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ABSTRACT 
 

Understanding the pivotal roles played by different bacterial types within biofilms can lead to 

effective management and/or utilization of biofilms. Freshwater and marine bacteria from the 

phylum Planctomycetes populate biofilm-specific clusters in a way that has led researchers to 

conclude that an important relationship exists between planctomycetes and algae and 

cyanobacteria. This study seeks to investigate this relationship. Replicate stream mesocosms 

were established using flow channels with half exposed to normal springtime daylight/night-

time conditions and half kept in complete darkness to investigate how the different lighting 

conditions affected community assembly of planctomycetes and photosynthetic microbiota. 

Biofilms collected from rocks in a natural stream were used as an initial colonisation 

inoculum for slides placed within the flow channels and these operated for six weeks. Biofilm 

was collected from one half of a slide per channel on a weekly basis and stored at -20℃. The 

other half of the slide was scraped clean for Chlorophyll concentration analysis. After the six-

week sampling period, frozen biofilm samples were removed from collection sponges and 

processed to extract DNA, amplify selected bacterial communities using PCR, and then 

sequenced. Sequences were sorted and assigned operational taxonomic units followed by 

reducing the data set to the most frequently occurring planctomycetes and potential 

phototrophic microorganism OTUs. Data-mining, bioinformatics, and statistical methods 

were employed to look for patterns of occurrence and correlations between planctomycetes 

OTUs and the other selected OTUs based upon lighting conditions, temperature, community 

changes over time, and as related to the presence of chlorophyll a, chlorophyll b, and 

bacteriochlorophyll a.  The hypothesis of relationship between planctomycetes and 

photosynthetic microorganisms was not established, however results of this experiment 

suggest differing patterns of occurrence for each of the 24 most frequently occurring 

planctomycetes OTUs. Additionally, several correlations exist between planctomycetes and 

proteobacterial OTUs, certain cyanobacteria and with members of Verrucomicrobia, although 

none confirm a dependent relationship. The relative abundance of planctomycetes was not 

significantly different between daylight and dark conditions. This study provides a better 

understanding of community assembly within freshwater biofilms. 
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CHAPTER ONE 

Introduction 
 

1.1 The Planctomycetes Phylum 

 “The planctomycetes have been from the moment of their discovery 

organisms on the edge of our understanding, on the frontier of our knowledge 

of what microorganisms might be like, forming new models for microbial life 

and for biology ~ John L. Fuerst (Fuerst 2013).” 

 

Planctomycetes were first discovered in a freshwater lake by Nándor Gimesi in 1924 (cited 

by Andrei et al. 2019) and represent a major prokaryotic group within freshwater systems. 

Evolutionary history suggests that Planctomycetes transitioned from sediment/soil to aquatic 

environments where they developed their most specialized lifestyle shaped by niche-directed 

loss of functions and pathways not required within the freshwater environment and adopting 

a dual lifestyle of free-living and sessile surface-attached (Andrei et al. 2019) such as seen in 

biofilms. They are ubiquitous in nature and have been associated with freshwater, marine, 

brackish, hot springs, and groundwater habitats, along with soil and peat bog, compost, 

manure, sewage sludge, and termite, sponge, prawn, coral, lice, and human colon tissues. 

Some species from the phylum Planctomycetes occur in hypersaline, acidic and alkaline, and 

high temperature environments (Ward 2010; Fuerst 1995; Staley et al. 1992). Planctomycetes 

have challenged researchers’ understanding of the ‘prokaryotic’ concept with an unusual 

cellular compartmentalization via internal membranes which exhibits the most complex 

internal organization known in bacteria and archaea (Sagulenko et al. 2017; Fuerst 2013). 

This cellular organization was first interpreted by scientists as a potential link between 

prokaryotic and eukaryotic nucleus origins (Lindsay et al.  2001). Only within the past five 

years has it been suggested that Planctomycetes do contain peptidoglycan within their cell 

wall structure making this bacterium to be more similar to Gram-negative staining bacteria 

than to eukaryotes (Jeske et al. 2015; Wiegand et al. 2018). Planctomycetes are 

chemoheterotrophic and therefore must obtain energy from their environment. They are 

capable of anaerobic growth and can reduce sulphur, thiosulfate, and nitrate (Elshahed et al. 

2007). Marine microorganisms from this phylum are reported to be responsible for at least 

50% of nitrogen removal from oxygen-minimum zones of the world’s oceans (Fuerst 2013). 

Planctomycetes have been identified in sequenced DNA collected from biofilm of submerged 
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rocks found in freshwater streams (Lewis, G., personal communication, March 2019) and 

other freshwater systems of New Zealand (Echenique-Subiabre et al.2018). 

One branch of planctomycetes, the anaerobic ammonium-oxidizing planctomycetes are 

currently being employed in New Zealand (Singhal, N., personal communication, 07 

September 2018; Garcia, O., personal communication, 11 September 2018) and throughout 

the world in industrial and wastewater bioreactors to help reduce ammonia-rich waste in a 

way that saves energy and reduces the carbon footprint (Fuerst 2013).  

1.2 Taxonomic Classification and Cellular Structure of Planctomycetes 

1.2.1 Taxonomic Classification of Planctomycetes 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Planctomycetes Classes and Orders Identified in this Study. “C:” indicates “Class”. “O:” 

indicates “Order”. 

 

Planctomycetes are part of the superphylum that includes Chlamydiae, Verrucomicrobia, and 

Lentisphaerae on the basis of 16S rRNA gene sequences and other molecular markers. In my 

study, three classes and six orders (Fig. 1.1) were identified by Greengenes, a full-length 16S 

rRNA gene database dedicated to Bacteria and Archaea that uses de novo tree construction 

and other sources of rank mapping to classify taxonomic nomenclature (McDonald et al. 

2011). Historically, the division of the Planctomycetes phylum into classes, orders, families, 

and genera has been an ever-evolving process. Bergey’s Manual of Systematic Bacteriology 

(2nd Edition, Volume 4) (2010) states that the phylum comprises one class 

(“Planctomycetia”) and two orders (Planctomycetales and “Brocadiales”) (Ludwig et al. 

2010). Wiegand et al (2018) specify two classes of planctomycetes (Planctomycetia and 

Phylum: Planctomycetes 

C: Planctomycetia C: Phycisphaerae 
C: OM190 

O: WD2101 

O: Planctomycetales 

O: Pirellulales 

O: Gemmatales 

Classes 

O: CL500-15 O: Phycisphaerales 

Orders 
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Phycisphaerae). Phycisphaerae is subdivided into the orders Phycisphaerales and 

Tepidisphaerales. Class Planctomycetia has one order Planctomycetales that was reported to 

have three families (Planctomycetaceae, Isosphaeraceae, and Gemmataceae) (Wiegand et al. 

2018). Most recently, however, Dedysh et al. (2020) used comparative genome analysis to 

differentiate novel orders of Pirellulales, Gemmatales, and Isophaerales, with an emendation 

of the order Planctomycetales (Dedysh et al. 2020).  

1.2.2 Cellular Structure and Morphological Features of Planctomycetes 

Planctomycetes stain Gram-negative and cellular shapes may be tear-dropped (Fig. 1.2), 

bulbiform, spherical, pear shaped, club-shaped, or ellipsoid and are generally larger in 

diameter than other bacteria (3.5μm and larger) (Ward 2010; Fuerst 2013). The outer 

covering of the cells possess a great 

amount of hair-like fimbriae found 

in various locations based on the 

genus and species and are often 

described as stalks (some stalks 

form bundles), spikes, spines, or 

bristles (Ward 2010; Staley 

1973).  Holdfasts are commonly 

found on exposed tips of stalks 

which allow attachment to other 

Planctomycetes cells or for the 

attachment to other organisms and 

materials (Jenkins and Staley 2013; 

Fuerst 2013; Staley et al. 1992). 

Within the cell, genus specific 

membrane-bound internal structures 

appear in a compartmentalised plan 

(Lindsay et al. 2001; Fukunaga et al. 2009; Fuerst 2013) (see Fig. 1.2). Compartmentalisation 

is unusual amongst prokaryotic domains and for some successfully isolated species of 

Planctomycetes the nucleoid and RNA are stored separately inside a compartment called the 

pirellulosome similar to members of the Verrucomicrobia phylum (Ward 2010). Initially, 

König et al (1984) suggested that all members of Planctomycetes lacked a layer of 

peptidoglycan within its cell wall--something that nearly all other bacteria possess to 

Figure 1.2. Basic cell structure of planctomycetes 
has unique features of invaginations of the cytoplasmic 
membrane or crateriform structures that form different 
sized fibers. Source: Wiegand, Jogler, and Jogler, “On the 

Maverick Planctomycetes”, FEMS Microbiology Reviews, 
2013, p.740, by permission of Oxford University Press. 
See Appendices p. 67 for record of permission. 
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maintain cell shape (König et al. 1984). Since then, Jeske et al. (2015) found that proteins 

required for peptidoglycan synthesis are found in planctomycetal genomes (Jeske et al. 

2015). With the exception of a few members of the class Phycisphaerae which divide by 

binary fission (Fukunaga et al.2009), most planctomycetes reproduce through budding that 

produces swarmers that move around freely using monotrichous flagellum but may later 

become sessile (Ward 2010; Jenkins and Staley 2013).  

1.3 Nutrients and Metabolism and their Uptake  

1.3.1 Nutrition, Metabolism and Phototrophic Associations 

Planctomycetes are chemoheterotrophs that grow slowly with a low demand for carbon and 

nitrogen (Ludwig et al. 2010; Lage and Bondoso 2012). Under aerobic and facultative 

anaerobic conditions, carbohydrates (gelatine and starch for some species) taken from their 

environment are the prime sources of carbon used for Planctomycetes growth (Ludwig et al. 

2010). Surfaces of kelp, macroalgae, and cyanobacteria make suitable spaces for biofilm (and 

Planctomycetes) attachment and growth since phototrophs release large quantities of 

carbohydrates into the surrounding water during the process of photosynthesis (Waksman and 

Carey 1935). Therefore, associations with algae and phototrophic bacteria would enhance 

planctomycetes growth. Decomposition of organic matter associated with phototrophic 

organisms results in the release of carbon dioxide and ammonia (Waksman and Care 1935). 

Anaerobic Ammonium Oxidizing (ANAMMOX) Planctomycetes (Candidatus Scalindua and 

Candidatus Kuenenia stuttgartiensis) utilise ammonium and nitrite to produce nitrogen with 

two intermediates (hydroxylamine and hydrazine) under anaerobic conditions. These bacteria 

have been found to be capable of at least three metabolisms: (i) the anammox process, (ii) 

iron and (iii) manganese reduction with formate, and nitrate reduction with formate, and these 

processes are mediated in freshwater and wastewater treatment plants. When nitrate is 

present, C. Kuenenia stuttgartiensis uses formate to drive dissimilatory nitrate reduction to 

ammonium that is then converted to nitrogen via the anammox process (Fuchsman et al. 

2012; Strous et al. 2006; Schmid et al. 2007). In addition to testing positive for dissimilatory 

nitrate reduction, other Planctomycetes test positive for hydrogen sulphide (H2S) formation, 

gelatine liquefaction, and carbon monoxide tolerance. A few species from the Pirellulales 

order of Planctomycetes use N-acetylglucosamine for both a carbon and nitrogen source and 

also source nitrogen from urea, ammonium, and yeast extract (Ludwig et al. 2010). Some 

planctomycetes have the ability to reduce sulphur (Elshahed et al. 2007; Glöckner et al. 2003; 

Bengtsson & Øvreås 2010) and ferment carbohydrates under anaerobic conditions. (Elshahed 
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et al. 2007). Algae produce polysaccharides which are often highly sulphated (Helbert 2017). 

Sulfatase genes found within Planctomycetes genomes would allow the bacteria to remove 

sulphates from polysaccharides produced by algae such as alginates (polysaccharide), 

fucoidan (complex polysaccharide), and laminarin (glucose polysaccharide) produced by 

brown algae, agar and carrageenans (sulphated polysaccharide) produced by red algae, and 

ulvans (highly sulphated polysaccharide) produced by green algae (Bondoso et al. 2017; 

Kraan, S. 2012).  

1.3.2 Uptake of Nutrients 

Some researchers assert the ability of planctomycetes to perform endocytosis-like uptake of 

proteins (Fuerst & Sagulenko 2011), while others refute 

such uptake to be unlikely due to the discovery of a gene 

that codes for a peptidoglycan cell wall, and instead 

suggest three options of slow degradation such as: (i) 

enzyme secretion and subsequent degradation of complex 

substrates into monosaccharides that are transported 

through canonical pathways (Weigand et al. 2018), (ii) 

the anchoring of complex polysaccharides to the cell 

surface through the use of hold-fasts with subsequent 

degradation (Weigand et al. 2018), and (iii) pili-like 

fibres that are associated with crateriform structures 

(Planctopirus limnophila and Gemmata obscuriglobus) 

(see Fig. 1.2 above) that draw polysaccharides into the 

enlarged periplasm where they are degraded (Boedeker et 

al. 2017; Sagulenko et al. 2017). However, Shiratori et 

al. (2019) have since captured images of phagocytosis-

type behaviour in planctomycetes and include two 

movies in their supplementary figures of planctomycetes 

Candidatus Uab amorphum engulfing other bacteria and 

eukaryotes in cultures (Fig. 1.3) (Shiratori et al. 2019). 

1.4 Influences on the Biofilm Community 

Biofilms are an irreversible association of microorganisms living in communites that are 

attached to solid surfaces through the use of cellular hold-fasts and extracellular polymeric 

substance (EPS) (Donlan 2002). Life in a biofilm holds many advantages to its members: 

Figure 1.3. Light and 
fluorescent micrographs of 
‘Candidatus Uab amorphum’. “j–
o Selected images of confocal 
fluorescent time-lapse video 
showing prey engulfment and 

digestion process of ‘Ca. Uab 
amorphum’. Green fluorescence 
indicates AcGFP1-labelled 
Escherichia coli. Scale bars, 10μm 

(a) and 5μm (b–o). (Source: 
Shiratori et al. 2019, Nature 
Communications,http://creativecom

mons.org/licenses/by/4.0/”. This 
image has been modified by taking 
one part of Figure 1.) 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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nutrient gradients are established, genes can be exchanged, quorum sensing can be used for 

communication, cycling of various nutrients can readily occur, and the biofilm provides 

protection of its members from various environmental stresses (Donlan 2002; Franklin et al. 

