilm inducing compounds. The three 

key isolation steps are marked with A, B and C. SPE: solid phase extraction; MeOH: direct drying 

and solution in methanol; SEC: size exclusion chromatography; RT: retention time.  

While this work established a reproducible method for the purification of biofilm inducing 

infochemicals from bacteria, a major drawback remains the poor resolution of the bioactive 

compounds in reversed phase systems. For example, even in UPLC experiments (shown in Figure 

4-9) several fractions were active. In this case, either a number of probably related molecules with 

overlapping elution times are present, or a single compound with poor resolution. However, size 

exclusion chromatography proved to be very reliable in this study. Future work is needed to 

improve the resolution of the reversed phase techniques used, using the wide variety of 

contemporary methods available, along with the testing of other mobile phase conditions. Due to 
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the hydrophobicity of the bioactive compounds, non-aqueous reversed phase chromatography is 

an attractive method. A wide range of techniques could still be tested or applied to this 

purification method. For example, the crude material was either a direct methanolic extract or 

solid phase extraction, while previous studies successfully used ethyl acetate in a liquid phase 

extraction (Leinweber, 2015). Now that this study has elucidated the hydrophobicity of the 

bioactive molecules, future extract optimisation could for example use the polyaromatic 

adsorbent resin HP20 (Diaion), or butanolic extracts, instead of methanolic extraction. Regarding 

chromatographic separation, silica and alumina columns could be utilised, while a range of 

stationary phases could be tested instead of the c18 used in these studies, for instance 

pentafluorophenyl and cholester resins.  

A number of additional bacteria inducing biofilm formation were identified, which were 

closely related to Dyadobacter sp. 32. Using these other strains of bacteria, it was confirmed that 

they also induce EPS production (and subsequent biofilm formation) via the release of an 

extracellular metabolite (See Figure 4-2 and Figure 4-3). In co-culture experiments, no tested 

bacterium was able to rescue the biofilm density of the xenic culture. It is not clear if this is because 

there are species of bacteria in the xenic culture producing their own EPS, or a more potent 

signalling substance in the co-culture. Preliminary experiments using SEC (Figure 4-7) suggest 

that despite the phylogenetic similarity of these species, the bioactive infochemicals they secrete 

differ. Attempts at using HPLC (in the same manner as with D. sp. 32) to purify these 

infochemicals were unsuccessful, further evidence of the biochemical diversity among these 

species. This result suggests that the bioactive compounds isolated in this work have roles in 

various freshwater ecosystems, based on the locales from which biofilm inducing bacteria were 

isolated (see Table 4-1). Indeed, A. minutissimum is also found worldwide in freshwater 

ecosystems, and therefore it would be interesting to see how other strains of A. minutissimum and 

Dyadobacter isolated from the same location interact. It could be hypothesised that the biofilms 

formed by A. minutissimum in response to bacteria has coevolved with the chemical secretions of 

the associated bacteria. Alternatively, the biofilms formed by A. minutissimum in response to these 

bacteria might be unique to A. minutissimum isolated from Lake Constance. 
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The environmental significance of biofilm inducing compounds is further supported with 

the discovery that extracts of water from Lake Constance are also bioactive. Extracts from 

estuarine water, and a culture of the diatom Chaetoceros sp. sourced from an industrial scale 

bioreactor were also found to induce biofilm formation (data not shown). Given the global 

distribution of the diatom A. minutissimum, it follows that infochemicals (probably produced by 

bacteria) should be present from diverse environments. In summary, this study sheds light on the 

importance, ubiquity and diversity of biofilm inducing compounds from bacteria. For the first 

time, biofilm inducing compounds from species other than Dyadobacter sp. 32 were isolated, and 

showed that a number of active molecules induce biofilm formation.   

The chromatographic properties of the bioactive compounds isolated (specifically, they are 

hydrophobic and exhibit broad elution periods) are what would be expected from a hydrophobic, 

amphiphilic molecule, such as (but not limited to) lipids, fatty acids or surfactants. Indeed, there 

is a precedent of fatty acids and other lipophilic molecules mediating diatom bacteria interactions. 

Two compounds studied are 2,4-decadienal and its precursor eicosapentaenoic acid (EPA), 

representative compounds of the diverse polyunsaturated fatty acids/aldehydes produced by 

diatoms (Wichard et al., 2005; Ribalet et al., 2007). While well studied in other aspects of diatom 

physiology (Wichard et al., 2007; Poulson et al., 2009), there is some evidence for their 

involvement in biofilm formation, as Leflaive and Ten-Hage showed that both EPA and 2,4-

decadienal (structures 1 & 2, Figure 4-11) induced aggregation in the benthic diatom Fistulifera 

saprophila (Leflaive and Ten-Hage, 2011). 

Recently, a handful of marine bacteria commonly associated with diatoms were found to 

produce N-9-hexadecenoylalanine methyl ester ((9Z)-C16:1-NAME, 3), which possessed algicidal 

activity (Ziesche et al., 2015). This builds on earlier work classifying a wide range of fatty acids 

isolated from a marine Vibrio species, which had various effects on diatom growth (Li et al., 2014). 

In light of the possibility that EPS secretion is a defensive mechanism, it would fit that 

A. minutissimum would respond to potentially dangerous fatty acids with EPS secretion, in a type 

of defence mechanism. D. fermentans, utilised in this study, has also been shown to excrete an 

infochemical involved in inter-species signalling. In 2012, Alegado and coworkers showed 
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D. fermentans and other bacteria induce multicellular cooperation in the single celled animal 

Salpingoeca rosetta. Multiple lipids were involved, including a sufonolipid (rosette inducing factor, 

4) and a lysophosphatidylethanolamine (5) (Alegado et al., 2012; Woznica et al., 2016). Hence, 

there is sufficient evidence that lipids and fatty acids are involved in bacteria – diatom 

interactions, which could well extend to biofilm formation interactions. 

Figure 4-11: Structures of lipids with known effects 

on diatoms or synthesised by Dyadobacter species. 1: 

eicosapentaenoic acid (EPA); 2: 2E,4E-decadienal; 3: 

(9Z)-C16:1-NAME; 4: rosette inducing factor 1, 

isolated from species of Bacteroidetes, along with the 

lysophosphatidylethanolamine (5) which enhances 

the bioactivity of rosette inducing factor.  

This work towards the identification of a 

bacterial product inducing biofilm formation stands 

beside a number of similar ongoing studies to 

identify natural products with interesting effects on 

diatoms and algae. On one hand, studies continue to 

search for algicides and antifouling compounds, such 

as an unknown compound from Shewanella with selective toxicity to dinoflagellates (Hare et al., 

2005; Pokrzywinski et al., 2012). Another algicide was purified, but not identified, from 

Pseudoalteromonas piscicida with extreme potency to coccolithophores (Harvey et al., 2016). On the 

other hand, compounds beneficial to algal growth or lifestyle are also sought for, such as the 

unknown compounds originating from Roseovarius species with morphogenic activity in the 

green alga Ulva (Wichard and Beemelmanns, 2018). Understanding the structure and function of 

natural products from freshwater bacteria, adds another dimension to the complexity of diatom 

– bacteria interactions. In the context of freshwater biofilms, these natural products are especially 

pertinent, where they shape a benthic habitat living at the nexus of streams, lakes, groundwater 

and land runoff. 

  



79 

  
The multifaceted inhibitory effects of an alkyl 
quinolone on Phaeodactylum tricornutum 
Lachlan Dow, Frederike Stock, Alexandra Peltekis, Dávid Szamosvári, Michaela 

Prothiwa, Adrien Lapointe, Thomas Böttcher, Benjamin Bailleul, Wim Vyverman, 

Peter G. Kroth, Bernard Lepetit  

Abstract 
Diatoms are ubiquitous unicellular microalgae, which are found in almost any aquatic 

habitat, where they closely interact with bacteria. Understanding the mechanisms of these 

interactions is crucial to understanding diatom behaviour and proliferation. Recent studies 

describe the isolation of 2-alkyl-4-quinolones from marine bacteria. Both the isolated quinolones 

and bacterial isolates exhibit growth inhibiting effects on microalgae, suggesting these 

compounds could mediate diatom – bacteria interactions. We investigated the effects of several 

quinolones on the diatoms Achnanthidium minutissimum, Cylindrotheca closterium and 

Phaeodactylum tricornutum. The growth of all three diatoms was inhibited by quinolones, with 

half-maximal inhibitory concentrations as low as the sub-micromolar range. Using a multi-

faceted approach, dual modes of action were uncovered for 2-heptyl-4-quinolone (HHQ) in 

P. tricornutum. Firstly, photosynthetic electron transport was obstructed via inhibiting the 

cytochrome b6f complex, and to a lesser extent PSII. Secondly, the proton-motive-force across the 

thylakoid was suppressed in dark-adapted samples, indicating a repression of ATP supply to 

plastids from mitochondria via organelle energy coupling. This was attributed to an inhibition of 

respiration and was confirmed via oxygen evolution measurements. This is the first 

demonstration of a quinolone inhibiting photosynthesis and respiration in intact cells, as well as 

the first study observing both effects simultaneously. We observed similar results in other algal 

lineages but the relative extent of inhibition of PSII and the cytochrome b6f complex varied.   

Introduction 
Diatoms are a class of unicellular algae found worldwide in aquatic environments, in which 

they are one of the chief primary producers (Nelson et al., 1995). They persist in both benthic and 

pelagic habitats, surrounded by a diverse array of other microbes, in particular bacteria (Grossart 
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et al., 2005; Amin et al., 2012). While a wide range of diatom – bacteria interactions have been 

identified, characterization of the molecules and the corresponding modes of action driving these 

interactions remains scarce. However, a class of bacterial alkaloids, 2-alkyl-4-quinolones, some of 

which are utilized by bacteria as quorum sensing (QS) signals (Dubern and Diggle, 2008), have 

been identified as possessing algicidal effects among a variety of microalgae (reviewed in Meyer 

et al. (2017)). Although not as ubiquitous as other QS compounds such as N-acyl homoserine 

lactones, previous studies have reported that marine bacteria, particularly Pseudoalteromonas and 

Alteromonas species (Long et al., 2003; Sakata et al., 2008; Harvey et al., 2016), but also freshwater 

and soil bacteria of the genera Pseudomonas and Burkholderia produce quinolones (Diggle et al., 

2006; Coulon et al., 2019).  

Quinolones reported most frequently from marine bacteria are 2-pentyl-4-quinolone (PHQ) 

(Long et al., 2003) and the closely related 2-heptyl-4-quinolone (HHQ) (Long et al., 2003; Sakata 

et al., 2008; Whalen et al., 2015; Harvey et al., 2016; Meyer et al., 2017). A recent study by Harvey 

et al. (2016) demonstrated that the marine bacterium Pseudoalteromonas piscicida was toxic to the 

microalga Emiliania huxleyi, due to the excretion of HHQ, with IC50 values in the nanomolar range. 