2015), and in some cases, biofilms may offer survival of some microorganisms outside a host 

cell (Murga et al.2001). On the flip side, biofilms are rife with competition for nutrients and 

are subject to predation (Donlan 2002). A primary advantage that allows Planctomycetes to 

colonise biofilms is the presence of glycoproteic holdfasts located on the outer cell membrane 

(see “Holdfast” structure in Fig. 1.2) that allow attachment to their own members, other 

members of the biofilm, and to solid surfaces or EPS (Bondoso et al. 2017; Jogler and Jogler 

2013; Dedysh et al. 2020; Staley et al. 1992). Species from the family Pirellulaceae (order 

Pirellulales) either live as free-swimming cells or attach to surfaces which include biofilms. A 

novel species (Mal15; proposed name: “Stieleria maiorica Mal15”) from the Pirellulales 

order produces a chemical that enhances its own growth while manipulating the growth of 

competitors. Stieleria maiorica Mal15 secretes small molecules of N-acylated tyrosine 

derivatives (researcher-named: “Stieleriacine A1”) as a fatty acid residue that decreases the 

lag phase of its own development, increases biofilm formation on the part of one species of 

proteobacteria (Phaeobacter inhibens of the ‘Roseobacter group’), which produces the 

antibiotic tropodithietic acid (TDA), and reduces biofilm formation by another proteobacteria 

(Sulfitobacter dubius). Interestingly, Planctomycetes S. maiorica Mal15 is resistant to the 

antibiotic TDA produced by P. inhibens, and TDA slows P. inhibens growth (by 41%) as a 

result of the increased metabolic burden (Kallscheuer et al. 2020). Such a chemical would aid 

in procuring a place for Planctomycetes S. maiorica Mal15 within a biofilm. Another species 

of Pirellulales (Rhodopirellula baltica) degrades sulphated polymeric carbon produced by 

marine kelp and often dominates the biofilm community. The marine kelp (Laminaria 

hyperborea) produces chemical antimicrobial defence compounds to which R. baltica is 

resistant. It’s been suggested that older, and soon to be shed, kelp do not secrete as much 

antimicrobial compounds and it’s at that time when Planctomycetes abundance diminishes 

(Bengtsson & Øvreås, 2010). Another planctomycetes (Isosphaera pallida) formed a stable 

co-culture with a photosynthetic bacterium (Heliothrix oregonensis) under aerobic conditions 

in the light. Interestingly, H. oregonensis, although photosynthetic, may be dependent upon I. 

pallida for growth (Pierson et al. 1985). 
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1.5 Methods for Studying Planctomycetes and the Biofilm Community 

Planctomycetes are common in freshwater systems yet remain understudied due to 

difficulties in culturing and isolation which is largely because their slow growth means they 

are usually outgrown by competing bacteria and fungi. The inability to isolate 

planctomycetes makes it difficult to identify sequences as belonging to the Planctomycetes 

phylum which leads to their underrepresentation in 16S rRNA gene clone libraries (Wagner 

and Horn, 2006). The need to find primers designed to include Planctomycetes (Wang and 

Qian 2009), also stands in the way of study since PCR-dependent amplification is susceptible 

to primer matching biases based upon existing knowledge (Rosselli et al. 2016). Glöckner et 

al. (2003) reported the complete genome sequence of Pirellula sp. Rhodopirellula baltica as 

having 7.145 megabases and the largest circular bacterial genome they had sequenced. There 

were 460kb separating the 16S from the 23S-5S rRNA genes, which they considered to be 

exceptional (Glöckner et al. 2003). Despite its limitations due to PCR amplification and lack 

of knowledge of unidentified Planctomycetes, 16S rRNA gene sequencing is widely 

recognized as invaluable for providing in-depth information about environmental microbial 

communities (Rosselli et al. 2016). 

1.5.1 DNA Extraction, PCR Amplification, DNA Purification, Sequencing, and Beyond 

Biofilms are a complex mixture of microbial diversity (Franklin et al. 2015). In this study, it 

was important to know that Planctomycetes are present within biofilm samples. Additionally, 

I am looking for potential relationships between Planctomycetes and other members 

(phototrophs, specifically) of the biofilm community. Few Planctomycetes have been validly 

identified due to isolation and culturing challenges, therefore, if I were to use a microscope to 

look for Planctomycetes, even if I saw something that resembled images that others have 

captured of Planctomycetes, I would not be able to positively identify what I was seeing as a 

Planctomycetes species without isolation, culturing, and genomic studies.  Compared with 

alternatives such as isolation and culturing which are not very practical considering the end 

goal, DNA extraction, PCR amplification, DNA purification, and sequencing are the logical 

methods to follow to obtain information about the biofilm community (See Chapter 2 

Methods). Additionally, previous to beginning this experiment, I studied datasets of biofilm 

communities that originated from streams of the Auckland (New Zealand) area to look for 

evidence of any relationship between Planctomycetes and phototrophs from within the 

natural habitat, and the above named methods were followed to produce those datasets. 

Therefore, consistency in methodology was important. Beyond the above-named methods, 
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transcriptomics (RNAseq, microarrays, and reverse quantitative PCR) (Franklin et al. 2014) 

would be beneficial in determining if Planctomycetes are expressing genes necessary for 

sulphur and nitrate reduction, or any number of other processes that would indicate 

dependency upon phototrophs.  

1.6 Study Objectives 

All organisms that are dependent on external sources for their sustenance (e.g., heterotrophs), 

rely in some way upon other organisms capable of producing their own energy (e.g., 

phototrophs and chemotrophs) and only thrive in environments where energy producers 

inhabit. Energy sources may come from photoautotrophs that convert solar energy into 

chemical energy (photosynthesis) or from chemoautotrophs that oxidize inorganic molecules 

such as sulphur, iron, or magnesium to produce their own energy. Whether the formation of 

biofilms containing Planctomycetes on the surfaces of cyanobacteria, algae, and kelp is 

stochastic, because biofilms grow almost anywhere, or deterministically fuelled by specific 

nutrients supplied by these phototrophs, it makes a difference within the ecological 

framework and our understanding of Planctomycetes. It also impacts our ability to isolate and 

culture this bacterium. In this study, I look for relationships between Planctomycetes and 

photosynthetic members of biofilms that grow together on rocks in freshwater streams. Since 

photosynthesis is light dependent, I use a system of flow channels where half are exposed to 

normal daylight/night-time conditions and half are kept under dark conditions to grow 

biofilms on slides and thereby compare differences in biofilm community composition over 

time. The expectations are that the abundance of photosynthetic organisms will decrease 

under dark conditions allowing me to see what changes occur with Planctomycetes as a 

result. 

 This study has the following objective: 

 

To test for a relationship between planctomycetes and photosynthetic members of the 

biofilm community. 

HO Relative Abundance: There is no relationship between 

     Planctomycetes and photosynthetic  

    microorganisms. 

 

To test this hypothesis, an experiment was designed to mimic biofilm growth within a 

freshwater stream using flow channels and collection of existing biofilms from a local stream 

(Chapter 2).  
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CHAPTER TWO 

Experimental Design, Materials, and Methods  

Data Preparation and Analysis 

 
 

2.1 Experimental Flow Channel Design 

To address the hypotheses of testing relationship between planctomycetes and photosynthetic 

organisms, an experimental flow channel system was designed that mimicked freshwater 

streams. Biofilm was inoculated, and microbial communities were allowed to grow under 

conditions of normal daylight/night-time and of complete darkness. The end goal was to 

evaluate the correlation between the relative abundance of planctomycetes and potentially 

phototropic microorganisms found in each condition. Six flow channels that housed six glass 

slides each were set up with six water pumps submerged in a catch basin placed at one end of 

the channels. The catch basin collected the water from flow-channel overflow and the water 

pumps recirculated the water through clear vinyl tubing back to the flow-channel entry, 

creating a continuous stream of water flowing over slides containing developing biofilms 

(Fig. 2.1). After one week of biofilm growth under normal daylight and night-time 

conditions, half of the flow channels were covered with black tarpaulin to block all light from 

entering the three channels. The other three flow channels were covered with clear plastic 

wrap to keep surrounding environmental debris out of the channels and were continually 

exposed to normal daylight/night-time conditions. One slide from each channel was removed 

weekly for six weeks for microbial community and chlorophyll analysis. 

 
Figure 2.1. Experimental Flow Channel Design. Water is pumped from the catch basin on the 
right by six submerged water pumps and travels through clear vinyl tubing, flowing in the direction 
of the arrows, until it re-enters the flow channels at the left side. Each of the six flow channels 
houses up to six slides—one slide for each week of sampling—for growing biofilm collected from 
Cascade Stream in Waitakere Regional Park (North Island) New Zealand. Three channels were 

covered with black tarpaulin to block light exposure (dark conditions) and three channels were left 
exposed to daylight conditions. Also see figures 2.2 and 2.3.  
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2.2 Flow Channel Materials and Methods 

2.2.1 Flow Channel Set-up 

Six low capacity flow channels (147 cm long x 7 cm tall x 9 cm wide), constructed from 

vinyl “rain gutter” material were thoroughly 

cleaned with detergent followed by a 10-minute 

4% sodium hypochlorite soak, a double rinse, and 

then air-dried (Ancion 2010). The flow channels 

were then set up parallel to each other with three 

channels set at the base level and three channels 

placed with supports on top of the base level 

channels. These channels were used in a previous 

experiment by Ancion (2010) and had endcaps 

secured to both ends with a 7 cm by 2 cm cut-out 

on one end to allow for water drainage. The top 

three flow channels were 8 cm longer than those 

on the bottom to allow drainage without flow 

entering a lower channel. Channels were set at a 

slight angle by using a steel grid-patterned 

structure at the flow entry end and 2 cm props for 

the opposite ends to create a controlled flow with a 

slope of approximately 0.04 degrees (Fig. 2.2). A 

glass aquarium (cleaned following the above 

protocol) was placed at the end of the flow 

channels as a catch basin and to house six water 

pumps (Watermaster Submersible Pumps, 

AQUWMP AP-99a, AC 220-240v, 50 Hz, 16W). 

Water pumps were pre-cleaned by pumping soapy water through each pump for 

approximately 10 seconds, followed by a tap-water rinse, a weak solution of sodium 

hypochlorite rinse and two tap-water rinses. Clear 12.5 mm vinyl tubing was purchased and 

cut into 2.4 meter sections, pre-cleaned (using previously described protocol) and attached to 

the pumps at one end, run parallel along the flow channels to the opposite entry-end where 

they were secured using string and clothespins. Water pumps were placed out of flow-

channel drainage streams to prevent bubbles from entering tubing and re-circulating through 

the system (Figs. 2.1 and 2.2). A trial run on 25 October 2019 was used to calculate the 

Figure 2.2. Experimental flow channel set up 

with normal daylight conditions flow-

channels on top and tarpaulin covered (dark 

condition) flow-channels below. An aquarium 

serves as a catch basin for drainage and 

housing for pumps used in recirculation. Water 

travels from the catch basin through the water 

pump and tubing and re-enters the channels at 

the other end (held by white steel rack). Biofilms 

grow on glass slides placed within the stream. 

Constant water level depletion from evaporation 

required the addition of a water basin (pictured 

behind steel rack) to provide constant drip to the 

system (See Figure 2.3) 
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amount of stream water that would be needed to fill flow channels, aquarium, and tubing. 

Three weeks after the system was running, a freshwater basin (~ 50 L) was placed upon the 

steel holding-rack (entry end) to provide and replace water lost through evaporation (Figs. 2.2 

and 2.3). Water from the extra supply basin flowed through a valve located near the bottom 

of the basin and into an extra pre-cleaned flow-channel that emptied directly into the 

aquarium for recirculation. The flow was regularly adjusted to maintain a constant water level 

in the aquarium catch basin (see Fig. 2.3). 

2.2.2 Collection and Preparation of Stream Water 

and Biofilm for Flow Channel Set-up 

Biofilm samples to be used for slide inoculation and 

water for the experimental flow system were 

collected from Cascade Stream  (AC permit no. 

WS1350) on 26 October 2019 in the Cascade Kauri 

Park in Waitakere Regional Park (North Island) of 

New Zealand (GPS: S 36° 53' 22.3938" 

E 174° 31' 20.8452"). The site is an open, rocky 

stream bed with a stream-

side forest canopy. Water 

flow was low and clear 

(Fig. 2.4). An 

embankment of 

approximately 5 m led 

down to the sampling 

point. Biofilm samples 

were forcefully removed from submerged rocks using dry sterile 

sponges (Nasco Whirl-pak Speci-Sponge®️), placed into 

individual Whirl-Pak® bags with 50 ml of stream water and 

stored on ice for transport. Approximately 100 L of water was collected for the flow channel 

system using several 6 L and 10 L pre-cleaned water containers. Samples were transported 

directly to the laboratory and immediately processed. 

 

 

 

 

Figure 2.3.  A basin was added to 

replenish water lost through evaporation. 

The control valve (red) was adjusted as 

necessary to keep the catch basin at a 

constant water level. 
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2.2.2.1 Stream Sample Processing 

In the laboratory, all biofilm-containing sponges and water from the Whirl-Pak® bags were 

placed into individual stomacher bags (Seward stomacher® lab system, circulator 400) and 

processed at 300 rpm for 2 minutes each using a Stomacher 400 Circulator. Water slurry 

containing the extracted intact microbes and all other biofilm material was squeezed from the 

sponges and combined in a 6 L container and used immediately for slide inoculation as 

below.  

2.2.2.2 Flow Channel Slide Inoculation 

A slurry composed of macerated biofilms and water was used to inoculate slides for the flow 

channel experiment. To begin the process of growing biofilms, slurry containing 

microorganisms and all other matter contained in the biofilms was poured over 44 14 cm x 6 

cm pre-cleaned and autoclaved etched glass slides that were laid out in level empty pre-

cleaned flow channels (section 2.2) and a clean shallow tray. Once all slides were covered 

with a 1-1.5 mm layer of well-mixed slurry, the slides were held in the channels for 2 hours 

to allow microbial settlement and colonisation of the slide surface. During the inoculation 

period, the aquarium was filled with 50 L of stream water. After two hours, slides were 

shifted towards the aquarium catch-basin end of the flow channels, away from the area where 

the strongest flow would occur (see schematic in Fig.2.1). At this time, the inflow ends of the 

flow channels were elevated using an evenly spaced steel rack to facilitate flow (Fig. 2.2). 

Pre-placed water pumps were then activated, immediately causing all tubing to carry stream 

water to, and simultaneously fill, each flow channel until the water spilled over the ends of 

the channels and back into the catch basin to begin a continuous cycle. Approximately 25 L 

of additional stream water was added to the aquarium after the tubing and flow channels 

filled. All flow channels were then covered with plastic cling wrap to keep out atmospheric 

contaminants. Over the next two days, more stream water and tap water (~50 L) was added to 

the system to replace water lost during building power outages.   

2.2.2.3 Flow Rates and Slope 

After slide inoculation and the setting of channels at an incline, flow rate was determined for 

each channel based on filling time of a 2 L beaker at the end of the tubing (flow channel entry 

point) for three consecutive times. Once all tubing was trimmed to equal lengths, all lines 

were flowing at 6.5 seconds per Litre. Flow patterns within the channels were checked by 

placing buoyant bottle caps at the flow entry of each channel. Tubing at the channel entrance 

was adjusted until all caps floated through the channel in a similar pattern with similar 
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alignment. Slope was calculated to be ~ 0.04° by running a string horizontally along the “x-

axis” and using a ruler to measure the y-axis (rise = 4 cm, string length “run” = 112cm).  

2.2.3 Set-up Completion for Lighting Conditions, Data Loggers, and Slide Relocation 

After a week of stabilisation and biofilm growth, the flow channels of the bottom row were 

labelled B1-B3 and were covered with black tarpaulin to establish dark conditions. A 

tarpaulin over-hang at the channel drain limited direct light entering through the drain 

opening. The top row of flow channels (“daylight conditions”) were labelled A1-A3 and 

covered with clear plastic film to prevent environmental debris from entering the system. 

Two HOBO® Pendant Temperature/Light Data Loggers (ONSET) were placed in channels 

A1 and B1 to monitor water temperature and light intensity under both lighting conditions. 

Finally, slides were shifted “upstream” from the deepest region near the drain until the first 

slides to be sampled the next morning were 30 cm from the flow head (“first position”) (See 

Fig. 2.1).  

2.3 Flow Channel Biofilm Sampling Methods and Materials 

The first samples were collected on 5 November after a week of biofilm growth and 

stabilisation. The black tarpaulin was placed over the bottom flow channels the night before 

and sampling commenced the next morning before light reduction could have any effect upon 

photosynthetic organisms growing within the biofilms. At this point in time, all flow channels 

had been growing under the same normal lighting conditions of daytime and night-time.  

2.3.1 Biofilm Sampling for Sequencing Purposes 

At week 1, one slide at a time was removed from the first position (flow entry) (see Fig. 2.1) 

of each channel and the biofilm removed by wiping with a sterile dry sponge  

(Speci-Sponge®️).  The sponge was placed into a fully labelled Whirl-Pak® bag, along with 

50 ml of the flow system water and the bag sealed. All sealed bags were immediately placed 

in a cooler with an ice pack for storage and transport to the lab. One slide per week was 

sampled from each channel (see Fig. 2.1 for slide placement). Gloves were changed after the 

cleaning of each slide. Before returning to the lab with collected samples, slides remaining in 

the flow channels were shifted “up-stream” towards the flow entry by using a glass rod such 

that slides in first position in each channel were 30 cm from the incoming water flow. After 

the shifting of the slides, a new pre-cleaned and autoclaved slide was added to the flow-

channel end to provide reserve material should it be needed. All sampling was completed 

within 30 minutes and samples were immediately transported to the laboratory and placed in 

a -20°C freezer to be stored until processing. 
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2.3.2 Sampling Procedure Change 

After the first week of sampling, the PI suggested I divide slides in half and collect biofilms 

for sequencing from one half and collect sample for chlorophyll analysis from the other half 

to facilitate analysis needs. Therefore, an extra slide was divided into two sections using a red 

line to be used as a guide to place the sample slides from the flow channels upon (Figure 2.5).  

 

2.3.3 Chlorophyll Sampling Change 

Sample collection for chlorophyll analysis began on 12 

November (Week 2). Initially, the collection process 

included the use of two Speci-Sponges®️ per sample 

slide: the first sponge for cleaning one half of the 

sample slide for biofilm sequencing, as discussed in 

section 2.3.2 above, and the second sponge to clear the 

other half of the sample slide for chlorophyll analysis 

for processing immediately after all samples were collected. Each sponge was placed a 

separate Whirl-Pak® bag, along with 50 mL of system water. Once in the lab, Whirl-Pak® 

bags containing water and the sponges designated for chlorophyll analysis were emptied into 

a stomacher bag (Seward stomacher® lab system, circulator 400) and processed for 2 minutes 

at 300 rpm in a Stomacher 400 Circulator. This process was later amended out of concern for 

possible damage to microbial cells resulting in chlorophyll leakage too soon in the analysis 

protocol. Hence, from weeks three through six, sample material for the chlorophyll analysis 

was collected by scraping the sample slide with a similar-sized pre-cleaned and autoclaved 

slide and the biofilm material gently added to a 1.5 ml Eppendorf tube by gently directing the 

material through the use of a freshly-gloved fingertip (aseptic measures were not necessary 

for this analysis). 

2.4 Chlorophyll Analysis 

Ritchie (2018) proposed two methods of chlorophyll extraction, one of which was a method 

that omitted filtration of the sample and went straight to centrifugation, followed by adding 

ethanol to the pellet before overnight refrigeration (Ritchie 2018). After encountering 

equipment issues and filtration apparatus inefficiencies, I chose to follow the no-filter method 

proposed by Ritchie (2018). Collected biofilm slurry was placed in a 1.5 ml Eppendorf tube, 

topped off with water using a squirt bottle, and then centrifuged at 9000 xg for 10 minutes 

(Ritchie 2018). Subsequent to centrifuging, the supernatant was removed and discarded using 

Figure 2.5. Slide-guide. Slides from 
flow channel were placed upon this 
guide and biofilm for sequencing was 
collected from one half and sample 
for chlorophyll analysis was collected 
from the other. 
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a 1 ml pipette. One ml of 100% ethanol was added to the pellet remaining within each 

Eppendorf tube, the contents were vortexed for 10 seconds (If pellets remained lodged in the 

tube after vortexing, a spatula was used to loosen the pellet after adding the ethanol and then 

vortexed again.) and then placed in the refrigerator (4°C) for overnight extraction. In this 

study, ethanol was used as the chlorophyll extractant instead of acetone, firstly because 

ethanol is better than acetone as an extractant of bacteriochlorophyll (Ritchie 2018) and 

secondly, this allowed use of plastic cuvettes which are known to be degraded by acetone and 

therefore cannot be used in conjunction for chlorophyll assays (Sumanta, et al. 2014). The 

next morning, sample tubes were removed from the fridge and vortexed for another 10 

seconds, followed by centrifugation at 5000 xg for 5 minutes. The ethanol-biofilm 

supernatant was then pipetted from the Eppendorf tubes, aliquoted to appropriately labelled 

plastic cuvettes, covered with tinfoil to minimize light exposure, and placed on ice in 

preparation for spectrophotometric analysis (Carlson and Simpson 1996). Following an 

adapted Ritchie (2018) method absorbance for Chlorophyll b (A649nm), Chlorophyll a 

(A665nm), Bacteriochlorophyll a (A775nm), plus a blank absorption coefficient (A850nm) was 

measured (Thermo Electron Corporation Helios β spectrophotometer). Equations used to 

determine chlorophyll concentrations (µg/ml) were obtained from Table 3 of Ritchie (2018) 

see Supplementary Figure 2.1 of Appendices).  

2.5 DNA Extraction, Nanodrop Analysis, PCR, and Library Quantification 

2.5.1 DNA Extraction 

Except as otherwise noted, DNA was extracted from biofilms collected and stored in a -20 or-

80°C freezer throughout the sampling period for concurrent extraction and analysis. Reagents 

used for the extraction method are listed in Supplementary Figure 2.2 of the Appendices. 

DNA extraction was accomplished by following the Biofilm DNA Extraction by Bead-

beating method following the laboratory protocol of an adapted Miller et al. (1999) method 

(see Supplementary Figure 2.3 in Appendices for step-by-step instructions). Briefly, samples 

were removed from the freezer and allowed to thaw in groups of ten for manageability. Once 

thawed, biofilm and liquid were poured into stomacher bags (Specs listed in Section 2.3.3) 

and macerated for 2 minutes at 300 rpm in a Seward Stomacher® Lab System Circulator 400 

to dislodge biofilm from Speci-Sponges®️. Without opening the stomacher bags, sponges 

were squeezed of all liquid and the resulting slurry was poured into 50 ml Falcon tubes to be 

centrifuged at 4500 xg for 25 minutes. Supernatant was then discarded, and the pellet re-

suspended with 270 µl of 100 mM Sodium Phosphate buffer (Na2HPO4; pH = 8.0) to 
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stabilize the pH due to protein sensitivity (Tan et al. 2009). This solution was transferred to a 

2 ml screw-capped bead-beater tube (Sarstedt, Inc., Screw Cap Micro Tube, 2 ml, 

Polypropylene, without skirted base) containing both 2.3 mm and 0.1 mm Zirconia/silica 

beads (ThermoFisher Scientific Ltd, Auckland, NZ) for the purpose of disrupting and 

homogenizing the bacterial cells. SDS lysis buffer (300 µl) (see Supplementary Fig. 2.4 in 

Appendices for preparation instructions) was added to the bead-beating tubes for the purpose 

of lysing non-metabolising cells, inhibiting enzyme action, and denaturing some proteins 

(Marmur, J. 1961). Samples were then frozen at -80°C overnight. After removal of the tubes 

from the freezer, all tubes were placed on ice and kept chilled throughout the processing. 

Chloroform-isoamyl alcohol (300 µl; 24 parts chloroform:1 part isoamyl alcohol) was added 

under the fume hood for surface denaturation of proteins (Marmur 1961). The tubes were 

then shaken in a tissue-lyser (Qiagen®️ TissueLyser II, Germantown, MD, USA) for two 

rounds at a frequency of 30 for 50 seconds with a ten-second stop in between rounds. After 

the lysing cycles, all tubes were returned to the ice tub for transport to the centrifuge and spun 

for 5 minutes at 13200 rpm. To induce sample precipitation (Miller et al. 1999), 360 µl 7M 

ammonium acetate was added to pre-labelled 1 mL Eppendorf tubes followed by the addition 

of 650 µl supernatant from each of the centrifuged samples. Tubes were then mixed by hand 

by repeated inversion. Samples were centrifuged again for 5 min at 13200 rpm and 

afterwards, three-layers could be seen in the tube: a clear layer on top, white layer in the 

middle, and a brown layer at the bottom of the tube. Clear supernatant containing DNA from 

the top layer (580 µl) was then transferred to new pre-labelled tubes and 315 µl cold 

isopropanol was added to the supernatant. Tubes containing the supernatant and isopropanol 

were then held at -20°C overnight. The next day, samples were centrifuged again for 5 min at 

13200 rpm and the supernatant was carefully removed and discarded. The barely visible 

DNA pellet was washed with 1 ml 70% cold ethanol and centrifuged for 5 min at 13200 rpm, 

and the supernatant discarded. The almost “invisible” pellet was air dried under the fume 

hood for 45 minutes. Before re-suspension in 40 µl of DNA-free water, the tubes were 

quickly vortexed (less than 2 seconds), and then placed in a mini-centrifuge for less than 

three seconds to shift the pellet to the tube bottom. (These last two steps were added to the 

protocol (Facimoto, C. and Pisaniello, A., personal communication, 11 December 2019)). 

2.5.2 Nanodrop Analysis 

The quality and quantity of double strand DNA present in my samples after DNA extraction 

was assessed by NanoPhotometer®️ N60 (Implen). Nanodrop spectrophotometers employ UV 
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spectroscopy absorbance measurements (A260/280 and A260/230) for the detection of 

sample contaminants and to measure the maximal absorbance of nucleic acids present in 

samples (Nakayama et al. 2016; Simbolo et al. 2013, Thermo Fisher Scientific, 2016). Due to 

the nature of my project, DNA concentrations derived from biofilm collected from glass 

slides with an area of 42cm2 were quite low. Watts (2014) suggests that it is difficult to assess 

actual purity in low-concentration samples. 

2.5.3 PCR 

Polymerase Chain Reaction (PCR) was the next downstream process after DNA extraction 

and was used to target and increase the amount of double-stranded DNA present in my 

samples. In PCR, specially designed primers are employed to target 16S segments of rRNA 

that match the DNA regions of interest (Cseke et al. 2016).  The 16S rRNA region is highly 

conserved between different species of bacteria and archaea which enables primer design 

intended to target specific microorganisms (Kim and Chun 2014). Within the PCR machine, a 

temperature increase to 95℃ induces the double helix DNA chains to separate. A subsequent 

temperature reduction to 55℃ allows primers to bind to the targeted regions on the separated 

DNA strands. A follow-up temperature increase to between 72℃ and 75℃ allows Taq 

polymerase to begin translating the desired segment of the DNA strand (KAPA Taq 

ReadyMix KK1006, n.d.). PCR amplification is a necessary step to capturing enough of 

desired microbial DNA for successful biofilm community analysis. 

2.5.3.1 PCR Analysis 

Briefly, a PCR master mix was prepared for the 36 samples, 2 negatives controls plus an 

extra amount for a total volume equivalent to processing 40 samples. DNA-free pipettes and 

pipette tips were used to produce a master mix by combining 1000 μl KAPA Taq ReadyMix 

(KAPA Biosystems, Roche) with 60 μl of the forward primer: 

341F (5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3´)  

and 60 μl the reverse primer:  

785R (5´-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3´) 

(Working primer concentration 10 μM for each primer to a final concentration 0.3 μM) 

(Primer pair generates 1-400 bp fragments) (Klindworth et al. 2013), plus 800 μl of DNA-free 

water into a 2mL PCR tube. A short vortex mixing and a quick spin (Mini Centrifuge Sprout, 

single speed ~ 6000 rpm) ensured mixing of the PCR master mix reagents which were then 

placed on ice (Cseke et al. 2016). PCR master mix (48 µl) was aliquoted to 38 wells of a new 

Ultraflux PCR plate (SSIbio) for each of the 36 samples and 2 negative controls. Afterwards, 

2 μl from each of the 36 samples containing the DNA template were aliquoted to assigned 
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wells containing the PCR master mix and covered with Aluminium Platesealer (Abdeckfolie). 

The PCR process took place in an Eppendorf Mastercycler® pro S over 30 cycles of 95℃ for 

30 seconds, 55℃ for 30 seconds, and 72℃ for 30 seconds, then finishing the process with a 

final 72℃ for 5 minutes. 

2.5.4 Agarose Gel Electrophoresis 

PCR products were run on 1% Agarose gel at 100V for 60 minutes. Agarose gel was 

prepared following laboratory protocol and verified in Current Protocols in Molecular 

Biology (Voytas   2001). Prior to pouring the Agarose/TBE solution into a casting tray, 8 μl 

SYBR® Safe gel stain (Thermo Fisher) per 100 ml TBE solution was added to the 

Agarose/TBE solution to allow for DNA visualisation. Loading dye was dispersed via pipette 

into 40 separate drops on a piece of Parafilm ™. DNA sample (3 µl) was mixed in with the 

dye by drawing-up and releasing the two liquids 10 times using a pipettor and tip. The 

dye/DNA mixture for each sample was then added to individual wells created by the combs. 

A molecular-weight size marker in the form of a 1 kb DNA ladder (Life Technologies, 

Auckland, New Zealand) was placed in the leftmost lane and served as a set of standards 

(Voytas 2001). A BioRad Molecular Imager®️ Gel Doc™ XR+ with Image Lab™ Software 

was used to read the gel, and an image was produced using a Mitsubishi P93D printer 

(Supplementary Image 2.5 in Appendices). I used this method to visualise the success of the 

DNA extraction and PCR. 

2.5.5 PCR Clean-up/DNA Purification 

 AMPure XP beads were used as part of the PCR Clean-Up 2 protocol (Amplicon, P.C.R., 

Clean-Up, P.C.R.& Index). AMPure XP beads associate with DNA and, once magnetised by 

an external magnetic stand, contaminants such as primers and salts can be rinsed away. 

Following the rinsing steps, DNA is released from the magnetic beads with an elution buffer 

(Martínez, n.d.). Instructions provided as part of the 16S Metagenomic Sequencing Library 

Preparation guide 

(https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-

metagenomic-library-prep-guide-15044223-b.pdf) were followed exactly as presented except 

that DNA-free water was used instead of 10 mM Tris, a pulse-spin was inserted between 

steps 6 and 7, a multichannel pipette was not used, and another pulse-spin was added between 

steps 14 and 15. Additionally, only 15-18 µl (instead of 50 µl) of the DNA containing 

supernatant was carefully pipetted and transferred to a new 96-well PCR plate before sealing 
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with adhesive seal. This method removed any unused primers and other contaminants to 

avoid interference with the downstream sequencing process.  