In addition, two quinolones (2-undecen-10-yl-4-quinolone and 2-undecyl-4-quinolone) were 

detected in extracts of another Alteromonas strain (KNS-16), both of which inhibited the growth 

of a range of microalgae, with IC50 values varying between 1.6 µM and 200 µM, depending on the 

alga (Cho, 2012). Remarkably, the growth of algae in both of these studies was not only inhibited 

by live P. piscicida or Alteromonas KNS-16 cells, but also when treated with the respective isolated 

quinolone. Furthermore, Alteromonas KNS-16 was isolated directly from an algal bloom (Cho, 

2012). This information suggests that 2-alkyl-4-quinolones mediate bacteria-algae interactions 

through growth inhibition, and indeed may accumulate in the diffusion boundary which 

surrounds microalgae and the associated bacteria, reaching locally high concentrations (Amin et 

al., 2012; Seymour et al., 2017).   

Our understanding of the physiological effects of quinolones on diatoms remains scarce. In 

recent works treating diatoms with quinolones, it was shown that PHQ inhibits growth in 

Cylindrotheca fusiformis, Thalassiosira weissflogii and natural phytoplankton assemblages (Long et 
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al., 2003). The same compound was also found to inhibit growth and/or motility of the benthic 

diatoms Amphora coffeaeformis, Navicula sp. and Auricula sp. (Wigglesworth-Cooksey et al., 2007). 

However, very few other alkyl-quinolones have been tested on diatoms, despite the diversity of 

alkyl quinolones produced by marine bacteria. Furthermore, it is still not clear what causes 

quinolones to inhibit the growth of microalgae at all. 

Studies by Reil et al. found that synthetic quinolones, including 2-alkyl-4-quinolones, were 

inhibitors of complex I (NADH:ubiquinone-oxidoreductase) and complex III (Cytochrome bc1 

complex) in mitochondria isolated from beef heart (and in the proteobacterium Rhodospirillum 

rubrum) (Reil et al., 1997). In addition, the same authors tested synthetic quinolones on isolated 

spinach thylakoids and reported that 2-alkyl-4-quinolone N-oxides were strong inhibitors of 

photosystem II, while 2-alkyl-4-quinolones (such as HHQ or PHQ) were only weak inhibitors 

(Reil et al., 2001). The authors also observed a similar trend when testing cytochrome b6f activity, 

reporting only weak inhibition due to 2-alkyl-4-quinolones. These data suggest that in vascular 

plants, 2-alkyl-4-quinolone N-oxides are more potent inhibitors of photosynthesis than 

unsubstituted congeners.   

The observations that quinolones produced by marine bacteria can inhibit growth in certain 

microalgae prompted us to investigate their effects on diatoms in detail. We aimed to study how 

structural analogs would affect diatom growth, and whether a mode of action could be observed 

with diatoms in vivo. In this publication, we present work regarding a number of native bacterial 

quinolones, namely 2-heptyl-4-quinolone N-oxide (HQNO) as well as the Pseudomonas quorum 

sensing signals HHQ and 2-heptyl-3-hydroxy-4-quinolone (PQS), and the 2-nonyl congeners 

2-nonyl-4-quinolone (NHQ) and 2-nonyl-4-quinolone N-oxide (NQNO). To account for the 

different environments where quinolones have been detected, we selected three diatoms from 

different aquatic ecosystems for our initial screening: Cylindrotheca closterium is a marine biofilm 

forming diatom often found in the benthos of the intertidal zone. In contrast, Phaeodactylum 

tricornutum is a planktonic diatom which was originally isolated in coastal water (Martino et al., 

2007). Additionally, Achnanthidium minutissimum represents a biofilm forming fresh water 

diatom. As Reil et al. (2001) identified an inhibition of photosynthesis by certain quinolones in 
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isolated spinach thylakoids as well as an inhibition of respiration in isolated mitochondria of non-

photosynthetic organisms, we used a variety of experiments to probe not only photosynthesis but 

also respiration. In doing so, we demonstrate in vivo how the reported growth impairment of 

diatoms by quinolones is achieved via a simultaneous specific inhibition of both photosynthesis 

and respiration.   

 

Figure 5-1: Structures of 2-alkyl-4-quinolones relevant to this study. 

 

Materials and methods  

Diatom strains and culture conditions 

Phaeodactylum tricornutum (“wild type 8” WT8, NEPCC 640) was obtained from the 

Canadian Centre for the Culture of Microorganisms (CCCM, http://cccm.botany.ubc.ca). Another 

strain of P. tricornutum (“wild type 1” WT1 Pt 1.8.6) was used for the identification of the site of 

inhibition of HHQ because the deconvolution of the ECS and c-type cytochromes signals (see 

below) were previously made on this strain and we could not rule out that this deconvolution 

procedure would be as correct in WT8. Achnanthidium minutissimum (Kützing) Czarnecki was 

isolated from epilithic biofilms of Lake Constance, Germany. Cylindrotheca closterium strain 

WS3_7 (DCG 0623) was obtained from the Belgian Coordinated Collections of Microorganisms 

(BCCM, http://bccm.belspo.be). Prior to the experiments, P. tricornutum and C. closterium cultures 

were made axenic by treating them with an antibiotic mix (500 μg mL-1 penicillin, 500 μg mL-1 

ampicillin, 100 μg mL-1 streptomycin and 50 μg mL-1 gentamicin) for a week and replacing the 

antibiotic supplemented medium every second day. A. minutissimum was axenified according to 

Windler et al. (2012), and was cultured in a modified Bacillariophycean Medium (Schlösser, 1994), 

which instead of soil extract contained F/2 multivitamins, trace metal and silicon/selenium 
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nutrients. P. tricornutum and C. closterium were cultured in Artificial Seawater Medium (ASW) 

(34.5 g L-1 Tropic Marin, 0.08 g L-1 NaHCO3) supplemented with Guillard’s F/2 (Sigma-Aldrich, 

(Guillard, 1975)). Due to different culture facilities, diatoms were incubated at 18°C in a 12:12 h 

light:dark regime at 25 μmol photons m-2 s-1 for growth experiments, and at 20°C with a 16:8 h 

light:dark regime with a light intensity of 70 µmol photons m-2 s-1 for PAM fluorometry and Clark 

electrode experiments. For JTS-10 experiments, P. tricornutum was incubated at 20°C with a 

12:12 h light:dark regime with a light intensity of 70 µmol photons m-2 s-1. 

Cell counts were conducted using a Multisizer 4e Coulter Counter (Beckmann Coulter). 

Samples collected for chlorophyll content determination (3 mL of culture) were centrifuged (4500 

g, 5 min) and the pellet was extracted with 100 µL of methanol and vortexed, followed by an 

additional 900 µL of acetone. The resulting suspension was vortexed and centrifuged once more 

(18000 g, 2 min). The chlorophyll content of the resulting supernatant was determined according 

to Jeffrey and Humphrey (1975), in quartz cuvettes using an Ultrospec 2100 pro UV-Vis 

spectrophotometer (Biochrom). 

Preparation of quinolone solutions 

The 2-alkyl-4-quinolones (HHQ and NHQ) and 2-alkyl-4-quinolone N-oxides (HQNO and 

NQNO) were synthesized as described before (Szamosvári and Böttcher, 2017). Briefly, 

corresponding 3-oxoalkanoic acid methyl esters generated from acyl chlorides with Meldrum’s 

acid were used in condensation reactions with aniline to lead to methyl-3-phenylamino-2-enoates 

that were subsequently subjected to Conrad-Limpach cyclization giving the 2-alkyl-4-quinolones. 

For the preparation of HQNO and NQNO, HHQ and NHQ were converted into their 

hydroxyquinoline tautomers as ethyl carbonates that were used in the subsequent N-oxidations 

(Woschek et al., 2007). The resulting ethyl carbonate N-oxides were deprotected to yield the 

corresponding HQNO and NQNO. PQS was prepared after Hradil et al. using anthranilic acid 

that was converted to 2-oxononyl 2´-aminobenzoate and consequently cyclized in NMP at 250°C 

to PQS (Hradil et al., 1999). 

2-heptyl-4-quinolone (HHQ), 2-nonyl-4-quinolone (NHQ), 2-heptyl-3-hydroxy-4-

quinolone (PQS), 2-heptyl-4-quinolone N-oxide (HQNO) and 2-nonyl-4-quinolone N-oxide 



84 

(NQNO) were prepared in DMSO (Sigma-Aldrich) such that the final volume of DMSO added to 

the cultures or samples was always 0.5% (v/v). 

Growth assays 

At the start of the experiment, axenic cultures of A. minutissimum and P. tricornutum were 

adjusted to an appropriate cell density using a Multisizer Coulter Counter. In the case of 

C. closterium a fixed minimum fluorescence was used using a PAM fluorometer (Walz, Germany), 

due to the cells rapid sinking rate. Growth assays were conducted in 48-well plates (Greiner 

Cellstar, Sigma-Aldrich) and tracked for six days following compound addition. Growth was 

measured by recording chlorophyll autofluorescence, which was normalized to a blank well 

(filled with ASW), using a Cytation 5 Cell Imaging Multi-Mode Reader (425 nm excitation /685 

nm emission, Biotek). The treatments were randomized among well positions, with three 

replicates per treatment. The entire growth assay was repeated once more with similar trends. 

Growth rates were calculated as the logarithmic ratio of cell densities divided by the time interval. 

The exponential growth phase was thus identified, from which IC50 values were derived using 

the Quest graph online tool (AAT Bioquest). 

Dual PAM experiments 

Dual PAM experiments were carried out using a Walz Dual PAM 100 fluorometer in dual 

channel mode, equipped with a Dual-E and a Dual-DB detector and a cuvette holder with stirrer. 

Cultures of P. tricornutum in the exponential phase were concentrated to a chlorophyll a 

concentration of 40 µg mL-1, supplemented with sodium bicarbonate to prevent carbon limitation 

(16 mM), and adjusted to pH 8.0. For each test, 2 mL of this prepared suspension was treated with 

a quinolone stock solution or DMSO control (for a final DMSO concentration of 0.5% (v/v)) and 

incubated in very low light (resting in the cuvette holder, equivalent to no higher than 10 µmol 

photons m-2 s-1 at the surface) for two minutes with stirring, after which the holder was closed. 

After 10 seconds in the dark, each sample was exposed to one saturating multi turnover pulse 

(intensity 8000 µmol photons m-2 s-1, width 800 ms), then low actinic red light was switched on 

(68 µmol photons m-2 s-1) followed by a saturating pulse after 30 s. Stirring was switched off 

immediately before each pulse and restarted immediately afterwards. PSII fluorescence and P700 
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absorbance (875 nm minus 830 nm) were recorded in such a manner for each quinolone for each 

concentration in at least two biological replicates. The initial P700 absorbance values were set to 

equal zero. The PSII quantum yield was also calculated from each of these measurements, using 

the same method as in JTS fluorescence experiments (see below).  

JTS-10 experiments 

Photosynthetic parameters of P. tricornutum were measured with a Joliot-type 

spectrophotometer (JTS-10, Biologic, Grenoble, France) equipped with a white probing LED 

(Luxeon; Lumileds) and a set of interference filters (3–8 nm bandwidth) and cut-off filters. The 

device combines absorbance and fluorescence spectroscopy measurements, allowing the 

activities of both photosystems to be studied in the exact same conditions, and on the same 

sample. The actinic light was provided by a crown of red LEDs (639 nm, intensities used in this 

study: 56, 135, 340, 800 and 1500 µmol photons m-2 s-1). For photosynthesis measurements, 

cultures of P. tricornutum in exponential growth phase were concentrated 10-fold by 

centrifugation (4500 rpm, 4 min) and resuspended in its own supernatant to reach a final 

concentration in the range of 5-10 × 10
6
 cells mL-1. The centrifuged samples were then left ~30 

minutes under low light to allow the cells to recover from centrifugation.  

Fluorescence spectroscopy 

In the fluorescence spectroscopy mode, the JTS-10 was equipped with a white probing LED 

(Luxeon; Lumileds) and a blue filter for detecting pulses. PSII parameters were calculated as in 

Genty et al, (1989). In brief, maximum quantum yield of PSII and quantum yields in light-adapted 

samples were calculated as Fv/Fm = (Fm – F0)/Fm and Y(II)= (Fm’−F)/Fm’, respectively, where F0 is the 

fluorescence of the dark-adapted sample, Fm the fluorescence when a saturating pulse is applied 

on dark-adapted sample, F is the fluorescence of the sample adapted to the actinic light and Fm’ 

the fluorescence when a saturating pulse is applied on light-adapted sample. The relative electron 

transport rate through PSII (rETRPSII) was calculated as rETRPSII = Y(II) × I, where I is the actinic 

light irradiance and then values were all normalized to the value at 1500 µmol photons m-2 s-1. 
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Absorption spectroscopy for P700 measurements 

The redox state of the PSI primary donor (P700) was calculated as the difference between the 

kinetic absorption changes at 705 nm and 735 nm, to eliminate spectrally flat contributions due 

to diffusion. Quantum yields of PSI were calculated from the measurements of the absorption 

changes at 700 nm – 735 nm, in the dark (P0), in the light-adapted condition (Pstat) and after a 

saturating pulse (Psp). Pmax, corresponding to 100% oxidized P700, was measured as the light-

minus-dark absorption difference in the presence of the PSII inhibitor DCMU (10 mM in ethanol, 

final concentration of 10 µM). Once normalized to Pmax, this allowed the percentage of oxidized 

P700 to be calculated in each light condition.  

The quantum yield of PSI (Y(I)), the donor side (YND) and acceptor side (YNA) limitations 

were calculated according to Klughammer & Schreiber (1994), as Y(I) = (Psp – Pstat) / (Pmax – P0), 

YND = (Pstat – P0) / (Pmax – P0) and YNA = (Pmax – Psp) / (Pmax – P0). The relative electron transport 

rate through PSI (rETRPSI) was calculated as rETRPSI = Y(I) × I, where I is the actinic light 

irradiance and then values were all normalized to the value at 1500 µmol photons m-2 s-1. 

Electrochromic shift and c-type cytochromes measurements 

Based on previous P. tricornutum Electro-Chromic Shift (ECS) spectra (Bailleul et al., 2015), 

we measured the absorption changes (ΔI/I, the relative difference of intensity between sample 

and reference photodiodes) at three wavelengths (520, 554, 566 nm). To separate ECS and c-type 

cytochromes (cytochrome f and cytochrome c6) contributions, and to eliminate flat contributions 

due to diffusion, we used the following calculations: Cytochrome c = [554] − 0.4× [520] − 0.4 × 

[566], ECSlin = [520] − 0.25 × Cytochrome c, and ECSquad = [554] + 0.15 × Cytochrome c. 

To follow the kinetics of those signals following a saturating laser flash, we used laser dye 

(LDS 698) pumped by a frequency doubled Nd-YAG laser (Quantel). Before the saturating laser 

flash was applied, cells were dark adapted for 1 min. For a better comparison, all data in Figure 

5-6 were normalized to the linear ECS value measured right after the flash in the control. 

 The dark adapted electric field (ΔΨd) measurements were attained from the dark 

relaxation of the linear and quadratic ECS after a 10 ms pulse of saturating red light (4500 µmol 

photons m-2 s-1). ECS data were normalized to the increase of the linear ECS generated after a 
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saturating laser flash (that is, one charge separation per photosystem). We plotted the amplitude 

of the quadratic versus linear ECS signals during the relaxation of a light-induced PMF and 

obtained the parabolic function which allowed the calculation of the dark electric field, ΔΨd. This 

experiment was then conducted with cells treated with CCCP (10 mM in ethanol, final 

concentration 15 µM) and HHQ (10 mM in DMSO, final concentration 50 µM) 

Fast fluorescence transients  

To obtain OJIP fluorescence transients, an axenic P. tricornutum culture was adjusted to 2 × 

10
6
 cells mL-1 and supplemented with 40 µM sodium bicarbonate. Quinolone stocks were added 

to 1 mL of diatom culture in 1.5 mL cuvettes to a final volume of 0.5% (v/v). After compound 

addition, the treated cultures were incubated for two minutes in very low light (resting in the 

cuvette holder). Finally, the OJIP fluorescence transients of the cultures were measured with an 

Aqua Pen (AP-C 100, Photon Systems Instruments, Drasov, Czech Republic) during a saturating 

multi turnover blue light flash. OJIP fluorescence transients were normalized according to 

Strasser et al. (2000): Vt = (F − F0)/(Fm − F0), where Vt is the fluorescence at time t, F0 the initial 

fluorescence, and Fm the maximum fluorescence reached. 

Oxygen electrode measurements 

Oxygen measurements were performed using a Clark-type electrode (Hansatech 

Instruments Ltd.) at 20°C, with stirring. DMSO and quinolone stocks were added such that the 

final DMSO concentration never exceeded 0.5% (v/v). All experiments began with a two-minute 

period of complete darkness, followed by addition of HHQ. In the case of photosynthesis 

measurements, this was then followed by red-light illumination of 200 µmol photons m-2 s-1 for 

the remainder of the test. Measurements were normalized based on the oxygen evolution 

observed in the dark period. Respiration rate (= oxygen consumption) of intact diatom cells was 

measured in the dark by calculating the rate of oxygen consumption over time (in a 60 second 

window), before and after adding HHQ (n = 8). Subsequently, the values were divided by the 

average value before HHQ addition to obtain a ratio where the average respiration rate of 

untreated cells = 1. 
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For oxygen measurements using intact diatom cells, exponentially growing P. tricornutum 

(Wt8) cultures were concentrated via centrifugation (4500 g, 5 min) to a final concentration of 5 

µg chlorophyll a mL-1 and supplemented with 16 mM NaHCO3. For oxygen measurements using 

thylakoids, thylakoids at a final chlorophyll a concentration of 5 µg mL-1 were dissolved in 1 mL 

of 50 mM tricine pH 7.8, 5 mM MgCl2, 5 mM K2HPO4, 1 mM ATP. In addition, ADP (0.24 mM) 

and potassium ferricyanide (1.5 mM) were applied. Thylakoid membranes were isolated from 

exponentially growing P. tricornutum Wt8 cultures, following the procedure outlined in Lepetit 

et al. (2007), with the following modifications: cells were broken at 13,000 psi, and thylakoid 

fragments were pelleted via centrifugation at 4°C for only ten minutes at 30,000 g (Sorvall) in 

order to harvest only larger thylakoid fragments and in order to reduce the time thylakoids are 

exposed to the centrifugation forces.  

Results 

Quinolones inhibit diatom growth 

Intrigued by the reported bioactivity of quinolones on microalgae, we tracked growth of 

three diatoms treated with quinolones at a range of concentrations (0.125-100 µM). The 

quinolones used varied with regard to their N-oxidation, 2-C-alkyl chain length, and 3-C hydroxyl 

group (Figure 5-1). Five quinolones, HHQ, NHQ, PQS, HQNO, and NQNO were applied to 

cultures of P. tricornutum, C. closterium and A. minutissimum. Of the three quinolones tested with 

a heptyl side chain (HHQ, PQS and HQNO), all diatoms were most sensitive towards HHQ, with 

IC50 values between 1 and 5 µM for each respective species (Figure 5-2 a, d, g). HHQ completely 

inhibited growth at concentrations as low as 3 µM in C. closterium (Figure 5-2 a) and 

A. minutissimum (Figure 2 d), and at 10 µM in P. tricornutum (Figure 5-2 g). Compared to HHQ, 

the IC50 values of PQS were found to be 3- to 16-fold higher (Figure 5-2 b, e, h). A. minutissimum 

and P. tricornutum were less sensitive to the N-oxide HQNO compared to PQS (Figure 5-2 f and 

i), whereas C. closterium was more sensitive (Figure 5-2 c). 

Diatoms were more sensitive to both NHQ and NQNO (SI 1) compared to their 2-heptyl 

counterparts (HHQ and HQNO), indicating that a longer alkyl side chain length increased the 

toxic effect of these compounds. This observation substantiates a quantitative structure activity 

relationship study testing quinolones on spinach thylakoids, which found that quinolones 
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reached their maximum photosynthetic inhibitory potential at an alkyl chain length of eleven 

carbon atoms (Reil et al., 2001). However, unlike experiments using spinach thylakoids, diatoms 

displayed decreased sensitivity towards N-oxide quinolones: just as HHQ was more potent 

compared to its N-oxide counterpart, so too was NHQ more potent than NQNO. 

Taken together, these observations showed that structural features of quinolones influence 

the respective growth response of diatoms, with N-oxide or hydroxyl functionalized quinolones 

being less potent compared to non-functionalized quinolones. This trend was consistent among 

all diatoms tested, although sensitivity varied between species, with C. closterium being the most 

sensitive, followed by A. minutissimum and P. tricornutum.   