2.5.6 Library Quantification 

An Invitrogen Qubit®️ Fluorometer 3 was used to determine the concentration of double 

stranded DNA in my samples. Prepared dye-containing solution (40 μl dsDNA-specific 

fluorescent dye, Qubit®️ dsDNA HS Reagent, and 199 μl per sample Qubit®️ dsDNA HS 

Buffer) was added to each of my samples. The dsDNA-specific dye binds to double-stranded 

DNA molecules and fluoresces with greater intensity in proportion to higher concentrations 

of DNA. The Qubit®️ Fluorometer quantitates the level of fluorescence being produced and 

graphically displays the equivalent concentration of DNA within the sample (Quantitation: 

Comparing Qubit fluorometer to the Nanodrop One UV/Vis absorbance, 2016, 00.00.5). The 

downstream sequencing laboratory requests a 5ng/µl DNA concentration for each sample, so 

Qbit was used to determine the amplified concentration and quality of dsDNA within my 

samples. The basic equation to solve for the amount of each sample required to achieve the 

requested concentration of 5ng/µl is as follows: 5ng/µl is multiplied by 15µl (total volume 

that will be added to each cell) and then divided by the QF (Qubit®️ Fluorometer) value to 

arrive at the amount of each sample (in µl) that should be added to the targeted well. Water is 

then added to the well to finalise the sample to a total of 15µl in each well of the sequencing 

tray.  

2.6 Sequencing 

Calculations based upon the concentrations provided by the Invitrogen Qubit®️ Fluorometer 

(sect. 2.5.6) were used to determine the quantity of each sample, plus water, to be added to 

each well of the sequencing tray to achieve a total of 15 µl. The sealed tray containing the 

purified amplicons was then sent to Auckland Genomics Facility for sequencing. The 

genomics facility indexes the samples containing the PCR amplicons and then pools up to 

384 samples together for one run (Indexed samples contain a unique barcode that allows them 

to be pooled into a single library (and later separated) for loading into the MiSeq (Illumina 

MiSeq™ System). The run was a 2 x 300 bp. The lab then runs a bioanalyzer trace to 

determine the size of the library pool. Samples are diluted to 4 nM, denatured, and loaded 

onto the MiSeq (C. Gebbie, 

personal communication, 7 February 2020). Raw sequencing data is returned with forward 

and reverse reads paired (although separate), along with a FastQ report.  
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2.7 FastQC Analysis 

FastQC (Babraham bioinformatics) was used as a quality control check for the 72 FastQ files 

which accompanied my sequenced raw data. FastQC works as an interactive application that 

uses 11 different modules to allow the user to examine raw data from the FastQ files provided 

by the genomics facility. Instead of using FastQC as a pass/fail check, this analysis is mainly 

intended to identify problems that may have originated in the starting library or from the 

sequencer (Babraham bioinformatics). Ninety-five percent of my reads had quality scores 

greater than 20, indicating that the probability of error in base call was 0.01 

(https://drive5.com/usearch/manual/quality_score.html). An examination of the various 

modules in this analysis indicated that my DNA library quality is typical of PCR amplified 

bacterial 16S rRNA (https://rtsf.natsci.msu.edu/genomics/tech-notes/fastqc-tutorial-and-faq/).   

2.8 USEARCH Pipeline 

I used the USEARCH pipeline to process the raw sequenced data. USEARCH removes 

primer-binding regions and merges forward and reverse reads into single consensus 

sequences. The consensus sequences are then filtered, followed by the normalisation of each 

sample within the zOTU table to the same number of reads so each sample is comparable. 

(USEARCH Manual, n.d.). For my data, all samples were normalised to the lowest sample 

read value of 7500. USEARCH categorizes sequences into clusters based upon a defined 97% 

threshold of sequence similarity and identifies each by phylum, class, family, genus, and 

species (when possible) using a 16S rRNA database (I used the full Greengenes 16S rRNA 

gene database) that provides taxonomy based on de novo tree inference mean. It then assigns 

Operational Taxonomic Units (OTUs) as a number that is indicative to each species’ ranking 

from the normalised relative abundance of sequences found in the total of all samples (e.g., 

An organism identified as Otu1 would have the highest relative abundance out of all samples 

sequenced exclusive to my library.) (Nguyen et al. 2016). I chose not to use USEARCH or 

Qiime for automatic filtering of singletons and other low abundance OTUs since 

planctomycetes are known for slow growth and I didn’t want to risk excluding any 

planctomycetes without first examining the dataset. Instead, I manually filtered out all OTUs 

with total relative abundance of less than ten (1660 OTUs remaining) during the datamining 

process. After the manual filtering process, 57 orders remained with six being from the 

Planctomycetes phylum. 
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2.9 Datamining, Bioinformatics, and Statistical Analysis 

 All numerical data of biofilm community relative abundance was kept in Microsoft Excel 

2016 along with all data from the environmental parameters of temperature, light intensity, 

and chlorophyll results. Several exploratory analyses were performed both in R (R Core 

Team (2013). R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna, Austria. URL http://www.R-project.org/.) and Microsoft 

Excel 2016. 

2.9.1 Data Exploration 

2.9.1.1 Histogram of OTU Counts 

An R histogram code was used to construct a frequency curve of my overall sample data. The 

resulting graph was used to justify deleting low frequency OTUs from my dataset.  

2.9.1.2 Bar Plots and Line Charts 

Bar plots and line charts were constructed in Microsoft Excel for considering relationships 

between planctomycetes and the environmental parameters of temperature, light intensity 

(Lux), lighting conditions, and with relative abundance similarities at all taxonomic levels. 

2.9.2 Multi-dimensional Scaling 

Multi-dimensional Scaling (MDS) plots using the R bioinformatics application examine 

dissimilarity of variables based upon Euclidean distances. My purpose to using MDS was to 

identify potential relationships between the ecological communities that appeared in my 

samples. MDS reduces the multiple dimensions into a low-dimensional representation from 

measured similarity or dissimilarity where objects that are closer are more alike than those 

further apart (Environmental Computing, n.d.; D. Barnett, personal communication, 12 June 

2020). With MDS, I was able to study ecological changes over time, similarity between 

biological replicates, and the effects of daylight and dark conditions. MDS was also used to 

investigate possible relationships between orders based upon similarity in patterns of the total 

relative abundances of taxonomic orders.  

2.9.3 Non-metric Multi-dimensional Scaling 

Non-metric Multi-dimensional Scaling (NMDS) plots were used to examine the patterns of 

occurrence based upon the relative abundance of both the taxonomic orders and of the 

individual OTUs. NMDS uses a rank-based system to condense information from multiple 

variables (samples, orders, OTUs) into a 2D representation or ordination which is quite useful 

when studying the ecology of microbiological communities. Similar to an MDS plot, within 

the NMDS ordination, the closer two points are, the more similar the corresponding orders or 
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OTUs will be with respect to the samples (https://jkzorz.github.io/2019/06/06/NMDS.html). 

Each sample in my dataset is affiliated with an average weekly temperature, a lighting 

condition of either daylight or dark, an average light intensity measurement, and a 

chlorophyll reading. The advantage of the NMDS plot as compared with MDS was that it 

condensed the order and OTU information into a tighter 2-dimensional scale that was simple 

to look at and provided information as to how each planctomycetes order or OTU was 

behaving regarding environmental variables (Temperature and Lighting) and in relationship 

to the other orders or OTUs present in the biofilm community.   

2.9.4 Correlation Plots 

As an exploratory tool at the order level, correlation matrices (R correlate package) provided 

a means to identify similar patterns of occurrence among planctomycetes orders and potential 

photosynthetic orders using both sample averages and all samples (including biological 

replicates).  

2.10 Statistical Analysis 

All statistical analyses and tests were performed in R (version 3.6.1, https://www.r-

project.org/).  Information generated from analysis were populated into Microsoft Excel 

(2016) Workbooks as tables or other figures. Plots generated by R were stored as images 

however these images were not always as clear as using the snipping tool and pasting plots 

into documents. 

2.10.1 Welch Two Sample t-test 

A Welch Two Sample t-test was performed for the purpose of determining whether 

calculated chlorophyll values between daylight and dark conditions were significantly 

different. The two sample t-test looks for differences between two population means to 

determine whether the means are equal (Null hypothesis = there is no difference). The Welch 

t-test version works well for groups with unequal variances and quite effectively for groups 

with equal variances, which is very helpful when there is uncertainty as to sample variance 

similarity (Ruxton, G. 2006).  

2.10.2 Pairwise Comparison Tests 

Pearson’s pairwise tests were performed seeking correlations between chlorophyll types and 

OTUs. These tests considered relationships under daylight and dark conditions separately. 

Each sample had the calculated values of Chlorophyll a, Bacteriochlorophyll a, and 

Chlorophyll b assigned as observations, and the OTUs were the variables of comparison. The 

code, cor.mtest performed a significance test which produced P-values and confidence 
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intervals for each pair of input features based upon correlations and generated a graphical 

display of each OTU and its relationship with the chlorophyll type. 

2.10.3 Analysis of Variance 

An analysis of variance (ANOVA) was run to determine variances of significance between 

daylight and dark conditions of the most frequently occurring planctomycetes OTUs using all 

samples (biological replicates). ANOVA is considered a generalized test of differences 

between two or more means through the analysis of variance 

(http://onlinestatbook.com/2/analysis_of_variance/intro.html).  Another ANOVA was used to 

examine the effects of temperatures combined with lighting conditions using the sample 

averages for the same OTUs (R emmeans package). This analysis was used to seek evidence 

of influence from the combined effects of temperature and lighting conditions.  

2.10.4 Post-Hoc Analysis with Tukey’s Test 

A post-hoc analysis with TukeyHSD test was done subsequent to each ANOVA to evaluate 

effects of temperature and lighting conditions on the most frequently occurring 

planctomycetes OTUs. The TukeyHSD function in R is a pairwise t-test comparison between 

the means of groups that creates a set of confidence intervals and P-values rather than the 

individual differences (https://www.rdocumentation.org/packages/stats/versions/3.6.2/topics/TukeyHSD).  

2.10.5 Correlations with Statistical Significance 

Correlation tests were used to evaluate relationship between planctomycetes and potential 

photosynthetic microorganisms under both daylight and dark conditions. Positive correlations 

were added to a table with P-values to show evidence of significance and plots were 

produced for quick glance examinations of correlations between the OTUs. This correlation 

analysis was necessary to identify potential relationships between planctomycetes OTUs and 

the OTUs from classes known for photosynthetic capabilities. 
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CHAPTER THREE 

Results from Flow Channels Experiment 

 

3.1 Flow Channel Biofilm Communities at the Phylum and Order Level  

Fourteen phyla were identified from the flow channel slide samples (Sect. 2.1 and 2.2.2.2) 

using the large Greengenes 16S rRNA gene database (Figure 3.1, next page). Planctomycetes 

(purple fill) ranked between fourth and sixth in relative abundance of the fourteen phyla 

(normalised sample values were set at 7500), depending upon lighting conditions and growth 

time of samples. Figure 3.2 (p. 27) identifies the 51 orders of the biofilm community using 

averages of biological replicates and shows community compositional changes over time. Six 

of the orders belong to the Planctomycetes phylum and are in shades of purple. 
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Figure 3.1a. Daylight conditions. All identified phyla from biofilm communities grown within the 
flow channel experiment. Planctomycetes (purple) ranks between 4th and 6th in relative 
abundance depending upon the sample. Bar plots are grouped by flow channels (e.g. A1, A2, A3, 
B1…), and sequential weekly sample. In electronic documents, hovering over sections will provide 

identity. (See Appendices for Sample ID information). 

 

Figure 3.1b. Dark conditions. All identified phyla from biofilm communities grown within the 
flow channel experiment. Planctomycetes (purple) ranks between 4th and 6th in relative 
abundance depending upon sample. Bar plots are grouped by flow channels (e.g. A1, A2, A3, 
B1…), and sequential weekly sample. In electronic documents, hovering over sections will provide 
identity. (See Appendices for Sample ID information). 
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Figure 3.2. Biofilm community population at order level. 100% Stacked bar plot using 

averages of biological sample replicates to demonstrate community change at the order level. 
Daylight conditions are on the left and dark conditions are on the right. Sample IDs include date of 
sample collection and the average weekly temperature. In the electronic version, hovering the 
mouse over the colour will provide identification of the order. Planctomycetes orders are in shades 
of purple. (See Appendices for Sample ID information). 
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3.1.1 Dissimilarity between Samples Based upon all OTUs of the Dataset 

The MDS plot in Figure 3.3 was constructed using all samples as variables and all OTUs as 

observations. For week 1, all biofilm slides (Both A and B flow channels) were grown under 

daylight conditions to establish overall similar biofilm communities before dividing into 

daylight and dark conditions, and week 1 samples (purple) cluster closely showing that this 

has occurred. Over the following 5 weeks, divergence occurs between light and dark samples 

with light samples demonstrating greater community change than dark samples. Week three 

and week four (gold and blue) display sample replicate dissimilarity under daylight 

conditions (Samples A219N19 and A126N19) may be due to a Cyanobacterial bloom from 

the orders Oscillatoriales and Nostocales (See Chapter 4, Sect. 4.2.3, p.48 for discussion on 

relative abundance considerations when one sample has higher levels of relative abundance 

than the replicate samples). Exponential growth within the biofilm community would have 

occurred between week two and week three, followed by an increase in dissimilarity in 

samples collected under daylight and dark conditions as seen in weeks five and six (red and 

black) (Fig. 3.3). 

 

Figure 3.3. Comparison of light and dark by sampling occasion for each channel using a 
2-dimensional MDS plot. Samples are the variables and all identified OTUs are the observations. 
Samples beginning with the letter “A” were grown under daylight conditions and “B” under dark 
conditions. This MDS plot demonstrates the divergence that occurs between daylight and dark 

conditions over the sampling period. See Appendices for Sample ID information. 
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3.1.2 Dissimilarity of Samples based upon all OTUs from Planctomycetes Phylum  

An MDS plot was used to evaluate sample similarities over time under both lighting 

conditions with only planctomycetes as the observations (Figure 3.4). Most samples cluster 

closely together indicating similarity in planctomycetes community composition in weeks 

one through six, under daylight conditions and over weeks one through four, under dark 

conditions. A divergence occurs at week five under dark conditions indicating 

planctomycetes community composition change. Sample B25N19 is an outlier due to higher 

relative abundance of Pirellulales coupled with the absence of 3 other Planctomycetes orders 

in that first week (Note: The first week of growth for both the “A” and the “B” channels 

occurred under daylight conditions) (Fig. 3.4). 

 

 

Figure 3.4. Planctomycetes OTUs. MDS plot with planctomycetes OTUs as the observation and 

all samples as variables. Samples mostly cluster together until weeks 5 and 6 under dark 

conditions (“B”). Sample B25N19 (“B” indicates “dark conditions, “2” is channel number, “5N19” is 

the sample collection date of 05 Nov 2019—first week of sampling) is an outlier due to a higher 

relative abundance for the order Pirellulales (specifically, Pirellulales Otu321) and absence of 3 

other planctomycetes orders (see Fig. 3.5). (See Appendices for Sample ID information). 
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3.2 Planctomycetes at the Order Level 

Within the freshwater biofilms of my experiment, the most frequently occurring identified 

Planctomycetes orders are Gemmatales, Pirellalules, WD2101, Phycisphaerales, CL500-15, 

and Planctomycetales. Figure 3.5 (next page) displays the relative abundance of these orders 

compared with the normalised values for the total sample OTUs under both daylight (top) and 

dark (bottom) conditions and is organised by flow channel. Gemmatales ranks the highest in 

abundance of the orders, followed by Pirellalules, then WD2101, Phycisphaerales, CL500-15, 

and Planctomycetales (Fig. 3.5).  
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Figure 3.5. Most frequently occurring orders from Planctomycetes phylum.  All values are 
the normalised relative abundance of Planctomycetes orders compared to total sample OTUs in 

biofilm grown under daylight conditions (top bar plot) and under dark conditions (bottom bar plot). 
Samples are organised by flow channel and abundances are seen over time. (See Appendices for 
Sample ID information). 
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3.2.1 Planctomycetes and Photosynthetic Microbials:  

 Cyanobacteria, and Gemmatimonadales at the Order Level 

The NMDS plot in Figure 3.6 (next page) shows dissimilarity of variables where the closer 

objects appear in the plot, the more similar their trend through all samples. Temperatures 

have been placed near sample identifications located within the plot (quite small in 

appearance) and can be used to cross-reference with the key to identify the sample. 

Temperatures appearing in orange come from daylight conditions and those in black are from 

dark conditions. All biological replicates are seen in this plot and tend to cluster within 

similar quadrants of the plot. Besides showing similarities and dissimilarities in trends, this 

plot also shows how each order associates with temperatures and lighting conditions.  

Planctomycetes orders do not follow the same trends as Cyanobacteria orders and 

Gemmatimonadales with the exclusion of Pirellulales and Synechococcales, and Gemmatales 

and Chlorophyta which appear close to each other in the plot. Other statistical analyses 

indicate that under dark conditions, two Pirellulales OTUs and two Synechococcales OTUs 

have correlations (a statistical measurement of degree to which two variables move in 

relation to one another; a value that must fall between -1.0 and 1.0. Note: Correlation does 

not indicate causation.) (https://www.investopedia.com/terms/c/correlation.asp). One 

Gemmatales OTU and a Chlorophyta OTU also exhibit a correlation (See Supplementary 

Tables 3.2 and 3.8 in Appendices for actual correlation values. The closer the value is to 1.0 

the more similar the variables are behaving).  
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Figure 3.6. NMDS plot showing trends of dissimilarity/similarity between photosynthetic 
and planctomycetes orders using all sample replicates. Orders from Planctomycetes phylum 
are Gemmatales, Pirellulales, WD2101, CL500-15, Planctomycetales, and Phycisphaerales. 
Photosynthetic orders are Gemmatimonadales and Cyanobacterial orders: Oscillatoriales, 

Synechococcales, Streptophyta, Chlorophyta, Chroococcales, Stramenopiles, Nostocales, and 
Pseudanabaenales. Temperatures [°C] in orange and black match up with sample ID in key. 
Similarities between Planctomycetes orders and Chlorophyll a producing Cyanobacteria are limited 
to Pirellulales and Synechococcales, and Gemmatales and Chlorophyta. In another statistical 
analysis, two Pirellulales OTUs demonstrated correlations with two Synechococcales and 
Chlorophyta OTUs under dark conditions only. One Gemmatales OTU and one Chlorophyta OTU 
were positively correlated (see Supplementary Tables 3.2 and 3.8 in Appendices (blue arrows)). 

(See Table of Contents pp. xvi-xvii for Sample ID information). 
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3.2.2 Planctomycetes and all Orders 

Figure 3.7 (below) is an MDS exploratory plot that was used to detect similarity between 

planctomycetes orders and all other orders of the biofilm community found in all samples and 

grown under both lighting conditions. Gemmatales can be seen near the centre of this plot 

(blue arrow). Pirellulales is barely visible in a cluster directly below Rhodocyclales (x-axis = 

-60, y-axis=0). Plot Figure 3.7 and the next plot (Fig. 3.8, next page) are part of the same 

original plot. Coordinates were changed in the MDS code to “focus in” on the tight cluster 

seen at coordinate’s x-axis -100 and y-axis -25. (Within Figure 3.8, Pirellulales is easily 

seen.) 

 

Figure 3.7. MDS exploratory plot of similarity between biofilm bacteria at order levels collected from all samples 
grown under both daylight and dark conditions. Planctomycetes order Gemmatales is located near the centre of the plot 
(x-axis=0, y-axis =0) and is surrounded by several potential phototrophs (Rhizobiales, Myxococcales, Rhodobacterales, 
Rhodocyclales). Pirellulales is directly below Rhodocyclales (x-axis = -60, y-axis = 0). 

 

In Figure 3.8, the remaining planctomycetes orders are revealed from within a tight cluster at 

about -100 on the x-axis and -25 on the y-axis (blue circles around Pirellulales, the group 

containing CL500-15, WD2101, and Planctomycetales, and around Phycisphaerales). Other 

orders in the proximity of Planctomycetes orders are following closer patterns throughout all 

samples (both daylight and dark conditions) than orders that are further away. Coordinates on 

each axis give an indication of proximity.  
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Figure 3.8. MDS exploratory plot of Order level similarity between biofilm bacteria collected from all 

samples after grown under both daylight and dark conditions. Planctomycetes order Pirellulales is in the 

top-right corner (x-axis = -60, y-axis = 0). Orders WD2101 (x-axis = -105, y-axis = -22), CL500-15 (x-axis = -

110, y-axis = -20), Planctomycetales (x-axis = -112, y-axis = -23), and Phycisphaerales (x-axis = -110, y-axis = 

-26) are closer in similarity than with Pirellulales and Gemmatales (x-axis = 0, y-axis = 0) (see Fig. 3.7).  

3.3 Planctomycetes OTUs Relationships with Potential Phototrophic Community     

There is no evidence of significant difference in planctomycetes community relative 

abundance in daylight vs dark conditions after 5 weeks of separate growth (See “Light 

Preference Column, Table 4.1). Of the many types of chlorophyll, this study tested for 

Chlorophyll a, Chlorophyll b, and Bacteriochlorophyll a (Ritchie 2018). Chlorophyll a and b 

values are significantly higher under daylight conditions than under dark conditions (P = .005 

for both Chl a and Chl b) (See Supplementary Table 3.7 in Appendices for actual values). 

Bacteriochlorophyll a is relatively constant under both lighting conditions and not 

significantly different between daylight and dark conditions. Eight members of the most 

frequently occurring planctomycetes OTUs demonstrate a positive correlation with 

chlorophyll (Table 3.1, Column “Chlorophyll Associations”, page 37). Interestingly, all 

correlations except the one correlation with Bacteriochlorophyll a are under dark conditions 

(See all chlorophyll correlations in Appendices Supplementary Table 3.8).  

3.3.1 Planctomycetes at the OTU Level and Temperature 

Within each of the Planctomycetes orders, each Operational Taxonomic Unit (OTU) has its 

own distinct pattern of occurrence and co-occurrence with other members of the biofilm 

community. Figure 3.9 shows the weekly average temperatures over the experimental 

sampling period. Exploration of the most frequently occurring planctomycetes at the 

individual OTU level showed some evidence of variance with temperatures (See Temperature 
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Column of Table 3.9 on page 37). The selection process of identifying the “most frequently 

occurring OTUs” involved choosing the top 5 OTUs with highest relative abundance from 

each planctomycetes and potentially photosynthetic order. In some cases, there were less than 

5 OTUs with total relative abundance counts greater than 100. Gemmatales had 8 OTUs with 

nearly equal relative abundance that were kept. Using all samples, temperatures were divided 

into three groups based upon their typical location within NMDS plots. The three temperature 

groups are 18.25-18.87 °C, 19.08-20.13 °C, and 20.37-20.85 °C. Supplementary Figure 3.1 

(see Appendices) provides a visualization of group variances that are displayed in Table 3. 

Actual statistical data is found in Appendices on pp. 71-72.   

 

 Figure 3.9.  Weekly average temperatures over experimental sampling period. 
Temperatures from daylight conditions are on the left and temperatures from dark conditions are 
on the right. For sample ID information, see Appendices. 

 

 

 

 

Table 3.1.(Next page) Summary of most frequently occurring Planctomycetes OTUs as 

associated with temperature, relative abundance change over time, lighting conditions, and 

chlorophyll. “Relative Abundance Change Over Time” section provides Planctomycetes OTU 

patterns of change over time from both lighting conditions (daylight on left; dark on right). All 

samples (not averages) were used in analyses for this table. R console data output of Temperature and 

Lighting group comparisons are located in Appendices. See Appendices for Order-OTU ID 

information. See Supplementary Table 3.8 in Appendices for correlations between planctomycetes 

and potential photosynthetic microbial organisms and chlorophyll types
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Table 4.1 (Caption on previous page). *“No difference” section indicates P > .05. * “Relative Abundance Change over Time” displays actual patterns of OTU change under daylight conditions 
(left) and dark conditions (right). Chlorophyll Correlation Associations represent correlation values above 0.60 or below -0.60 between identified chlorophyll and Planctomycetes. 
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3.3.2 Correlation between Planctomycetes and Potential Phototrophic OTUs 

Bacteriochlorophyll is found within many types of photosynthetic bacteria not of the 

cyanobacterial phylum. The phylum Proteobacteria, classes Alphaproteobacteria, 

Betaproteobacteria, and Gammaproteobacteria contain many Bacteriochlorophyll 

photosynthetic members (Oren 2011). Several correlations between planctomycetes and 

potential photosynthetic Proteobacteria OTUs exist simultaneously under both daylight and 

dark conditions. Dot plots in Figures 3.10(a)-(c) (pp. 39-41) show all correlations between the 

potentially photosynthetic OTUs and planctomycetes. Table 3.2 (p.42) lists the orders and 

OTUs with correlations above 0.60 between the most frequently occurring planctomycetes 

OTUs and potentially photosynthetic OTUs that occurred under both daylight and dark 

conditions suggesting relationship. 
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Figure 3.10(a). Correlations between OTUs of the most frequently occurring planctomycetes and potential photosynthetic microorganisms. Plots on the 

left are from daylight conditions and plots on the right are from dark conditions. Blue dots with a white star (dot) indicate positive correlations with P-
values less than .05. Red-shaded dots with white stars indicate negative correlations with P-values less than .05. Actual correlation and P-values are 
located in the Appendices in Supplementary Tables 3.2-3.6. (See Appendices for Order-OTU ID information). 
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Figure 3.10(b). Correlations between OTUs of the most frequently occurring planctomycetes (x-axis) and potential photosynthetic microorganisms (y-
axis). Plots on the left are from daylight conditions and plots on the right are from dark conditions. Blue dots with a white star (dot) indicate positive 
correlations with P-values less than .05. Red-shaded dots with white stars indicate negative correlations with P-values less than .05. Actual correlation 
and P-values are located in the Appendices in Supplementary Tables 3.2-3.6. (See Appendices Order-OTU ID information). 
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Figure 3.10(c). Correlations between OTUs of the most frequently occurring planctomycetes (x-axis) and potential photosynthetic microorganisms (y-
axis). Plots on the left are from daylight conditions and plots on the right are from dark conditions. Blue dots with a white star (dot) indicate positive 
correlations with P-values less than .05. Red-shaded dots with white stars indicate negative correlations with P-values less than .05. Actual correlation 
and P-values are located in the Appendices. (See Appendices for Order-OTU ID information). 
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Table 3.2. Most frequently occurring Planctomycetes OTUs in shared correlations above 0.60 with potential photosynthetic organisms 

under both daylight and dark conditions. For all positive correlations above 0.60 and P-values between planctomycetes and potential photosynthetic 
organisms see Supplementary Tables 4.2-4.7 in Appendices. (See Appendices for Order-OTU ID information). 
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CHAPTER FOUR 

Discussion 

 
The purpose of this study was to seek out relationships between planctomycetes and potential 

photosynthetic bacteria co-occurring within the biofilm community growing on slides within 

flow channels. Samples were collected from three dark and three normal daylight/night-time 

flow channels once per week over a period of six weeks for purpose of sequencing and 

chlorophyll analysis. One sample was collected from each of the six flow channels and then 

stored at -20°C with sponges used for collection until the last day of sampling, except for the 

process of chlorophyll analysis which was begun immediately after sampling. Sequencing of 

extracted, amplified, and purified DNA, along with datamining and bioinformatics concluded 

that the relative abundance of the most frequently occurring planctomycetes did not 

experience significant changes between daylight and dark conditions. Several correlations 

were found that indicate co-occurrence between planctomycetes and photosynthetic (and 

potential photosynthetic) members of the biofilm community that suggest relationship. Some 

of the most frequently occurring planctomycetes OTUs showed significant difference of 

relative abundance between temperature groups which suggests temperature related effects.  

4.1 Experimental Design and Time Frame 

4.1.1 Flow Channel Design 

Many abiotic and biotic factors affect microbial community assemblage and solid-liquid 

interfaces are imperative to biofilm formation (Dar et al. 2019). In this study, the flow 

channel design was intended to reflect a flowing freshwater stream. Biofilm used in this study 

was for the purpose of seed material to speed up the experiment, but not for the purpose of 

reproducing the same biofilm structure that was growing in Cascade Stream. The flow 

channels were only an approximate of a natural system and the important thing was to control 

parameters and limit variables to light exposure to see how Planctomycetes respond. 

Nonetheless, there are a few factors that must be recognized that may have impacted biofilm 

growth and colonisation.  

4.1.1.1 Experimental Surfaces and Water 

Biofilms in my study were grown on glass slides for ease of collection and surface area 

equality. The community of microbes that I collected from Cascade Stream are epilithic 

stream biofilms that normally attach to rocks. Rocks from this stream located in the 

Waitakere Ranges are basaltic pyroxene-andesite (Hayward 1977). Basalt ranks high for heat 
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retention (Gunerhan & Hepbasli. 2005) and good adhesion ability due to pores and 

irregularities of the surface and tends to be hydrophobic (Majidazdeh and Brovold, 1968) 

which would provide a strong biofilm bond and potentially a more stable microbial 

community (Dar et al. 2019). The purpose of this study, however, was to provide consistency 

for comparison that cannot be achieved using rocks with various shapes and porousness. The 

flow system of my experiment lacked sources of organic and inorganic substances normally 

deposited in biofilms from upstream sources unless sharing between daylight and dark 

systems occurred through water recirculation. The original plan to keep the flow system 

supplied with Cascade Stream water and avoid the addition of city supplied water didn’t work 

out due to delays in acquiring the access permit for water collection. Extra collected stream 

water was rapidly used to replace water loss due to construction related power-outages that 

caused pumps to shut down resulting in tube drainage that caused overflows to the system. 

Two improperly placed tubes were discovered to be siphoning a small amount of water from 

their flow channels back to the tank during power cuts, as well. The lack of natural stream 

water, interruptions to the flow, and the loss of channel water due to improperly placed 

tubing siphoning water from the channel may have affected the overall community 

development. With no new sources of carbon and nitrogen, supply of these nutrients would 

have been reduced and diluted through the frequent topping up of the system with city water 

after the loss of stream water through overflow. Changes to the system (adjustments to catch 

basin water level and proper placement of tubing) to accommodate for power-cuts solved the 

problem of excess water loss. Drilling holes in flow channel entry ends for placement of 

tubing to prevent siphoning issues would be a good idea for future users of the flow channels.  