 

Figure 5-2: 2-alkyl-4-quinolones inhibit the growth of diatoms. Growth curves of C. closterium (a, 

b, c), A. minutissimum (d, e, f) and P. tricornutum (g, h, i) exposed to a range of concentrations of 

HHQ (1st column), PQS (2nd column) and HQNO (3rd column) over six days, with day 0 depicting 

the day compounds were added to the culture. Tested concentrations varied between diatoms 

and compounds. Growth was followed by measuring chlorophyll fluorescence, defined as 

arbitrary “relative fluorescence units” (RFU). Each data point represents the mean of three 

replicates with error bars showing the standard deviation. IC50 values are shown on top of each 

graph. HHQ blocks electron flow between PSII and PSI. 
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HHQ blocks electron flow between PSII and PSI 

Transient measurements 

The strong inhibitory effect of HHQ on all three diatom species, and its relevance towards 

other interactions between microalgae and bacteria, prompted us to investigate the mode of 

action of HHQ in P. tricornutum in detail. To this end, we first investigated the effect of HHQ on 

photosystem II and photosystem I (PSII and PSI) activities by measuring fluorescence induction 

of PSII and absorbance changes of P700 (the special chlorophyll pair in the reaction center of PSI) 

simultaneously, using dual pulse amplitude modulated (Dual-PAM) fluorometry. The 

fluorescence comes mainly from PSII, and its intensity depends on the reduction state of QA, the 

primary quinone electron acceptor of PSII, which takes up electrons originating from the water 

splitting reaction at the oxygen evolving complex. Meanwhile, changes in absorbance (875 nm 

minus 830 nm) provide information about the redox state of P700 within PSI (Klughammer and 

Schreiber, 1994; Klughammer and Schreiber, 2008). Using these parameters, the PSII and PSI 

kinetics were measured in dark-adapted and low light-adapted cells. HHQ was tested at a range 

of concentrations; as an example Dual-PAM data of 5 µM (its IC50 value for P. tricornutum) are 

shown in Figure 5-3 (the quantum yield, Y(II), from the other concentration tested are shown in 

SI 2). DMSO and DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea, a potent PSII inhibitor), 

served as respective negative and positive controls (Figure 5-3). Typically, the change in 

absorbance of P700 (Figure 5-3, grey line) consists of three phases during the saturating pulse, both 

in dark and light adapted control cells: a fast increase in absorbance in the first 30 ms, indicative 

of photo-oxidation of PSI, followed by a partial decrease in absorbance between 30 and 200 ms, 

indicating reduction of PSI, which is again followed by an increase in absorbance showing the re-

oxidation of PSI (> 200 ms). In the presence of HHQ, the transient reduction of P700 between 30 

and 200 ms was still present in dark-adapted cells but was suppressed in light-adapted cells. This 

reduction transient has been previously assigned to the electron flow from PSII in P. tricornutum 

(Grouneva et al., 2009), in agreement with its suppression in the presence of DCMU in our data 

(Figure 5-3). In this regard, the absence of a P700 reduction transient in light adapted cells treated 

with HHQ suggests that those molecules inhibit an electron transfer step between PSII and PSI. 

However, in the DCMU treatment reduction of PSI was also abolished in dark-adapted cells 
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suggesting that HHQ had a different mode of action to DCMU. This observation was supported 

by the maximum quantum yield of PSII which was not significantly affected in dark adapted cells 

by HHQ treatment (SI 2), whereas DCMU treatment induced a clear decrease in PSII quantum 

yield. 

 

Figure 5-3: Simultaneously measured fast fluorescence kinetics of PSII and P700 absorbance in 

P. tricornutum. PSII fluorescence is shown in black and absorbance of P700 (indicative of PSI redox 

state) in grey. Cells were treated with DMSO (control), 40 µM DCMU (positive control) or 5 µM 

HHQ. Activity of both photosystems was measured with a Dual-PAM during a multi-turnover 

pulse (800 ms) with dark adapted cells (Dark, left column) and the same cells adapted to low 

actinic light (Light, right column, 70 µmol photons m-2 s-1). Data from one representative sample 

of each treatment is shown. Data is plotted on a logarithmic X-axis, with dotted lines indicating 

crucial time points of the fast fluorescence curve at 2, 30 ms and 200 ms. Graphs of the same 

treatments share the same Y-axis range, with the left Y-axis indicating PSII fluorescence, and right 

Y-axis indicating P700 absorbance.  
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Steady state measurements  

To confirm this, and to identify the molecular target of HHQ in the electron transfer chain 

of P. tricornutum, we used a Joliot type spectrometer (JTS) and saturating concentrations of HHQ 

(50 µM, see SI 2). We first measured the light dependency of the quantum yields of PSII and PSI 

(Y(II) and Y(I) respectively), in the presence and absence of HHQ (Figure 5-4). Again, the maximal 

yields of the two photosystems were not significantly inhibited by HHQ in the dark (Figure 5-4 

a & b). However, at all light irradiances, the quantum yields of both photosystems were 

significantly lower in the presence of HHQ compared to the control (Figure 5-4 a & b). This 

translates into a lower electron transfer rate through both PSII and PSI in the presence of HHQ, 

regardless of the irradiance (shown in SI 3). In the same conditions, we also measured the acceptor 

and donor side limitation of PSI (see Methods). The data clearly show that the decrease of Y(I) is 

paralleled by an increase of the donor side limitation (Y(ND)), i.e. P700 is more oxidized in HHQ 

treated samples (Figure 5-4 c). In addition, PSI is not acceptor side limited, because the proportion 

of non-photo-oxidizable P700 (Y(NA)) is almost non-existent regardless of light irradiance (Figure 

5-4 d). These data rule out the possibility that HHQ inhibits the PSI acceptor site or beyond (e.g. 

the Ferredoxin NADP reductase or the Calvin-Benson-Bassham cycle). The higher fraction of 

oxidized P700 reveals a limitation of the electron flow ‘uphill’ of PSI, confirming that the site of 

inhibition of the photosynthetic electron transfer chain takes place between PSII and PSI. 
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Figure 5-4: HHQ affects PSII and PSI function under steady state illumination.Light dependency 

of the quantum yields of PSII (Y(II), a) and PSI (Y(I), b) as well as PSI donor site limitation (c) and 

acceptor site limitation (d) under steady state illumination in P. tricornutum. Black squares: 

control samples (DMSO); Red circles: HHQ treated (50 µM). Error bars represent standard 

deviation (n = 3).  

HHQ affects the activity of cytochrome b6f 

To probe the exact target of HHQ in the photosynthetic apparatus of P. tricornutum, three 

complementary approaches were utilized: fast fluorescence transients, c-type cytochrome redox 

state and electrochromic shift (ECS) measurements. Together, these techniques allowed a detailed 

understanding of how HHQ affects the photosynthetic electron transport chain of diatoms.  

Fast fluorescence transients are finely time-resolved measurements of chlorophyll 

fluorescence during a saturating multi turnover pulse, providing specific information about 

processes in PSII but also beyond (Stirbet and Govindjee, 2011). Information is derived from 

stepwise transitions in fluorescence levels, referred to as the J- and I-step at 2 and 30 ms, and the 

P-step, which describes the time point when maximum fluorescence (Fm) is reached (Figure 5-5). 
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While DMSO treated control cells showed the typical shoulders at the J- and I-step of the 

fluorescence transient, DCMU treated cells reached Fm at the J-step, a typical indicator for PSII 

inhibition (Figure 5-5). However, treatment with 5 µM HHQ, the half-inhibitory concentration of 

HHQ, only induced a small increase at the J-step (2 ms) of the fluorescence transient. This 

indicated that the primary target of HHQ was not PSII, leading to the hypothesis that the target 

of HHQ was likely downhill of the plastoquinone pool (Schansker et al., 2011; Stirbet and 

Govindjee, 2011; Lepetit and Dietzel, 2015).  

 

 

Figure 5-5: Fast fluorescence transients of P. tricornutum after treatment with DMSO (negative 

control, black), 0.9 µM DCMU (positive control, blue) and 5 µM HHQ (red). The J- and I-step of 

the curve at 2 and 30 ms are indicated with a dotted line. Data is plotted on a logarithmic X-axis.  

In parallel, we analysed the ECS of photosynthetic pigments (Witt, 1979), which is the 

change in the absorption spectra of some photosynthetic pigments due to the electric field 

generated across the thylakoid by the photosynthetic process. The ECS, which can be seen as an 

in vivo voltmeter, is a powerful and widespread technique to investigate photosynthetic 

physiology. In P. tricornutum, like in other diatoms and stramenopiles (Bailleul et al., 2015; Berne 

et al., 2018), the ECS is the sum of a linear electric field strength (proportional to the electric field 

across the thylakoid) and a quadratic component (proportional to the square of the electric field 

strength). The kinetics of the linear ECS following a saturating laser flash can be used to evaluate 
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the activity of each photosynthetic complex (PSI, PSII, cytochrome b6f, ATPase). Indeed, these 

kinetics possess three distinct phases: 1) a fast rise of the electric field representing charge 

separation due to PSI and PSII activity (<0.1 ms), 2) a second rise, corresponding to the turnover 

of cytochrome b6f (~10 ms) which pumps additional protons into the lumen (Diner and Joliot, 

1976). In the third phase, a relaxation of the electric field is observed, as ATPase consumes protons 

from the lumen to the stroma and converts ADP into ATP (>10 ms). We also measured the redox 

state of c-type cytochromes, comprising the cytochrome f in the cytochrome b6f, and the 

cytochrome c6, which shuttles electrons between cytochrome b6f and PSI (see Methods). 

The first phase of ECS kinetics represents charge separation by photosystems, immediately 

after the absorption of a photon. This charge separation effect was decreased by 20% in the 

presence of HHQ (Figure 5-6 a). The charge separations in PSII and PSI lead to electron transfers 

from water to plastoquinones, and from c-type cytochromes to ferredoxins, respectively. 

Accordingly, this fast rise of ECS is concomitant with the oxidation of c-type cytochromes by PSI 

(Figure 5-6 b) which is similar with and without HHQ, indicating that PSI photochemistry and 

electron transfer from cytochromes to P700 is unaffected. The 20% decrease of the ECS fast rise 

could reflect a slight decrease of PSII activity in the presence of HHQ; however, this cannot 

explain the almost complete inhibition of photosynthetic activity in the light.  

After this fast phase generating reduced quinols and oxidized c-type cytochromes, the 

turnover of the cytochrome b6f complex catalyses the transfer of electrons from the reduced 

quinols to the oxidized c-type cytochromes. This process is coupled to proton pumping across 

the thylakoid. The outcome is a phase of reduction of the c-type cytochromes (Figure 5-6 b) and 

a second rise in the trans-thylakoid electric field and ECS (Figure 5-6 a). However, in the presence 

of HHQ, only a small increase of the electric field in this time frame was observed, and the 

reduction of c-type cytochromes was 20-fold slower. This observation identifies the cytochrome 

b6f as the main target of HHQ, explaining the overall inhibition of the photosynthetic electron 

transfer rate.  
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Figure 5-6: Electrochromic shifts are affected by HHQ. (a) ECSlin, (b) c-type cytochrome 

oxidation states, and (c) ECSquad calculated from absorption changes at 520, 554, 564 nm (see 

Methods), following a saturating laser pulse. Black squares: control samples (DMSO); Red circles: 

HHQ treated (50 µM). Error bars represent standard deviation (n = 5).  

HHQ suppresses thylakoid proton motive force in dark adapted cells, identifying 

mitochondrial respiration as a second site of inhibition  

The last phase of ECS measurements (> 10 ms, Figure 5-6) shows the decay of the electric 

field and corresponds to the movement of protons from lumen to stroma, catalysed by the ATP 

synthase. This decay was retarded by HHQ (Figure 5-6 a). HHQ treatment also decreased the 

amplitude of the quadratic ECS contribution by ~90% (i.e. electrochromic shift proportional to the 

square of electric field strength, shown in Figure 5-6 c). Those two observations hinted at a second 

effect of HHQ: the suppression of the pre-existing electric field in the dark (ΔΨd), as observed in 

Bailleul et al. (2015). To quantify the possible effect of HHQ on the electric field across the 

thylakoids in dark-adapted diatoms, we measured the kinetics of the relaxation of the linear and 

quadratic ECS generated after a saturating pulse of light in untreated P. tricornutum, as well as 

when treated with HHQ (50 µM). We also used the membrane potential uncoupler carbonyl 

cyanide m-chlorophenyl hydrazone (CCCP) as a control to artificially suppress ΔΨd (Bailleul et 

al., 2015). The amplitude of the quadratic versus linear ECS signals were plotted (Figure 5-7 a-c), 

giving the same characteristic parabolic function for all treatments, with the vertex indicating the 
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electric field strength in the dark, preceding the light perturbation (expressed in number of charge 

separations per photosystem, Figure 5-7 d). The data indicated that a proton motive force (PMF) 

was maintained across the thylakoid membrane of untreated P. tricornutum cells in the dark, with 

a ΔΨd corresponding to 5.0 ± 0.6 charge separations per photosystem, similar to previously 

measured values (Bailleul et al., 2015). However, the electric field in the dark was clearly 

suppressed in the presence of HHQ (ΔΨd = 1.4 ± 0.3 charge separations / photosystem), almost 

as much as with the uncoupler CCCP (ΔΨd = 0.8 ± 0.2 charge separations / photosystem).  