4.1.1.2 Daylight vs Dark Conditions and Temperatures 

Channels kept under dark conditions were not intended to reflect a natural environment but 

were rather for the purpose of observing ecological changes in biofilm composition with the 

removal of the important natural variable, light. However, on sunny days, the black tarpaulin 

covering dark conditions retained more heat that resulted in higher average temperatures 

under dark conditions than experienced under daylight conditions. On cooler, cloudy, 

overcast days, the temperatures under dark conditions were cooler than for the daylight 

conditions. The ceasing of water flow from frequent power-cuts would have exacerbated the 

situation causing abnormally elevated temperatures for all channels on a sunny day, but 

channels kept under black tarpaulin would have retained more heat with higher temperatures 

than daylight channels. Even though the system shared the same water, temperatures were not 
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the same for both lighting conditions. This situation may have modified enzyme activity in 

some planctomycetes and other community members. While temperatures would have been 

the same for samples sharing the same conditions (e.g., daylight/night-time channels vs dark 

channels), the goal of maintaining consistency between all channels, while controlling 

lighting conditions, was not met.  

4.1.2 Experimental Time Frame 

Based upon recent findings, I think that it would be of benefit if the timeframe of this 

experiment were lengthened to 3 months instead of 6 weeks. Six weeks is about the time 

necessary to arrive at a mature biofilm but dark conditions for half of the flow channels for 

only 5 of the 6 weeks may have been insufficient to adequately assess ecological changes in 

biofilm over time. Figure 3.3 (Chapter 3) demonstrates a common biofilm ecological 

succession pattern (Woodcock and Sloan 2017; Besemer et al. 2007) (under daylight 

conditions; Samples starting with the letter “A”) beginning with a similar initial community 

structure (Week 1; purple) followed by a period of divergence (Weeks 2-5; green, orange, 

blue, and black), and then movement towards convergence (Week 6; red), although not a 

complete convergence. Many of the planctomycetes OTUs in my experiment had sudden 

decreases in relative abundance in the last week of sampling but that may be due to relative 

abundance increases of Proteobacteria (daylight conditions) and Bacteroidetes (dark 

conditions) (Chapter 3, Fig. 3.1; see Sect. 3.2.3 Discussion of Relative Abundance).  In their 

experiment, Besemer et al. (2007) noticed highly dynamic biofilm communities between 10 

and 50 days, with convergence happening in mature biofilms from 51-90 days (Besemer et al. 

2007) and my experiment was completed in 42 days. Additionally, the presence of the 

golden-brown algae (daylight conditions) was most obvious in the samples of the sixth week. 

If Planctomycetes tend towards relationship with algae, then I would expect an increase in 

their relative abundance in subsequent samples. Under dark conditions, eventually nutrients 

would have been depleted as photosynthetic organisms ceased producing, leaving survivors 

within the biofilm to be those that could scavenge carbon, nitrogen, and sulphur, until those 

nutrients were depleted. If some planctomycetes such as Pirellulales had continued to 

increase in relative abundance along with proteobacteria while the other planctomycetes 

decreased, establishing relationship with a photoorganoheterotrophic proteobacteria (e.g., 

Rhodobacter) may have been more likely. Alternatively, if planctomycetes continued to 

increase in relative abundance while other species declined, we could speculate that 

planctomycetes were consuming other members of the community. If planctomycetes relative 
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abundance decreased at the same rate as another community member decreased, it might 

suggest relationship. At the end of a 90-day study, we could see what was left growing under 

both lighting conditions and be closer to discovering dependent, symbiotic, or predatory 

relationships between Planctomycetes and other members of the community. On the other 

hand, the heat from growing biofilms kept under black tarpaulin through a hot summer may 

have killed organisms that might normally have survived longer. Therefore, conducting this 

experiment through 3 months of semi-tropic winter conditions might provide optimal 

conditions to meet the goals of this experiment. 

4.2 Methods and Data Interpretations 

4.2.1 Chlorophyll Sampling and Analysis 

4.2.1.1 Chlorophyll Sampling Adjustments 

It was important to get sound chlorophyll results that reflected increases or decreases in the 

relative abundance of chlorophyll containing organisms (phototrophs) under both lighting 

conditions that would provide evidence of progress of biofilm growth and the types of 

producers. Therefore, the method of chlorophyll analysis was modified after seeing green 

supernatant in the test tubes subsequent to centrifuging the macerated slurry. I became 

concerned that the stomacher may be damaging cyanobacterial cells during the process of 

macerating the biofilm from the collection sponges. If cells were broken before the 

appropriate lysing step, chlorophyll would be lost without the benefit of analysis (For details 

regarding modifications, see Appendices Supplementary Information p. 70). At the same 

time, I was not impressed with the filtration apparatus that I was using, so further discussion 

with the PI and a comparison run between filtering and not filtering led me to following an 

alternative method mentioned in Ritchie (2018) of centrifuging samples with no filtering 

before beginning the extraction process (Ritchie 2018). This method proved to work quite 

well. So, by week 3, the sampling and extraction prep was sorted. Chlorophyll from the 

second week of sampling may not been completely accounted for due to loss from 

inadequacies in the filtration apparatus and if cell breakage occurred during maceration. 

4.2.1.2 Chlorophyll Extraction 

The week before sampling for chlorophyll analysis began, I did a few practice extraction runs 

by using biofilm from the university pond. The PI mentioned the potential for acetone to 

degrade the plastic spectrophotometer cuvettes, but I was unable to find glass cuvettes in the 

lab. I did a search for a method that used a chemical that would not react with the plastic 

cuvettes and came across Ritchie (2018).  Ritchie (2018) proposed measuring the wavelength 
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of Bacteriochlorophyll a in addition to that of Chlorophyll a and Chlorophyll b. Additionally, 

Ritchie (2018) did a comparison between different extractants and concluded that ethanol was 

a better extractant for Bacteriochlorophyll a than acetone (Ritchie 2018). Therefore, ethanol 

was the extractant used for chlorophyll analysis. The final supernatant that was collected after 

an overnight extraction was transferred to cuvettes and wrapped in foil to minimize light 

exposure and kept on ice prior to reading absorbances per a previous student’s report (Chuan-

Chun Lai, P., unpublished work 2007). I found that the ice caused a fog on the cuvettes so I 

would have to wipe each cuvette with a Kimwipe (KimTech) before placing in the 

spectrophotometer, and am concerned that I may not have noticed this occurring in the 

previous week’s analysis which would have an effect on readings. Chlorophyll extraction of 

week five (3 December) was most likely affected by failure to dislodge tightly compacted 

pellets located at the bottom of the tube after centrifuging that may have prevented complete 

ethanol penetration. I noticed that after processing overnight, that some matter remained 

stuck in the tube bottom that vortexing would not dislodge. For the next week (week 6), a 

metal spatula was used to dislodge the pellet from the tube bottom before adding ethanol 

which allowed for ethanol penetration and complete dissolution of the pellet. To add to 

questioning of the results from week 5, the spectrophotometer did not seem to be working 

properly and it took 3 read attempts to arrive at consistent values. Therefore, I don’t believe 

that the chlorophyll for week five was accurately assessed.   

4.2.2 Taxon Abundance Complementary Method to 16S rRNA Sequencing 

Rosselli et al. (2016) tested direct sequencing of 16S rRNA without the use of primers or 

PCR amplification alongside a PCR-based method and found that with the PCR-based 

analysis, Proteobacteria had the dominate abundance within samples, but with the direct 

rRNA-seq approach, the overwhelmingly dominant phylum was Planctomycetes (Rosselli et 

al. 2016).  The researchers emphasize that there is no comparison between the two methods 

because the intended outcomes are not the same, and instead the two methods ought to be 

viewed as complements (Rosselli et al. 2016). Nonetheless, it raises the question of potential 

bias of PCR-based sequencing. Using FISH (Fluorescence in Situ Hybridization), Bengtsson 

and Øvreås (2010) found Planctomycetes made up 51-53% of the biofilm community on the 

surface of kelp in summer months and 24% of the community in winter, but found that the 

probe designed for Planctomycetes (Pla46) failed to identify Planctomycetes at the 

abundance level that the general bacterial probe (Eub338 U-III) did (Bengtsson and Øvreås 

2010).  Planctomycetes are often underrepresented in microbial culture collections (Elshahed 
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et al. 2007) and within 16S rRNA gene clone libraries due to the nature and requirements of 

primer design and PCR amplification (Wang and Qian 2009; Rosselli et al. 2016). The 

shortcomings surrounding confidence in identifying Planctomycetes may merit using other 

methods such as a direct rRNA-seq method and/or FISH alongside PCR amplification. 

4.2.3 Relative Abundance Considerations 

The normalization method of converting data to relative abundance is a useful tool to identify 

the major microbial taxa with the most abundance within samples (Barlow et al. 2020; 

Knight et al. 2018). Using relative abundance also develops a proportional understanding of 

community composition (Lewis, G., personal communication, 10 July 2020; Aitchison 1982), 

which was an important object of my study since I needed to know if Planctomycetes and 

potential phototrophs were present in biofilm growing on my slides and at what capacity. 

However, limiting the preparation of my data solely to the use of relative abundances may 

have prevented me from observing potential relationships between Planctomycetes and 

phototrophic members of the biofilm community and may have led to misinterpretations of 

actual microbial community structure (Jian et al. 2020; Barlow et al. 2020).  

 

Biofilm communities are not limited to a one-dimensional space but are 3-dimensional and 

can expand outwards and upwards and continually grow and change if resources and surfaces 

are available. If producers, such as phototrophs increase, it is unlikely that the heterotrophic 

population will decrease within a living biofilm, yet relative abundance values may suggest a 

decrease in these organisms because all values are relative and proportional to the sample 

community as a whole.  

 

For example, within sample A126Nov19 (see Chapter 3, Fig. 3.1) of my study, the 

Cyanobacterial phylum exhibited a noticeable increase in relative abundance (a “bloom”) that 

was due to an increase in relative abundance of two of its orders (Oscillatoriales and 

Nostocales), which wasn’t seen within the biological replicates (A226Nov19 and 

A326Nov19). This increase in relative abundance of Cyanobacteria will have negatively 

impacted the relative abundance of other members of the sample community because the total 

of each sample of my experiment was limited to a relative abundance of 7500 (See Chapter 2, 

sect. 2.2 of Methods). The high values of Cyanobacteria could give a false impression that the 

presence of other members (e.g., heterotrophs like Planctomycetes) was diminishing—even if 

other members (e.g., heterotrophs) were actually increasing in response to the increasing 
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presence of a primary producer, Cyanobacteria. If Cyanobacteria and Planctomycetes (for 

example) were both increasing within the biofilm community, although not being reflected in 

relative abundance, a negative correlation (Jian et al. 2020) would result. Other members 

could also be decreasing, for a variety of reasons, or remaining unchanged; either way, 

relative abundance values do not indicate the direction or magnitude of the change of 

individual organisms (Barlow et al. 2020). Jian et al. (2020) suggests that experiments which 

are sequencing-independent are needed to validate findings when looking for cause and effect 

relationships (Jian et al. 2020). These researchers estimated absolute abundances of 

individual taxa by multiplying the relative abundance by total bacteria counts, and then 

validated the estimated absolute abundances by choosing primers for selected taxa and 

performing Quantitative PCR on the known taxa, followed by standard curve-based absolute 

quantification (Jian et al. 2020). I think that employing validating methods that indicate 

absolute abundance (Jian et al. 2020), using sequencing per cm2 (Lewis, G., personal 

communication 10 July 2020), or experimenting with the methods (Metagenomics and 

Metatranscriptomics) mentioned in Knight et al. (2018) are necessary when attempting to 

look for specific types of relationship between species of a biofilm community.  

 

4.3 Results 

This study fails to provide conclusive evidence to support the influence of photosynthetic 

producers upon planctomycetes relative abundance within the biofilm community.  

 4.3.1 Planctomycetes and Temperature 

Measurements of temperature were kept and considered as part of the environmental factors 

influencing this study. The range of average temperature differences within the two 

monitored flow channels over the 6 weeks of sampling was between 18.25 and 20.85° C. It’s 

somewhat surprising to see evidence supporting temperature to have an effect on 10 out of 23 

of the most frequently occurring planctomycetes OTUs (See Chapter 3, Table 3.1) since the 

temperature variance of this study was quite narrow. Weigand et al. (2018) provides optimal 

temperatures for 3 species of freshwater planctomycetes: Gemmata obscuriglobus UQM 

2246 (16-35°C), Tuwongella immobilis MBLW1 (32-32°C), and Planctopirus limnophila Mü 

290 (30-32 °C) (Weigand et al. 2018). The 5-year (2013-2018) average temperature is 

13.50°C for Cascade Stream from where biofilms were obtained for this study (range: low = 

8.99°C September 2013; high = 18.49°C February 2018) (NIWA 2013-2018 records) and 

temperatures in my study were above that average. Temperature would be an important factor 
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to consider in a future experiment. I was able to find very little data of temperature ranges for 

freshwater planctomycetes. Setting up an experiment in a future study that tested for 

temperature might include raising temperatures of catch basins using heating elements and 

reducing temperatures by adding bagged ice packs to catch basins.  

4.3.2 Planctomycetes Relationships with Potential Phototrophs 

4.3.2.1 Chlorophyll Analysis and Cyanobacteria under Dark Conditions 

In my study, I was testing biofilms for chlorophyll under both daylight and dark conditions 

based upon the premise of increased photosynthetic activity under daylight conditions. 

Although Chlorophyll a and Chlorophyll b were significantly higher in biofilms grown under 

daylight conditions than under dark conditions (P = .005), it was unexpected to see a green 

coloration indicative of chlorophyll present in samples kept in the dark for 5 weeks (The 3 

cuvettes on the right in Fig. 4.1) and the presence of 16s rRNA Cyanobacterial OTU 

sequences appearing in those samples. A factor that 

may have influenced the presence of chlorophyll 

under dark conditions could be the slough-off of any 

phototrophic organisms from daylight conditions 

that were dumped into the catch basin, recirculated, 

and then deposited into the biofilms growing under 

dark conditions. Once the debris settles onto a 

biofilm, photosynthesis may not be taking place 

under dark conditions, but digestion of deposited 

carbon may be occurring and keeping community 

bacteria alive. Providing food to a potentially 

starving biofilm through debris shared between the 

daylight and dark conditions would give a false 

impression of mode to survival and have an impact on this study by skewing results.  

Additionally, I’m not certain if the presence of chlorophyll was derived from phototrophs that 

were relocated to dark condition channels, whether photosynthesis is occurring at a low level, 

or if the pigment is simply present within phototrophic cells whether thriving, surviving, 

dormant, or dying. Since ribosomal RNA has a short half-life and degrades upon starvation 

(Puente-Sánchez et al. 2018), I can assume that the chlorophyll bearers were still living at the 

time of sampling. Part of the presence of cyanobacterial species 16S rRNA found in samples 

from dark conditions may have been derived from the system water that was added to the 

Figure 4.1. Cuvettes prepared for 
chlorophyll analysis after 6 weeks of 
biofilm growth on slides in flow channels 

from my study. Sample for the 3 
cuvettes on the right came from biofilm 
kept under dark conditions for 5 weeks. 
The 3 cuvettes on the left contain 
chlorophyll extracted from biofilm that 
grew under normal daylight and night-
time conditions for 6 weeks. 
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Whirl-Pak® bags with the sponges. The adding of water that has been circulating through the 

flow channel system (50ml) would have contaminated my samples at some level. The PI 

suggested that a low level of light may have been penetrating into tarpaulin covered channels 

which is possible from the drainage end, although the data logger placed in one covered flow 

channel reported Lux to be 0.00.  Cyanobacteria may be more resilient to limited lighting 

conditions than I expected since they’ve been found thriving 607m below the earth’s surface 

in Spain with the appearance of being primary producers although lacking in active 

photosynthetic pigments. (Puente-Sánchez et al. 2018).     