 

Figure 5-7: Electrochromic shift relaxation indicates weaker proton motive forces.  (a-c) Kinetics 

of linear (blue) and quadratic (red) ECS changes and c-type cytochrome redox state (black) 

obtained after deconvolution from the kinetics of absorption changes (ΔI/I) at 520, 554 and 566 

nm, during a 10 ms pulse of saturating red light (before time 0, 4,500 µmol photons m-2 s-1) and 

the subsequent dark relaxation (after time 0) (see Methods). (a) DMSO control, (b) treatment with 

HHQ (50 µM) and (c) treatment with membrane potential uncoupler CCCP (15 µM). (d) 

Relationship between quadratic (Y-axis) and linear ECS (X-axis) in control (black squares) and in 

cells treated with uncoupler (15 µM CCCP, orange triangles), and with HHQ (50 µM, green 

circles). Data in panel d are obtained from panels a-c.  
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In the presence of cellular ATP in the plastid in the dark (which comes from mitochondrial 

respiration activity), the plastidic ATPase is able to hydrolyse ATP to ADP, which generates a 

PMF across the thylakoid membrane (Joliot and Joliot, 2008). It is well-known in plants, green 

algae and diatoms that the inhibition of respiratory activity (with uncouplers, mitochondrial 

inhibitors or under anaerobic conditions) leads to a decrease of the PMF across the thylakoid 

(Joliot and Joliot, 2008; Stirbet and Govindjee, 2011). Thus, HHQ could suppress the PMF by two 

means: through an uncoupler effect, or through an inhibition of respiration. For that reason, we 

measured the effect of HHQ on the respiratory activity of P. tricornutum. 

Respiration rates of P. tricornutum were measured in the dark and derived before and after 

addition of HHQ using a Clark electrode. Respiration rates were more than halved after HHQ 

addition compared to respiration rates before addition of the compound (Figure 5-8). 

Accordingly, the observed decrease in electric field strength in the dark was attributed to an 

inhibition of respiration, rather than via uncoupling of thylakoid charge separation. 

 

Figure 5-8: HHQ inhibits respiration in P. tricornutum. Oxygen concentration of a diatom culture 

was tracked over time in a Clark electrode in the dark, and the rate of oxygen consumption was 

derived from oxygen concentrations one minute before and after addition of 50 µM HHQ. Data 

was normalized to the average untreated respiration rate and is displayed in relative unites (RU). 

Box plots display the median (bar), and 95% confidence interval. Whiskers indicate maximum 

and minimum. Asterisk indicates outcome of paired t-test (P < 0.005, n = 8).  
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Discussion 
A diverse array of interactions between diatoms and bacteria have been documented, 

however, the physiological mechanisms underlying these interactions are rarely characterized. 

This study demonstrated the growth inhibitory effects of five different 2-alkyl-4-quinolones on 

three diatom species, and identified a mode of action for HHQ in P. tricornutum. Out of the three 

quinolones tested with a heptyl side chain (Figure 5-2), HHQ was the most potent, with IC50 

values ranging between 1.2 and 4.9 µM, illustrating that in diatoms non-functionalized 

quinolones are more potent than their functionalized analogs. While previous studies have 

shown the toxic effects of HHQ on the coccolithophore Emiliania huxleyi (Harvey et al., 2016) and 

of PHQ on other diatoms (Long et al., 2003; Wigglesworth-Cooksey et al., 2007), this study 

complemented previous findings by testing a broader range of quinolones with structural 

variations. These experiments not only showed that diatom growth is inhibited by a wide range 

of quinolones, but also that some appear to be considerably more potent than PHQ. Interestingly, 

alkyl-quinolones were more active than their corresponding N-oxide derivatives by 

approximately an order of magnitude, while in bacteria-bacteria interactions, the N-oxides were 

much more potent than the corresponding non-functionalized quinolones (Szamosvári and 

Böttcher, 2017). 

The effects of HHQ were characterized exhaustively using a wide variety of spectroscopic 

techniques. These experiments indicate that HHQ inhibits both cytochrome b6f and to a lesser 

extent PSII in plastids, and oxygen consumption and ATP production in mitochondria. Under 

actinic light, Y(II) values (SI 2) were decreased and the transient reduction of P700 was absent 

(Figure 5-3), providing evidence that electron transport in thylakoids is inhibited. This phenotype 

was clearly visible with 5 µM treatments of HHQ, which was also the derived IC50 value for 

growth, suggesting the inhibition of photosynthesis is the chief mode of growth inhibition. These 

results were confirmed at all light irradiances under steady state illumination (Figure 5-4), 

showing that the quantum yield and relative electron transport rates of both photosystems were 

impaired by HHQ. The observed inhibition of PSI activity was due to a higher oxidation of P700 

and not acceptor-side limitations, which indicated that electron transfer was hampered in-

between the two photosystems. In dark conditions, quantum yields were hardly affected. 



100 

Subsequently, the binding site of HHQ was identified as the cytochrome b6f complex, whose 

activity was slowed down 20-fold (Figure 5-6). These experiments also showed that charge 

separation due to the activity of PSII was slightly decreased. These observations are supported 

by the fluorescence transients (shown in Figure 5-5), which show a slightly higher amplitude of 

the O-J phase, indicating an inhibition of the electron transfer towards the plastoquinone pool. 

These data give conclusive evidence that HHQ hinders photosynthesis primarily via the 

inhibition of cytochrome b6f, and to a lesser extent PSII (most likely at the QB site). Such a result 

is reinforced by the structural similarities between HHQ and plastoquinone/plastoquinol (the 

mobile electron carrier between PSII and cytochrome b6f), along with other structurally related 

molecules with similar inhibitory effects, such as stigmatellin and aurachines (Oettmeier et al., 

1990). To our knowledge, this is the first work towards the effect of quinolones on photosynthesis 

in diatoms, or indeed any alga. Furthermore, we regard this as the first work confirming that 

alkyl-quinolones inhibit photosynthesis using intact cells, an important provision when 

considering the ecological roles these compounds may have. 

HHQ also inhibited mitochondrial respiration, as demonstrated by oxygen consumption 

experiments (Figure 5-8). The inhibition of respiration leads to a supplementary phenotype. That 

is, the ATP produced by mitochondrial respiration in the dark can be hydrolysed by the 

chloroplast ATPase, working “in reverse”, pumping protons into the lumen. Because of this, 

diatoms, like other photosynthetic organisms (Joliot and Joliot, 2008; Bailleul et al., 2015) generate 

a PMF across the thylakoid in the dark. Here, the inhibition of mitochondrial respiration by HHQ, 

and in turn the dark PMF (Figure 5-7), can be visualized by the slower ATPase activity and the 

lower quadratic ECS following a saturating laser flash (Figure 5-6 c). Complete inhibition of 

respiration was not achieved, nor was a specific site of inhibition identified. It is nevertheless 

plausible that HHQ inhibits respiration via hindering electron transport at complex I or III, 

between which ubiquinone shuttles electrons, similar to the PSII – plastoquinone – cytochrome 

b6f system in plastids. Indeed, quinolones have been identified as inhibitors of these complexes 

in other organisms (Reil et al., 1997; Wu and Seyedsayamdost, 2017). While previous studies have 

shown the effect of 2-alkyl-4-quinolones on respiration in prokaryotes and non-photosynthetic 

eukaryotes, this study is the first evidence of their inhibition in photosynthetic eukaryotes, and 
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shows that these compounds can simultaneously hinder the function of both photosynthesis and 

respiration.  

Previous works, mostly using vascular plants, have demonstrated the inhibition of 

photosynthesis by NQNO, which is known to bind to cytochrome b6f (Selak and Whitmarsh, 1982; 

Rich et al., 1991; Yamashita et al., 2007). In comparison, much less is known regarding other 

quinolones. This work suggests that HHQ is a more potent inhibitor of photosynthesis in diatoms 

than NQNO and may be a more favourable molecule for future diatom photo-physiology studies. 

For example, a screening of quinolones by Reil et al. (2001) using spinach thylakoids showed that 

non-functionalized alkyl quinolones (like HHQ and NHQ) had only very weak effects on PSII 

and cytochrome b6f activity. In contrast, this study demonstrates HHQ has a strong inhibition of 

oxygen evolution (SI 5 and SI 6), mainly due to the inhibition of cytochrome b6f, suggesting that 

physiological differences between diatoms and other photosynthetic organisms define the 

activity of 2-alkyl-4-quinolones. Such a hypothesis is supported by fluorescence transients from 

two other microalgae treated with HHQ, shown in SI 4. In the coccolithophore E. huxleyi, for 

example, treatment with 25 uM HHQ led to an increase of the fluorescence transient at the J- and 

I-step which could point towards inhibition at PSII and the cytochrome b6f complex. In contrast, 

HHQ treatment of the green alga Dunaliella tertiolecta only induced an increase of the fluorescence 

transient at the J-step suggesting the effect was primarily PSII related. Indeed, the effect in D. 

tertiolecta was nearly identical to the effect induced by non-saturating treatments of DCMU. Taken 

together, these results illustrate how different photosynthetic organisms respond to HHQ in 

diverse manners, and suggests that the potent effect of HHQ on E. huxleyi observed by Harvey et 

al. (2016) is due to the inhibition of photosynthesis.   

This study adds detailed physiological data underlying the strong growth inhibitory effect 

of 2-alkyl-4-quinolones on diatoms, expanding the diverse repertoire of their bioactivity. 

Furthermore, this study builds on the increasing evidence that 2-alkyl-quinolones from bacteria 

have major roles beyond quorum sensing as important mediators of interspecies and even 

interkingdom interactions. This work parallels those on N-acyl homoserine lactones (AHL), 

which have also been shown to mediate interkingdom interactions in marine environments. For 
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example, AHLs mediate the settling of zoospores in the green macroalga Ulva (Joint et al., 2007), 

while tetramic acids, spontaneously generated from certain AHLs, have also been shown to 

impair photosynthesis in diatoms (Stock et al., 2019). All tested quinolones inhibited 

photosynthesis, while detailed physiological experiments identified cytochrome b6f as the chief 

binding site of HHQ, along with the less severe inhibition of PSII (shown in Figure 5-9). With the 

isolation of quinolone producing bacteria from marine sources in prior studies (Long et al., 2003; 

Cho, 2012; Whalen et al., 2015; Harvey et al., 2016), this study highlights how HHQ could 

modulate respiratory and photosynthetic activity, and subsequently the proliferation of diatoms 

in marine environments. 

 

Figure 5-9: Graphical summary of the observed effects of HHQ on diatom function  (lower panels) 

compared to standard metabolism (upper panels). The two left hand panels represent diatom 

metabolism in darkness, while the right hand panels summarise chloroplast function while 

illuminated.   
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Discussion 

This thesis describes studies regarding the interactions of the freshwater diatom 

Achnanthidium minutissimum, and the bacterium Dyadobacter sp. 32. The interactions between 

diatoms and bacteria have been shown to have far-reaching consequences, and previous research 

has identified novel interactions between A. minutissimum and strain 32 (Bruckner et al., 2011; 

Leinweber and Kroth, 2015; Windler et al., 2015). This thesis proposed to understand these two 

organisms and their interactions in detail, using a variety of techniques, including sequencing, 

transcriptomics, analytical chemistry and physiology experiments. 

Dyadobacter: a genus of interspecies signalling and ecological 

importance 
While previous work suggested isolate 32 belongs to the genus Dyadobacter, sequencing of 

the genome of this isolate (Chapter 2) was conclusive evidence that this bacterium is indeed a 

Dyadobacter strain. This relatively understudied genus of bacteria serves as a promising source of 

future discoveries in interkingdom interactions, as shown by this thesis. In particular, this genus 

appears to exhibit close interactions with land plants and algae, and with their characteristically 

large genomes (6 – 9 Mb), they appear to have a large amount of genetic material with which to 

adapt to a range of situations.  

With regard to algae, Dyadobacter species have been identified from the phycospheres of 

green freshwater algae on occasion, although they have been isolated from freshwater 

environments regularly. In 2017, Krohn-Molt and co-workers identified Dyadobacter as an active 

bacterium associated with a culture of the biofilm forming Scenedesmus quadricauda using an array 

of omics methods (Krohn-Molt et al., 2017), while Sambles and co-workers identified Dyadobacter 

strains in association with Botryococcus braunii (Sambles et al., 2017). Along with the growing list 

of Dyadobacter strains which have been isolated from wetlands and lakes, the identification of 

Dyadobacter from the phycosphere of these green algae suggests they play a role in freshwater 

ecosystems.  
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Strains of Dyadobacter have been predominantly isolated from soil, freshwater or 

rhizosphere samples, and metagenomic/metabarcoding studies have confirmed their presence in 

association with Arabidopsis thaliana (Delmotte et al., 2009; Reisberg et al., 2012), wheat, canola, 

potato, lettuce and pine (Haichar et al., 2008; Manter et al., 2010; Bal et al., 2012; Zhang et al., 2012; 

Debode et al., 2016). Interestingly, they are associated with improved plant growth and appear 

to confer an improved immune response as well. For example, Bal and Chanway found that cedar 

trees had improved growth when their soil was inoculated with a strain of D. fermentans (Bal and 

Chanway, 2012). Fu and co-workers found the soils of banana trees spiked with Dyadobacter 

strains conferred improved resistance to banana Fusarium wilt disease (Fu et al., 2017), while 

Debode and co-workers found this bacterium to be associated with improved growth in lettuce, 

while also decreasing the amount of zoonotic bacteria (pathogenic to humans but transmitted 

between animals) present on the leaves of the plant (Debode et al., 2016).  

In light of their association with photosynthetic organisms, the Dyadobacter genus presents 

itself as a promising source of novel enzymes and metabolites, as illustrated in Chapter 4. One 

such metabolite is the isoprenoid–cyclitol hypothesized to be synthesized by the ‘Ebo’ operon, 

which appears to have an important role in the function of certain algae (Yurchenko et al., 2016) 

and is present in the genomes of Dyadobacter. In other studies, enzymes from Dyadobacter strains 

have been shown to conduct a range of novel functions, including the degradation of xenobiotics 

(Willumsen et al., 2005; Wang et al., 2015; Ali et al., 2016), reduction of nitrous oxide (Domeignoz-

Horta et al., 2016), and augmentation and metabolism of a range of carbohydrates (Ojima et al., 

2013; Nihira et al., 2015). The work in this thesis adds to the current knowledge of Dyadobacter 

functions, and the metabolomics surveys of three Dyadobacter species (shown in Appendix I) serve 

as a reference in future works.   

Diatom – bacteria model systems as a tool in current research 
A number of model diatom – bacteria systems have been established in recent years, which 

give detailed insight into the interactions between these organisms. Some of these model systems 

are discussed below, including the diatom – bacterium pair of Thalassiosira weissflogii and 

Marinobacter adherens HP15. These two organisms were co-isolated from marine samples (Gardes 

et al., 2011), and are important in the context of this thesis, because certain phenotypes observed 
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mirror those seen in the A. minutissimum – Dyadobacter system. Namely, T. weissflogii produces 

EPS, while the bacterium appears to change its amino acid metabolism during co-culture, likely 

due to a change in amino acid production by the diatom (Gardes et al., 2011; Stahl and Ullrich, 

2016). This shows that similar phenotypes are observed in diverse environments: marine 

planktonic and freshwater benthic interactions (Torres-Monroy and Ullrich, 2018). These two 

phenotypes (EPS secretion and amino acid metabolism) nevertheless differ in their ecological 

outcome. In the case of the marine diatom – bacterium system, EPS secretion leads to aggregation 

of organic material and ultimately marine snow, while in the freshwater benthic case, EPS 

secretion is a crucial aspect of biofilm formation. 

Another model co-culture system of note is that of Thalassiosira pseudonana and Ruegeria 

pomeroyi DSS-3. The oceanic diatom T. pseudonana is a vitamin B12 auxotroph, and so relies on its 

associated bacteria for this cofactor. Therefore, this model system highlights the importance of B12 

in shaping the phycosphere: research showed that R. pomeroyi could metabolise an obscure carbon 

source synthesised by T. pseudonana, while providing vitamin B12, in a validation of the ‘forager 

to farmer’ hypothesis (Durham et al., 2015). In a later study, Durham and co-workers utilised 

transcriptomics and metabolomics to tease apart the interaction further, finding a suite of amino 

acid biosynthesis and transport proteins being upregulated, along with an increase in the 

associated metabolites in metabolomic data (Durham et al., 2017). In relation to the co-culture 

system of A. minutissimum and Dyadobacter sp. 32, parallels are found once again, not only in the 

involvement of amino acids but also in the importance of vitamin B12: even though neither 

A. minutissimum nor Dyadobacter sp. 32 require external supply of the cofactor, vitamin B12 

importer transcription is upregulated in A. minutissimum co-cultures. This work also shows how 

new functions for metabolites can be assigned, in this case dihydroxypropanesulfonate (DHPS), 

which again mirrors the efforts shown in Chapter 4 to identify novel metabolites involved in 

diatom – bacteria interactions. 

Although not a dual-species model system, recent work carried out on the diatom 

Asterionella formosa is important in the context of this thesis. While less extensively studied than 

those diatoms discussed above, this diatom is a planktonic freshwater species, which forms 
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microcolonies (small ‘rafts’ of diatoms). Studies into the A. formosa microbiome and metagenome 

showed parallels to results seen in this thesis (Kojadinovic-Sirinelli et al., 2018). Specifically, a 

high abundance of Bacteroidetes species attached to the diatom. Furthermore, many bacterial 

genomes lacked B-vitamin biosynthesis genes, while the diatom was self-sufficient regarding B-

vitamin production. This mirrors the results shown in this thesis (Chapter 3), which showed 

A. minutissimum synthesises B-vitamins, but when associated with bacteria, their biosynthesis is 

regulated: thiamine biosynthesis was downregulated, while pyridoxal biosynthesis was 

upregulated. The continuing research into this colonial diatom may provide useful comparisons 

with the work on A. minutissimum, and indeed both studies hint at a pattern of B-vitamin 

synthesis not seen in marine systems. That is, A. formosa and A. minutissimum seem to provide 

bacteria with vitamins, or cooperate with them to produce vitamins, while studies have identified 

marine diatoms relying on bacteria to deliver essential vitamins (Croft et al., 2005; Croft et al., 

2006; Durham et al., 2015). Hence, the use of model systems to study diatom – bacteria 

interactions is beginning to elucidate phenotypes that appear to be common among diatoms in 

response to bacteria.  

A. minutissimum as a model diatom 
This thesis provided several bioinformatics and methodological resources for the diatom 

A. minutissimum and bacterium Dyadobacter sp. 32. In doing so, these resources help to establish 

them as a viable model system with which to study diatom physiology. Such bioinformatics 

resources include the genome of Dyadobacter sp. 32, along with the first metabolomic assays of  

D. sp. 32, and established the use of the transcriptome library of A. minutissimum. Furthermore, 

this thesis introduces novel methods, such as a sensitive, improved assay to study biofilm 

formation, and a reliable method of purifying biofilm inducing compounds from strains of 

Dyadobacter. Along with Phaeodactylum tricornutum and Thalassiosira pseudonana, which serve as 

the respective model pennate and centric marine diatoms, other diatoms serve as important 

model organisms for specific processes. For example, Seminavis robusta, a pennate diatom from 

intertidal biofilms, whose genome is currently being finalized, is being used to understand sexual 

reproduction in diatoms (Moeys et al., 2016; De Decker et al., 2018), and Fragilariopsis cylindrus 

which represents a model polar ice diatom (Mock et al., 2017). Adding to these useful diatoms, A. 
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minutissimum is becoming an appealing diatom with which to study biofilm formation and EPS 

secretion in a freshwater benthic diatom.  

The use of A. minutissimum in laboratory systems is especially important given that the 

majority of studies into freshwater biofilms have aimed to study the microbial populations and 

consortia, while we understand very little about the functional aspects of freshwater biofilms, 

such as chemical communication. The importance of understanding the chemical ecology of 

biofilm communities is highlighted by the dramatic effects single metabolites have on 

A. minutissimum, such as the alkyl quinolones and biofilm inducing compounds studied in 

Chapters 4 and 5. 

Future prospects building on the transcriptomics work in Chapter 3 should include a more 

detailed understanding of certain genes which appear to be involved in EPS secretion and biofilm 

formation, in their temporal expression, as well as a more in-depth annotation. These genes 

would also serve as attractive targets of genetic knockout, if genetic transformation method for 

A. minutissimum could be developed, using recent advances in genetic editing techniques in 

diatoms (Huang and Daboussi, 2017; Serif et al., 2018).  

Implications for photo-physiology studies 
Biofilms in both freshwater and coastal environments are zones of high primary 

productivity, built upon the photosynthesis of diatoms. Hence, much research is devoted to 

understanding the photo-physiology of diatoms within marine sedimentary biofilms, in which 

epipsammic (non-motile) and epipelic (motile) diatoms live together on a sediment, which is 

coarse enough to allow diatoms between grains. However, compared to these biofilms growing 

on sediments, little research has been conducted on epilithic biofilms (biofilms on stone), nor 

freshwater biofilms. Furthermore, little research has addressed what effects the consortia of 

bacteria have on photosynthesis in biofilms. In several instances, this thesis has highlighted the 

importance of bacteria regarding the photosynthesis of diatoms, which shall be discussed below. 