4.3.2.2 Other Types of Chlorophyll 

There is great diversity of chlorophyll pigments produced in the prokaryotic world (Oren, A. 

2011; Vogl et al. 2012) and this study may have benefitted by taking additional 

measurements for chlorophyll other than that described in Ritchie (2018) which limited the 

absorption band measurements to 775nm (Bacteriochlorophyll a), 665 nm (Chlorophyll a), 

and 649 (Chlorophyll b) (Ritchie. 2018). Bacteriochlorophyll a is found in many types of 

photosynthetic Proteobacteria from classes Alphaproteobacteria, Betaproteobacteria, and 

Gammaproteobacteria and includes orders such as Rhodobacterales and Rhodospirillales 

(Oren, A. 2011). However, one type of bacteriochlorophyll for which I unwittingly did not 

measure, but which is common among phototrophic purple bacteria, is Bacteriochlorophyll b. 

Thus far, research has found that Bacteriochlorophyll b is employed by the Proteobacteria 

orders Rhodobacterales and Sphingomonadales (Alphaproteobacteria) and Chromatiales 

(Gammaproteobacteria) (Imhoff et al. 2017) and is measured at a wavelength of around 

770nm (Strain & Svec 1966). With this information in mind, measurements for 

Bacteriochlorophyll b ought to have been included in this study. An additional measurement 

for Bacteriochlorophyll c (~750 nm) as found in green sulphur bacteria (Beatty et al. 2005) 

may be useful, if for no other reason than to rule out its presence. 

4.3.2.3 Co-occurrence between Planctomycetes and Potential Phototrophs 

Cross feeding, nutrient sharing, and the consuming of community members commonly 

associated with biofilms may be occurring between planctomycetes and any of the potential 

phototrophs or chemotrophs. Of the several planctomycetes-potential photosynthetic OTU 

pairs with positive correlations under both daylight and dark conditions, many have 

correlations greater than 0.80. One example is the correlation between Gemmatales Otu139 

and Chthoniobacterales Otu294 with a daylight condition correlation of 0.94 (P <.0001) and a 

dark condition correlation of 0.95 (P< .0001). Chthoniobacterales is an order from the 
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Verrucomicrobia phylum and may or may not have photosynthetic species in the order, 

however freshwater Verrucomicrobia remain poorly studied and a nitrogen-fixing cluster of 

Verrucomicrobia found in a 

reservoir was noted to have 

photoheterotrophic metabolism 

(Cabello-Yeves et al. 2017). 

Pirellulales Otu373 shares positive 

correlations with Rhodobacterales 

Otu147 under both daylight (corr = 

0.71) and dark (corr = 0.61) 

conditions (Fig.4.2). This 

correlation is the only duel 

correlation (correlation under both 

lighting conditions) for Pirellulales 

Otu373 (Fig. 4.2; see also Fig. 

3.10(a) and Table 3.2 of Results, 

and Supplementary Table 3.5 in 

Appendices). Rhodobacterales 

Otu147 is taxonomically located 

within the Proteobacteria phylum, 

Alphaproteobacteria class, 

Rhodobacterales order, 

Rhodobacteraceae family, and Rhodobacter genus. Rhodobacter is a purple non-sulphur 

photosynthetic freshwater bacterium that is known for its metabolic versatility. Rhodobacter 

members are photo-organo-heterotrophs that use light, organic carbon, and electron sources 

in anaerobic conditions. Their main photosynthetic pigments are Bacteriochlorophyll a and 

carotenoids and they use ammonium salts as a nitrogen source—although they are able to fix 

molecular nitrogen both in phototrophic and chemotrophic regimes. Additionally, sulphate or 

reduced sulphur compounds are utilised by Rhodobacter for a sulphur source (Ludwig 2010; 

Garrity 2005; Willems 2014). Elshahed et al. (2007) describe a strain of Pirellulales that can 

reduce elemental sulphur to sulphide and ferment carbohydrates for growth and survival 

under anaerobic conditions (Elshahed et al. 2007). Some Pirellulales species have tested 

positive for dissimilatory nitrate reduction which suggests the ability to reduce nitrate to 

Figure 4.2 Pirellulales Otu373 and Rhodobacterales 

Otu147 share positive correlations under both daylight 
(top chart) and dark (bottom chart) conditions. Groups 

are by channel. Sample ID lists channel and date of 
sample collection. Changes over time are shown. 
Temperature is in brackets and is in degrees Celsius. (See 
Appendices for Order-OTU ID information). 
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nitrite (Lage et al. 2012) with the end product being ammonium. Under anaerobic conditions, 

Rhodobacter could support chemoheterotrophic growth of Pirellulales through fermentation, 

denitrification, sulphur and carbon biogeochemical cycling or other anaerobic respiration 

processes (Garrity 2005; Willems 2014). Pirellulales and Rhodobacter may both benefit if 

Rhodobacter uses ammonium produced by Pirellulales and Pirellulales uses the nitrite 

produced when Rhodobacter uses the ammonium salts (Kraft et al. 2011).  

4.3.2.4 Additional Primers for Identification of Algae  

Noticeable growth of golden-brown algae appeared on slides grown under daylight 

conditions by the sixth week of sampling (see Fig. 4.3; See Fig. 4.1 of cuvettes for 

chlorophyll analysis: dark golden-brown cuvettes on the left) but I was not able to identify 

the algal source(s) within my data set. Dar et al. (2019) point out that many studies of 

freshwater stream microbial biofilms describe microalgal and microbial communities 

separately (Dar et al. 2019). The primers I used in this study targeted 

Bacteria and Archaea (Klindworth et al. 2013), including 

phototrophic cyanobacteria; a separate analysis with the addition of 

steps designed to target algae would have been beneficial. The use of 

Qiagen Blood and Tissue kit as tested and recommended by Eland et 

al. (2012) followed by an 18S rRNA amplification using primers Euk 

1A and Euk516r-GC to target algae may have provided an additional 

dimension to evaluation of relationship between planctomycetes and 

photosynthetic algae (Eland et al. 2012; Sherwood et al. 2014). It is 

likely that the algae producing the golden-brown colonies seen on the 

slides (Fig. 4.3) may be responsible for the dark golden-brown 

coloration seen within the cuvettes for chlorophyll analysis (Fig. 4.1). 

 

4.4 Future Research 

4.4.1 Testing Macroalgae Relationships 

My study was not the first attempt to explore the possibility of deterministic relationships 

based upon co-occurrence of Planctomycetes with phototrophic organisms (Hempel et al. 

2009; Bengtsson and Lise Øvreås 2010; Cai et al. 2013; Bondoso et al. 2017; Bondoso et al. 

2014). Hempel et al. (2009) concluded that biofilm grown on macrophytes and polypropylene 

sheets within a freshwater lake was mostly the same for all surfaces, and it was determined 

that differences in biofilm community composition were mainly due to differences in 

Figure 4.3. Golden-
brown unidentified 
algae. Slide of biofilm 

grown under daylight 
conditions and 
retrieved on the sixth 
week of sampling 
from flow channel A1 
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Proteobacteria (Alpha-, Beta-, and Gammaproteobacteria) (Hempel et al. 2009). Bondoso et 

al. (2017) studied Planctomycetes presence within marine biofilms growing on 3 species of 

macroalgae (Fucus spiralis (Ochrophyta), Ulva sp. (Chlorophyta) and Chondrus 

crispus (Rhodophyta). Findings of their study indicated each macroalgae to host specific 

Planctomycetes communities that were maintained regardless of season or geographical 

location. (Bondoso et al. 2017).  

 

Within my study, biofilm seed collected from rocks grew into biofilm containing 

Planctomycetes on each slide within the flow channels, without the presence of large leaved 

macrophytes on which to grow and without the help of sources outside of the experimental 

system. Producers within the biofilm community were presumably producing and non-

producers were present. Of the two studies previously mentioned, what I find to be missing is 

the use of rocks as part of an ecological biofilm community comparison; to my knowledge 

none of the studies that have focused upon Planctomycetes relationships with photosynthetic 

organisms have included rock-water interfaces as a comparison in their studies. Dar et al. 

(2019) summarized bacterial diversity and ubiquity of rock-water interfaces from freshwater 

ecosystems by stating that rocks provide solid surfaces for biofilm attachment and are 

covered with biofilms in nearly all rock-water interfaces on earth. The Dar et al. (2019) study 

mentions the initial attachment role of Betaproteobacteria and diatoms that embed in crevices 

and pores of rocks where they produce extracellular polymeric substances (EPS), and thereby 

facilitate the arrival of autotrophic and heterotrophic microorganisms (Alphaproteobacteria, 

Bacteroidetes, Cyanobacteria, Microalgae, Planctomycetes, Verrucomicrobia, etc…) (Dar et 

al. 2019). Bondoso et al. (2017) collected the macroalgae for their 

study from a rocky coastline but did not compare biofilm 

communities (and Planctomycetes presence within) of the macroalgae 

with those growing on the rocks beneath (Bondoso et al. 2017). The 

neglect of part of the metacommunity (communities linked by the 

dispersal of multiple, potentially interacting, species) of the biofilm 

organisms growing on the rocks connected to the plants growing 

therein, ignores the landscape ecology and spatial dimension to biofilm research (Battin et al. 

2007), which, in my opinion, fails to be truly objective in the field of research. Therefore, I 

propose a study that would address the concept of landscape ecology (Battin et al. 2007) by 

locating sections of a freshwater body where both macrophyte/macroalgae and rocks are 

Figure 4.4. Sketch of 

algae and rocks for 
visualisation purposes.  
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naturally occurring together, and sampling both rocks and algae for biofilm community 

composition over the span of a year or two (Fig 4.4). If Planctomycetes presence within the 

biofilm community growing on the macrophyte/macroalgae is more robust than what is 

detected growing on the rocks beneath, a potential link to macrophyte/macroalgae 

relationship could be further explored through the use of metabolomics and other previously 

used methods. Until a study that includes the entire environmental landscape is implemented, 

the notion surrounding specific ecological relationship with specific types of photosynthetic 

organisms will remain only speculative.  

4.4.2 Isolation and Cultivation of Planctomycetes  

The isolation and/or cultivation of planctomycetes would enable the matching of many 

uncultured and un-isolated Planctomycetes species’ phenotypes to their genotypes so more 

species could be validly named and positively identified, and would provide a better 

understanding of Planctomycetes physiological role in biofilm communities (Lage and 

Bondoso 2012). In a study designed to identify co-occurrences and nutrient sharing, cross-

feeding, or predatory relationships with other members of a biofilm community, isolation and 

cultivation would enhance the process. Although planctomycetes are very difficult to isolate 

into pure culture, Lage et al. (2012) and Lage and Bondoso (2012) developed a technique for 

selective isolation of a marine planctomycetes by supplementing media with multiple 

vitamins, glucose, three different β-lactam antibiotics to give antibiotic-resistant 

planctomycetes a chance to grow by stymieing competing bacteria, plus anti-fungal agents, 

and then incubating in the dark for one month at 20°C (Lage et al. 2012; Lage and Bondoso 

2012). Pierson et al. (1985) found a marine-type planctomycetes (Isosphaera pallida) that 

formed a stable co-culture with a photosynthetic bacterium (Heliothrix oregonensis). 

Surprisingly, phototrophic, H. oregonensis, may be dependent upon I. pallida for growth 

(Pierson et al. 1985). Shiratori et al. (2018) were not able to establish axenic (single strain) 

cultures of Candidatus Uab amorphum but discovered they were able to maintain an enriched 

mixed-culture of the planctomycetes with Gammaproteobacterium Alteromonas macleodii 

(Shiratori et al. 2018). In my study, Planctomycetes from the orders Gemmatales and 

Phycisphaerales exhibited correlations under both daylight and dark conditions with other 

Gammaproteobacteria from the orders Xanthomonadales and Legionellales (Gemmatales 

Otu139 and Xanthomonadales Otu35; Gemmatales Otu137 and Legionellales OTUs 58 and 

141; Gemmatales Otu175 and Legionellales Otu58; Phycisphaerales Otu116 and 

Legionellales Otu141). The high correlation values between Gemmatales (Otu139) and 
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Chthoniobacterales (Otu294) under both daylight and dark conditions (0.94 and 0.95, 

respectively) (see Chapter 3 Fig. 3.10(c) and Table 3.2, and Appendices Supplementary 

Tables 3.3 and 3.4) also suggest a co-occurring relationship of some sort and merits 

investigation. Further study involving isolation and cultivation of Planctomycetes may 

discover that pairs with positive correlations from my study grow well together in mixed-

cultures and that puts each bacterium one step closer to valid identification. 

4.4.3 Establishing Planctomycetes Metabolism  

Elshahed et al. (2007) isolated Planctomycetes strain Zi62 after modifying the method used 

by Staley et al. (1992) (Elshahed et al. 2007; Staley et al.1992) and used metabolomics-type 

processes to learn about the strain’s metabolism. Zi62 was able to grow anaerobically with 

sucrose and yeast extract as carbon sources and sulphate, thiosulfate, or nitrate for electron 

acceptors. The ability to reduce sulphur was tested using a methylene blue assay to quantify 

sulphide production after exposing Zi62 to a sulphur slurry mix. Ion chromatography was 

used to determine the level of sulphate, thiosulfate, and nitrate. A phenol-sulphuric acid was 

used to quantify sugar levels and gas chromatography was used to determine trimethylsilyl 

derivatives. Ultrasonication of freeze-dried cell pellets was used to extract lipids, followed by 

separation into lipid classes using the Bligh and Dyer extraction method (Bligh and Dyer, 

1959; Elshahed et al. 2007). Through the isolation and other analyses, these researchers were 

able to learn a lot about the metabolic capabilities of a novel planctomycetes species. Other 

studies (Shiratori et al. 2019; Kallscheuer et al. 2020) focus on finding genes on which to 

speculate everything from metabolism to cell structure. On the other hand, metabolomics (the 

study of metabolites present within a cell, tissue, or organism) provides direct readouts of 

biochemical activities taking place within cells and may be more accurate in providing the 

actual physiological state of the cell (Menni et al. 2017; Tang 2011). To establish dependence 

relationships of planctomycetes upon photosynthetic organisms, understanding the 

metabolism of Planctomycetes is necessary.  I propose beginning with isolation and culturing 

of planctomycetes. Establishing co-cultures with other microorganisms that frequently co-

occur with planctomycetes and exhibit strong correlations may be necessary and efficacious. 