Using transcriptomics and pigment analysis (Chapter 3), it was shown that the photo-

physiology of A. minutissimum is altered when co-cultured with Dyadobacter sp. 32. Specifically, a 

range of photosynthesis related genes were upregulated in co-culture, including the xanthophyll 
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cycle genes (diadinoxanthin epoxidase and diatoxanthin depoxidase). The hypothesis that the 

xanthophyll cycle had been switched on was confirmed using pigment analysis. Further 

experiments measuring electron transport rates and non-photochemical quenching have 

corroborated these results (Adrien Lapointe, personal communication). This shows how a 

seemingly innocuous bacterium, the likes of which could be present among freshwater biofilms 

worldwide, has an impact on diatom photosynthesis. One could therefore hypothesize that more 

severe effects could be found with other bacterial strains, similar to recent discoveries in 

planktonic systems (Tilney et al., 2014; Mayers et al., 2016). It may also suggest that adopting a 

biofilm lifestyle with a coating of EPS has a marked effect on the light conditions experienced by 

A. minutissimum, as suggested by previous studies regarding the sedimentary benthos (Decho et 

al., 2003), which showed that EPS increased the penetration depth of light into sediment, while 

also increasing photon capture (due to the refractive index of EPS). However, a similar photo-

physiology is produced in diatoms under nutrient stress (Taddei et al., 2016). Although growth 

rates do not suggest that A. minutissimum is limited by nutrients when cultured with Dyadobacter 

sp. 32, transcriptomic data shows an upregulation of nitrate import genes (as well as nitrate 

reductases), which at least suggest an alteration in nitrogen metabolism. Whether the photo-

physiological phenotype observed in co-culture is due to nutrient competition or from the 

alteration of light conditions, further work is required to understand the photo-physiology of 

freshwater (and epilithic) biofilms.     

Additionally, more severe effects on photosynthesis were observed with alkyl quinolones 

(Chapter 5) and tetramic acids (Stock et al., 2019). These compounds, which hinder 

photosynthesis via specific binding sites, originate from bacteria which are found in biofilms, and 

highlight how important the associated bacteria are for photosynthesis. Given the potential for 

these compounds (and the bacteria which produce them) to reach high concentrations in biofilms, 

future field studies or non-axenic lab studies into photosynthesis should interpret results in light 

of the prokaryotes present, and not only the alga. This is especially true when considering that 

biofilms are ‘patchy’ systems (Jesus et al., 2005), in which the microenvironment perceived by one 

diatom may be quite different to those nearby.   
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On the mechanism of biofilm formation 
This thesis showed, for the first time, that EPS production and subsequent biofilm 

formation is induced by single info-chemicals from bacteria. While previous experiments have 

shown that crude extracts induced biofilm formation in A. minutissimum (Windler et al., 2015), 

the bioassay guided fractionation of this crude extract showed this effect can be achieved by 

individual molecules. It is not yet clear why A. minutissimum responds to these signalling 

molecules. While there is evidence from other diatoms that EPS is secreted in an effort to cope 

with abiotic stress such as freezing or salinity levels, in the case of A. minutissimum, bacterial 

signals must initiate EPS secretion. However, transcriptomic evidence shown in Chapter 3 

suggests that there are differences in the nutrient status of A. minutissimum in biofilms. Namely, 

nitrate uptake and reduction, and vitamin B1 and B6 metabolism were altered in biofilm forming 

cultures. This could suggest that A. minutissimum secretes EPS and adheres to surfaces in response 

to bacterial info-chemicals, which are associated with favourable nutrient conditions, similar to 

the attraction of Ulva zoospores to bacterial N-acyl homoserine lactones (Joint et al., 2002; Joint et 

al., 2007). For example, by detecting signals emanating from helpful bacteria, the EPS which 

A. minutissimum secretes can act as a sponge, absorbing nutrients while securing the diatom 

within the favourable microenvironment. Furthermore, the EPS which the diatom secretes helps 

bacteria adhere as well, as shown by previous scanning electron microscopy experiments 

(Leinweber and Kroth, 2015). This hypothesis is supported by the genome sequence of 

Dyadobacter sp. 32, which contains both B1 and B6 biosynthetic enzymes. There is also literature 

evidence that vitamin B12 is concentrated in marine sediments (Monteverde et al., 2015). Recent 

studies into mutualistic planktonic diatom – bacteria interactions have also identified nitrogen 

remineralisation by bacteria (Amin et al., 2015; Diner et al., 2016), and this thesis suggests such 

nutrient cycling could also occur in biofilms.  

Another question that remains to be answered is how diatoms perceive or metabolise this 

signal, if at all. Hence, a number of outcomes are possible: that biofilm inducing compounds are 

sensed by the diatoms, leading to a signal response which includes biofilm formation; or, 

compounds from bacteria are required by diatoms to synthesise the necessary compounds used 

in biofilm formation. The first case, that bacteria emit a signal molecule leading to a signal 
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cascade, is similar to the situation observed in Ulva zoospores, (Joint et al., 2002; Joint et al., 2007). 

On the other hand, rather than simply detect an infochemical, A. minutissimum may require a 

certain metabolite from bacteria in order to synthesise adhesive compounds and EPS. This is 

reminiscent of the discoveries by Poulsen and co-workers (Poulsen et al., 2014), who showed the 

rare amino acid dihydroxyproline was utilised during adhesion in the benthic diatoms 

Craspedostauros australis and Amphora coffeaeformis. In this study, the EPS from C. australis and 

A. coffeaeformis was extracted, and the amino acids analysed. Dihydroxyproline was detected in 

the EPS of both diatoms, likely as part of adhesion proteins. It should be noted that non-canonical 

amino acids are also utilised by mussels and barnacles, including dihydroxyproline as well as 

dihydroxyphenylalanine (Taylor et al., 1994; Lee et al., 2006). Although amino acids are too 

hydrophilic to be the signal molecule excreted by Dyadobacter sp. 32, these studies suggest that 

novel biology and metabolism is commonly involved in adhesion to surfaces. A third possibility 

is that biofilm inducing signals are not metabolized at all, instead binding to the substrate or 

initial extracellular diatom exudates itself, allowing the excretion of EPS and adhesion of diatoms. 

This is more in line with the common paradigm in prokaryotes, in which biofilm formation is 

precluded by a conditioning of the surface with a variety of macromolecules (Wahl, 1989; 

Compère et al., 2001; Andrews et al., 2010). 

Conclusions and future prospects: How’s life in a Bodensee biofilm? 
The interactions between bacteria and diatoms in aquatic systems (both marine and 

freshwater) is an essential component of the planet’s oceans and waterways (see introduction). In 

recent years, state of the art methods have allowed us to tease apart these interactions in detail, 

in doing so highlighting the molecular processes which underlie globally relevant interspecies 

signalling. This thesis has, through the use of Achnanthidium minutissimum, and Dyadobacter 

sp. 32, studied freshwater autotrophic biofilms, via genomic, transcriptomic, metabolomics and 

physiological analyses. These sensitive techniques enabled the discovery of new phenotypes, 

while several further observations point to future prospects in diatom – bacteria interactions. For 

example, the mechanisms by which 2-alkyl-4-quinolones inhibit growth were uncovered using 

fluorescent and electrochromic shift experiments. Without these techniques the algicidal effects 

which are clear to the naked eye (i.e. a lack of biomass) may have remained unexplained. 
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Meanwhile, compared to growth inhibition, other phenotypes identified during these 

interactions are subtler, and were identified either through modern sequencing techniques, or 

methods developed during this thesis. While the genome of D. sp. 32 identified the presence of 

novel gene cassettes, many functions remain to be identified among over six thousand protein 

coding genes in the genome, and if they are relevant to interactions with diatoms. For example, 

the genome of D. sp. 32 hints at the ability to synthesise novel metabolites, including 

ergothioneine (locus tag DYADSP32_455), a novel antioxidant (Paul and Snyder, 2009), 

structurally similar to choline and glycine betaine, both of which have been implied in osmo- and 

cryoprotection in other diatoms (Torstensson et al., 2019). Similarly, the mysterious Ebo operon is 

present, which appears to have been incorporated into the genomes of other algae via horizontal 

gene transfer. The genome is also a step towards modern reverse genetic techniques in further 

studies. 

Other compounds were extracted from the exometabolomes of both D. sp. 32 and related 

species D. koreensis, D. ginsengisoli and Rhabdobacter roseus. These compounds induce biofilm 

formation of the diatom, and could be purified thanks to a new, streamlined bioassay, and the 

application of multiple chromatographic techniques. These methods should be applied to identify 

the respective compounds, which promises to open an entirely new line of study.  
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Figure 6-1: Graphical summary of the interactions and responses uncovered between diatoms 

and bacteria in biofilms from this thesis. Red arrows depict detrimental metabolites, while blue 

arrows depict potential beneficial metabolites. How diatoms respond to certain bacteria 

physiologically is described on the right hand inset, where red text denotes downregulated 

functions and blue text upregulated ones (black font denotes functions whose gene expression 

may be both up or downregulated).   

The ways in which A. minutissimum responds to bacteria also extends beyond forming 

biofilms. Transcriptomic analyses identified responses not identified before, such as alterations 

to photosynthesis, vitamin synthesis, and redox state. Why D. sp. 32 leads to these changes, is not 

yet clear, however all of these aspects of diatom – bacteria interactions can be applied to build a 

model of life in a photoautotrophic biofilm (summarised in Figure 6-1). From the perspective of 

the diatom, bacteria present an entire spectrum of detriments and benefits, i.e. the toxic effects of 

2-alkyl-4-quinolones, the beneficial effects of additional vitamin sources, potential osmolytes, and 

biofilm induction signals. In turn, diatoms respond both externally and internally. As previously 

discussed, they produce EPS and excrete amino acids, however they also appear to alter vitamin 

and urea biosynthesis pathways. Internally, the physiology of diatoms also adapts to a biofilm 

lifestyle, altering their photosynthetic apparatus, redox state, nitrogen uptake mechanisms, and 
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urea cycle. How bacteria respond to diatoms in biofilms was not studied here, but it is assumed 

that they benefit from EPS, not only as a food source but as an adhesive, while utilising amino 

acids and vitamins from diatoms as well. However, if a diatoms photosynthetic capacity were to 

be inhibited (by way of a 2-alkyl-4-quinolone or tetramic acid, for example), so would their supply 

of nutrients to bacteria. As such, crosstalk and multiple responses exist between diatoms and 

bacteria in biofilms. Ultimately, this illustrates how what is termed the “microbial loop” on a 

large scale (Azam et al., 1983), should be conceptualised on the microscopic scale as a microbial 

network, which in this case leads to biofilm formation.  A network which, even from our own 

drinking water, we are only beginning to unravel.  
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Appendix I 
Comparative metabolomics of Dyadobacter isolates 

Lachlan Dow, Emilio Cirri, Georg Pohnert  & Peter Kroth 

Abstract 
As shown in Chapter 4, it was discovered that the diatom Achnanthidium minutissimum 

forms biofilms in response to extracts not only from the isolate Dyadobacter sp. 32, but also other 

species from this genus. This discovery led to the experiments briefly summarised in this 

appendix, in which it was hypothesised that by using LC-MS based metabolomics, important 

signal molecules would be identified. Furthermore, previous research by Windler et al. showed 

Dyadobacter sp. 32 induces induced growth of the diatom Fragilaria brevistriata, and generated 

transposon insertion mutants that did not induce this phenotype (Windler, 2014). Thus, it was 

also hypothesised that certain metabolites present in the wild type D. sp. 32 would not be as 

abundant in transposon mutants, identifying them as possible signalling molecules. In a broader 

context, the metabolomics of this genus has not been previously studied, and as discussed (see 

discussion), are often involved in interspecies interactions. 

Methods 

Growth conditions and media  

Bacteria were cultured in AM media supplemented with 10 mM glucose, at 23°C with 

shaking (70 rpm).  

Bacterial exometabolite extractions for metabolomics analyses 

Dyadobacter species and strains of D. sp. 32, as well as un-inoculated media were grown in 

20 ml of glucose supplemented AM media. After 48 hours (late exponential phase, OD600 0.3), 

cultures were centrifuged (10 min, 4200 g), sterile filtered (syringe filter, 0.02 µm, Durapore) and 

the filtrate extracted on a c18ec solid phase cartridge (500 mg Chromabond), following 

manufacturer’s directions. Solutes were eluted in methanol, and the eluate dried under nitrogen 

and/or reduced pressure. The dried samples were redissolved in 50 µl HPLC grade methanol.  
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Bacterial endometabolite extractions for metabolomics analyses 

All four strains of D. sp. 32, as well as the un-inoculated media control were grown in 10 

ml of glucose supplemented AM media. After 48 hours (late exponential phase, OD600 0.2), 

cultures were centrifuged in falcon tubes (20 min, 4200 g, 4°C). Most of the supernatant was 

removed, with the remaining 2 ml and cell pellet removed and centrifuged again in a 2 mL 

microcentrifuge tube (15 min, 21300 g, 4°C). The supernatant was again removed, and the cell 

pellet lysed and suspended in 1 ml of a 1:3:1 solution of ice-cold methanol:ethanol:chloroform. 

The solution was thoroughly vortexed, and stored at -20°C until further analysis. The mixture 

was again centrifuged, (10 min, 21300 g, 4°C), and 300 µl of the supernatant dried and redissolved 

in 50 µl of methanol.  

Metabolomic UPLC-MS acquisition and analysis 

Bacterial extracts were injected onto a Thermo Scientific dionex ultimate 3000 rs 

autosampler UPLC, equipped with a c18 UPLC column, coupled with a Thermo Scientific Q 

exactive plus mass spectrometer. For exometabolomic samples, 1 µl was injected, and 5 µl for 

endometabolomic samples. A flow rate of 2 ml min-1, a primary mobile phase of milliQ water, 

and a secondary mobile phase of acetonitrile, both with 0.1% (v/v) formic acid. Gradient settings: 

t=0, 0% acetonitrile, t=9 - 10 minutes, 100% acetonitrile. MS acquisition parameters: m/z window: 

100-1500; parallel positive and negative acquisition channels, opening at 0.5 min.  

Mass spectrometric acquisition files (positive channel only) were analysed using XCMS 

online, to identify metabolite peaks and extracted ion counts, using the UPLC-Q exactive preset 

parameter. This program was also used to conduct pairwise and subsequent meta-analyses. 

Meta-analyses were visualised either with XCMS online or with Venny 2.1 (Oliveros, 2007-2015). 

Further data visualisation was conducted using metaboanalyst 3.5 (Xia and Wishart, 2016). Data 

was filtered based on standard deviation in order to better visualise differing peaks, transformed 

using the logarithm function, and scaled using the pareto scaling function. Heatmaps shown in 

Appendix I - 1 and Appendix I - 2 were produced using the Euclidean distance measure, ward 

clustering algorithm, showing autoscaled data values.  
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Results 

Exometabolomic analyses of Dyadobacter isolates 

A UPLC-MS metabolomics pipeline was utilised in order to survey the excreted signals 

from three species: D. sp. 32, D. ginsengisoli and D. koreensis. For each of the three species analysed, 

over 2000 metabolites were detected that were more abundant in comparison to the growth media 

control, with a fold change greater than two. This value decreased to between 644 and 1108 for 

those metabolites with a P-value of less than 0.05 (Appendix I - 1).  Only 89 metabolites were 

detected in all three species tested, corresponding to 13.8, 8.0 and 9.3% of the total metabolites 

detected in D. sp. 32, D. ginsengisoli and D. koreensis respectively. These signals ranged in retention 

time from less than one minute to later than nine minutes, and m/z values between 100.07 and 

1461.1.  
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Appendix I - 1: Exometabolomic analyses of three species of the Dyadobacter genus, D. ginsengisoli 

(D. g.), D. koreensis (D. k.), and D. sp. 32 (S32), along with growth media control (Control). A: 

Venn diagram comparing metabolite abundance in each species in comparison to control. Only 

features possessing a positive or negative fold-change larger than two and p-value less than 0.05 

are featured. B: heatmap comparing normalised extracted ion count from each replicate of the 

three analysed Dyadobacter species and growth media control. Displayed are the 100 metabolites 

with the lowest p-value (one-way ANOVA). Scale bar: fold-change relative to pooled average of 

each metabolite. Red: more abundant; Blue: less abundant. 

Endometabolomic surveys of D. sp. 32 and respective mutants which fail to 

promote the growth of Fragilaria brevistriata 

Along with inducing EPS secretion and subsequent biofilm formation in culture with 

A. minutissimum, D. sp. 32 has been shown to promote the growth of another freshwater benthic 

diatom, Fragilaria brevistriata, and 3 mutants of D. sp. 32 have been generated which lack this co-

culture phenotype (Windler, 2014). So far, it has not been possible to promote the growth of 

F. brevistriata using spent media/spent media extracts from D. sp. 32. Nevertheless, it was 

hypothesised that an exometabolomics approach (as used above) would highlight differences 
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between wild-type D. sp. 32 and the mutants of interest. These analyses provided results with 

high variability and typically weak signals. Hence, an endometabolomics analysis was instead 

pursued. In comparison to the wild-type, 30 metabolites were detected which were differentially 

produced in all three mutant strains, displayed in Appendix I - 2. These signals ranged in 

retention time from 0.5 minutes (the mass spectrometry data collection), to as late as nine minutes, 

and m/z values between 122 and 1240.9. Of particular interest was the group of metabolites, 

clearly visible in Appendix I - 2 A, which were more abundant in each mutant. These metabolites 

all eluted between 7.5 and 9 minutes.    

 

Appendix I - 2: Endometabolomic analyses of D. sp. 32 transposon insertion strains 2120, 3190 

and B16, and wild-type (WT), along with growth media control (Con.). A: Venn diagram 

comparing metabolites of differential abundance in each strain in comparison to wild-type. Only 

features possessing a positive or negative fold-change larger than two and p-value less than 0.05 

are featured. B: heatmap comparing extracted ion count from each replicate of the four strains of 

D. sp. 32, including the growth media control. Displayed are the 100 metabolites with the lowest 

p-value (one-way ANOVA). Scale bar: fold-change relative to pooled average for each metabolite. 

Red: more abundant; Blue: less abundant. 
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Appendix II 
Supplementary information 

Chapter 2: Complete genome sequence of Dyadobacter sp. 32, 

isolated from a culture of the freshwater diatom Cymbella 

microcephala 
Note: the remaining supplementary files to this are available on the attached CD, or onling 

at the DOI: XXXX 

SI 1: The complete genome (as a nucleic acid sequence) was uploaded 

to the antiSMASH web portal, and biosynthetic gene cluster was run 

using the “strict” settings, as well as the KnownClusterBlast, 

ClusterBlast, SubClusterBlast, ActiveSiteFinder and Cluster Pfam 

analysis options chosen.       
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SI 2: A) HPLC chromatogram of pigment extracts from Dyadobacter sp. 32 (blue) and 

Dyadobacter ginsengisoli (green). X-axis denotes retention time in minutes, and Y-axis denotes 

absorption at 440 nm. For ease of interpretation, absorption of each chromatogram is normalized. 

Dyadobacter sp. 32 displays a pigment at just before 12 minutes (arrow), which was not present in 

D. ginsengisoli. Extracts of both species were produced and analyzed in triplicate. B) Absorption 

spectra of the pigment from Dyadobacter sp. 32 (blue) and a standard of zeaxanthin (green). Both 

spectra were recorded using the same HPLC apparatus, and retention times were in agreement. 

Absorption values are normalized for ease of comparison. 
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Chapter 5: The multifaceted inhibitory effects of an alkyl quinolone on 

a diatom 

 

SI 1. Growth of all three diatoms exposed to a range of concentrations of NHQ (left column) and 

NQNO (right column). The corresponding IC50 values are shown in boxes 
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SI 2. PSII quantum efficiency, Y(II), of P. tricornutum treated with 40 µM DCMU and 

concentrations of HHQ, PQS and HQNO measured under dark (blue) and actinic light (red) 

conditions with a Dual PAM. Y(II) was hardly affected by quinolone treatments under dark 

conditions while quantum efficiency dropped under actinic light conditions, most severely when 

HHQ was applied. Each data point is shown with a dot, while the connecting line connects the 

average of each treatment. Zero µM values are the DMSO control values. 

 

SI 3. Relative electron transfer rate through PSII (A, rETRPPSII) and PSI (B, rETRPSI) in P. 

tricornutum. control samples (black squares) and samples treated with 50 µM HHQ (red circles). 

Error bars represent standard deviation (n = 3). 
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SI 4. Fast fluorescence transients of the coccolithophore Emiliania huxleyi and the green alga 

Dunaliella tertiolecta, treated with HHQ (red) or DMSO control (grey). Fluorescence transients of 

D. tertiolecta were also conducted upon treatment with two DCMU concentrations (blue) showing 

that 0.25 µM DCMU shifts the curve in such a way that Fm is already reached at the J-step of the 

curve at 2 ms. 
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SI 5. Effect of HHQ on Oxygen evolution measurements in P. tricornutum cell cultures. Cultures 

were concentrated to 5 mg chl a mL-1 and treated with either DMSO (black) or 100 µM HHQ (red). 

Circles show photosynthetic rate (µmol O2 mg chlorophyll a-1 min-1) for each minute post 

illumination (200 µmol photons m-2 s-1) for each replicate, horizontal bars show the mean of the 

three replicates. Values corresponding to t=0 illustrate the respiration rate (measured as oxygen 

consumption). 

 

SI 6. Oxygen evolution measurements of thylakoid membrane extracted from P. tricornutum. 

Thylakoid extracts were photosynthetically active during illumination (150 seconds and 

onwards), however, when treated with 100 µM HHQ (t = 430s), oxygenic photosynthesis halted 

immediately. 
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