Genomic studies to identify metabolic possibilities would follow with subsequent 

metabolomics tests similar to those used by Elshahed et al. (2007) (Elshahed et al. 2007) to 

verify responses to phototrophic organism presence, and to explore cross-feeding, nutrient 

sharing, or predatory relationships.  
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4.5 Conclusion  

This study has focused on planctomycetes and searching for hints of symbiotic or dependent-

type relationships between planctomycetes and photosynthetic members within the biofilm 

community. Studying the positive contributions of planctomycetes within the biofilms and 

the environments in which they dwell led to the discovery of the ANAMMOX process, and 

has the potential for more discoveries through understanding relationships and metabolism of 

Planctomycetes. Since relationships between other members of a biofilm community are 

important, then it is imperative to explore and consider relationships within the surrounding 

landscape, not just the immediate biofilm community and host. Exploring methods employed 

by planctomycetes to adapt and manipulate different types of complex and competitive 

biofilm systems that enable them to establish themselves and flourish ubiquitously within the 

global environment may provide keys to isolation and culturing, may open windows to 

understanding how bacteria cause disease (Kallscheuer et al. 2020), or provide ways to 

encourage planctomycetes growth that supports bioremediation. 
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APPENDICES 

 

TAXONOMIC REFERENCES, SAMPLE IDENTIFICATION, LIST OF ABBREVIATIONS 

Order-Operational Taxonomic Unit Reference 

Taxonomy Order Order OTU_ID 

k:Bacteria,p:Cyanobacteria,c:Oscillatoriophycideae,o:Oscillatoriales,f:Phormidiaceae,g:Phormidium Oscillatoriales Oscill_Otu10 

k:Bacteria,p:Cyanobacteria,c:Oscillatoriophycideae,o:Oscillatoriales,f:Phormidiaceae,g:Phormidium Oscillatoriales Oscill_Otu9 

k:Bacteria,p:Cyanobacteria,c:Oscillatoriophycideae,o:Oscillatoriales,f:Phormidiaceae,g:Phormidium Oscillatoriales Oscill_Otu17 

k:Bacteria,p:Cyanobacteria,c:Oscillatoriophycideae,o:Oscillatoriales,f:Phormidiaceae,g:Phormidium Oscillatoriales Oscill_Otu20 

k:Bacteria,p:Cyanobacteria,c:Oscillatoriophycideae,o:Oscillatoriales,f:Phormidiaceae,g:Phormidium Oscillatoriales Oscill_Otu114 

k:Bacteria,p:Cyanobacteria,c:Chloroplast,o:Stramenopiles Stramenopiles Stram_Otu2 

k:Bacteria,p:Cyanobacteria,c:Chloroplast,o:Stramenopiles Stramenopiles Stram_Otu45 

k:Bacteria,p:Cyanobacteria,c:Chloroplast,o:Stramenopiles Stramenopiles Stram_Otu65 

k:Bacteria,p:Cyanobacteria,c:Chloroplast,o:Stramenopiles Stramenopiles Stram_Otu86 

k:Bacteria,p:Cyanobacteria,c:Chloroplast,o:Stramenopiles Stramenopiles Stram_Otu105 

k:Bacteria,p:Cyanobacteria,c:Chloroplast,o:Stramenopiles Stramenopiles Stram_Otu82 

k:Bacteria,p:Cyanobacteria,c:Chloroplast,o:Chlorophyta,f:Chlamydomonadaceae Chlorophyta Chloro_Otu460 

k:Bacteria,p:Cyanobacteria,c:Chloroplast,o:Chlorophyta,f:Chlamydomonadaceae Chlorophyta Chloro_Otu1615 

k:Bacteria,p:Cyanobacteria,c:Chloroplast,o:Chlorophyta,f:Chlamydomonadaceae Chlorophyta Chloro_Otu765 

k:Bacteria,p:Cyanobacteria,c:Chloroplast,o:Chlorophyta,f:Chlamydomonadaceae Chlorophyta Chloro_Otu539 

k:Bacteria,p:Cyanobacteria,c:Chloroplast,o:Chlorophyta,f:Chlamydomonadaceae Chlorophyta Chloro_Otu969 

k:Bacteria,p:Cyanobacteria,c:Chloroplast,o:Chlorophyta,f:Trebouxiophyceae Chlorophyta Chloro_Otu60 
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k:Bacteria,p:Cyanobacteria,c:Synechococcophycideae,o:Synechococcales Synechococcales Syne_Otu291 

k:Bacteria,p:Cyanobacteria,c:Synechococcophycideae,o:Synechococcales,f:Chamaesiphonaceae Synechococcales Syne_Otu748 

k:Bacteria,p:Cyanobacteria,c:Synechococcophycideae,o:Synechococcales,f:Synechococcaceae,g:Synechococcus Synechococcales Syne_Otu211 

k:Bacteria,p:Cyanobacteria,c:Synechococcophycideae,o:Synechococcales,f:Synechococcaceae,g:Synechococcus Synechococcales Syne_Otu466 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Gemmatales,f:Gemmataceae Gemmatales Gemmatal_Otu75 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Gemmatales,f:Gemmataceae Gemmatales Gemmatal_Otu295 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Gemmatales,f:Gemmataceae,g:Gemmata Gemmatales Gemmatal_Otu57 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Gemmatales,f:Gemmataceae,g:Gemmata Gemmatales Gemmatal_Otu118 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Gemmatales,f:Gemmataceae,g:Gemmata Gemmatales Gemmatal_Otu139 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Gemmatales,f:Gemmataceae,g:Gemmata Gemmatales Gemmatal_Otu137 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Gemmatales,f:Gemmataceae,g:Gemmata Gemmatales Gemmatal_Otu175 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Gemmatales,f:Gemmataceae,g:Gemmata Gemmatales Gemmatal_Otu311 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Planctomycetales,f:Planctomycetaceae,g:Planctomyces Planctomycetales Plancto_Otu1078 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Planctomycetales,f:Planctomycetaceae,g:Planctomyces Planctomycetales Plancto_Otu2099 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Pirellulales,f:Pirellulaceae Pirellulales Pirell_Otu130 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Pirellulales,f:Pirellulaceae Pirellulales Pirell_Otu182 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Pirellulales,f:Pirellulaceae Pirellulales Pirell_Otu321 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Pirellulales,f:Pirellulaceae Pirellulales Pirell_Otu373 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Pirellulales,f:Pirellulaceae Pirellulales Pirell_Otu290 

k:Bacteria,p:Planctomycetes,c:Phycisphaerae,o:WD2101 WD2101 WD2_Otu465 

k:Bacteria,p:Planctomycetes,c:Phycisphaerae,o:WD2101 WD2101 WD2_Otu515 

k:Bacteria,p:Planctomycetes,c:Phycisphaerae,o:WD2101 WD2101 WD2_Otu556 

k:Bacteria,p:Planctomycetes,c:Phycisphaerae,o:Phycisphaerales Phycisphaerales Phycis_Otu116 
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k:Bacteria,p:Planctomycetes,c:Phycisphaerae,o:Phycisphaerales Phycisphaerales Phycis_Otu690 

k:Bacteria,p:Planctomycetes,c:Phycisphaerae,o:Phycisphaerales Phycisphaerales Phycis_Otu708 

k:Bacteria,p:Planctomycetes,c:OM190,o:CL500-15 CL500-15 CL5_Otu235 

k:Bacteria,p:Planctomycetes,c:OM190,o:CL500-15 CL500-15 CL5_Otu351 

k:Bacteria,p:Planctomycetes,c:OM190,o:CL500-15 CL500-15 CL5_Otu617 

k:Bacteria,p:Gemmatimonadetes,c:Gemmatimonadetes,o:Gemmatimonadales,f:A1-B1 Gemmatimonadales Gemmatim_Otu72 

k:Bacteria,p:Gemmatimonadetes,c:Gemmatimonadetes,o:Gemmatimonadales,f:A1-B1 Gemmatimonadales Gemmatim_Otu191 

k:Bacteria,p:Proteobacteria,c:Alphaproteobacteria,o:Rhizobiales,f:Hyphomicrobiaceae Rhizobiales Rhizo_Otu100 

k:Bacteria,p:Proteobacteria,c:Alphaproteobacteria,o:Rhizobiales,f:Hyphomicrobiaceae,g:Devosia Rhizobiales Rhizo_Otu84 

k:Bacteria,p:Proteobacteria,c:Alphaproteobacteria,o:Rhizobiales,f:Hyphomicrobiaceae,g:Devosia Rhizobiales Rhizo_Otu108 

k:Bacteria,p:Proteobacteria,c:Alphaproteobacteria,o:Rhizobiales,f:Hyphomicrobiaceae,g:Pedomicrobium, 
s:Pedomicrobium_australicum Rhizobiales Rhizo_Otu101 

k:Bacteria,p:Proteobacteria,c:Alphaproteobacteria,o:Rhodobacterales,f:Hyphomonadaceae Rhodobacterales Rhodobac_Otu54 

k:Bacteria,p:Proteobacteria,c:Alphaproteobacteria,o:Rhodobacterales,f:Rhodobacteraceae Rhodobacterales Rhodobac_Otu128 

k:Bacteria,p:Proteobacteria,c:Alphaproteobacteria,o:Rhodobacterales,f:Rhodobacteraceae Rhodobacterales Rhodobac_Otu147 

k:Bacteria,p:Proteobacteria,c:Alphaproteobacteria,o:Rhodobacterales,f:Rhodobacteraceae,g:Rhodobacter Rhodobacterales Rhodobac_Otu140 

k:Bacteria,p:Proteobacteria,c:Alphaproteobacteria,o:Rhodobacterales,f:Rhodobacteraceae,g:Rhodobacter Rhodobacterales Rhodobac_Otu85 

k:Bacteria,p:Proteobacteria,c:Alphaproteobacteria,o:Rhodobacterales,f:Rhodobacteraceae,g:Rhodobacter Rhodobacterales Rhodobac_Otu774 

k:Bacteria,p:Proteobacteria,c:Alphaproteobacteria,o:Rhodospirillales,f:Acetobacteraceae,g:Roseococcus Rhodospirillales Rhodospir_Otu24 

k:Bacteria,p:Proteobacteria,c:Alphaproteobacteria,o:Rhodospirillales,f:Rhodospirillaceae Rhodospirillales Rhodospir_Otu1 

k:Bacteria,p:Proteobacteria,c:Alphaproteobacteria,o:Rhodospirillales,f:Rhodospirillaceae Rhodospirillales Rhodospir_Otu4 

k:Bacteria,p:Proteobacteria,c:Alphaproteobacteria,o:Rhodospirillales,f:Rhodospirillaceae Rhodospirillales Rhodospir_Otu5 

k:Bacteria,p:Proteobacteria,c:Alphaproteobacteria,o:Rhodospirillales,f:Rhodospirillaceae Rhodospirillales Rhodospir_Otu18 
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k:Bacteria,p:Proteobacteria,c:Alphaproteobacteria,o:Rhodospirillales,f:Rhodospirillaceae Rhodospirillales Rhodospir_Otu34 

k:Bacteria,p:Proteobacteria,c:Betaproteobacteria,o:Rhodocyclales,f:Rhodocyclaceae,g:Zoogloea Rhodocyclales Rhodocyc_Otu22 

k:Bacteria,p:Proteobacteria,c:Betaproteobacteria,o:Rhodocyclales,f:Rhodocyclaceae,g:Zoogloea Rhodocyclales Rhodocyc_Otu102 

k:Bacteria,p:Proteobacteria,c:Betaproteobacteria,o:Rhodocyclales,f:Rhodocyclaceae,g:Zoogloea Rhodocyclales Rhodocyc_Otu133 

k:Bacteria,p:Proteobacteria,c:Deltaproteobacteria,o:Bdellovibrionales,f:Bdellovibrionaceae,g:Bdellovibrio Bdellovibrionales Bdell_Otu123 

k:Bacteria,p:Proteobacteria,c:Deltaproteobacteria,o:Bdellovibrionales,f:Bdellovibrionaceae,g:Bdellovibrio Bdellovibrionales Bdell_Otu283 

k:Bacteria,p:Proteobacteria,c:Gammaproteobacteria,o:Legionellales Legionellales Legion_Otu58 

k:Bacteria,p:Proteobacteria,c:Gammaproteobacteria,o:Legionellales,f:Coxiellaceae Legionellales Legion_Otu127 

k:Bacteria,p:Proteobacteria,c:Gammaproteobacteria,o:Legionellales,f:Coxiellaceae Legionellales Legion_Otu117 

k:Bacteria,p:Proteobacteria,c:Gammaproteobacteria,o:Legionellales,f:Coxiellaceae,g:Aquicella Legionellales Legion_Otu48 

k:Bacteria,p:Proteobacteria,c:Gammaproteobacteria,o:Legionellales,f:Coxiellaceae,g:Aquicella Legionellales Legion_Otu141 

k:Bacteria,p:Proteobacteria,c:Gammaproteobacteria,o:Xanthomonadales,f:Sinobacteraceae Xanthomonadales Xan_Otu256 

k:Bacteria,p:Proteobacteria,c:Gammaproteobacteria,o:Xanthomonadales,f:Xanthomonadaceae Xanthomonadales Xan_Otu316 

k:Bacteria,p:Proteobacteria,c:Gammaproteobacteria,o:Xanthomonadales,f:Xanthomonadaceae,g:Dokdonella Xanthomonadales Xan_Otu35 

k:Bacteria,p:Spirochaetes,c:[Leptospirae],o:[Leptospirales],f:Leptospiraceae,g:Leptospira [Leptospirales] Lepto_Otu186 

k:Bacteria,p:Spirochaetes,c:[Leptospirae],o:[Leptospirales],f:Leptospiraceae,g:Turneriella [Leptospirales] Lepto_Otu263 

k:Bacteria,p:Verrucomicrobia,c:[Pedosphaerae],o:[Pedosphaerales] [Pedosphaerales] Pedo_Otu153 

k:Bacteria,p:Verrucomicrobia,c:[Pedosphaerae],o:[Pedosphaerales],f:auto67_4W [Pedosphaerales] Pedo_Otu46 

k:Bacteria,p:Verrucomicrobia,c:[Pedosphaerae],o:[Pedosphaerales],f:R4-41B [Pedosphaerales] Pedo_Otu192 

k:Bacteria,p:Verrucomicrobia,c:[Pedosphaerae],o:[Pedosphaerales],f:R4-41B [Pedosphaerales] Pedo_Otu221 

k:Bacteria,p:Verrucomicrobia,c:[Pedosphaerae],o:[Pedosphaerales],f:R4-41B [Pedosphaerales] Pedo_Otu238 

k:Bacteria,p:Verrucomicrobia,c:[Pedosphaerae],o:[Pedosphaerales],f:R4-41B [Pedosphaerales] Pedo_Otu247 

k:Bacteria,p:Verrucomicrobia,c:[Spartobacteria],o:[Chthoniobacterales],f:[Chthoniobacteraceae] [Chthoniobacterales Chthon_Otu55 
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k:Bacteria,p:Verrucomicrobia,c:[Spartobacteria],o:[Chthoniobacterales],f:[Chthoniobacteraceae] [Chthoniobacterales Chthon_Otu236 

k:Bacteria,p:Verrucomicrobia,c:[Spartobacteria],o:[Chthoniobacterales],f:[Chthoniobacteraceae] [Chthoniobacterales Chthon_Otu294 

k:Bacteria,p:Verrucomicrobia,c:[Spartobacteria],o:[Chthoniobacterales],f:[Chthoniobacteraceae] [Chthoniobacterales Chthon_Otu609 

k:Bacteria,p:Verrucomicrobia,c:[Spartobacteria],o:[Chthoniobacterales],f:[Chthoniobacteraceae],g:Chthoniobacter [Chthoniobacterales Chthon_Otu487 

k:Bacteria,p:Verrucomicrobia,c:Verrucomicrobiae,o:Verrucomicrobiales,f:Verrucomicrobiaceae Verrucomicrobiales Verr_Otu151 

k:Bacteria,p:Verrucomicrobia,c:Verrucomicrobiae,o:Verrucomicrobiales,f:Verrucomicrobiaceae Verrucomicrobiales Verr_Otu273 

k:Bacteria,p:Verrucomicrobia,c:Verrucomicrobiae,o:Verrucomicrobiales,f:Verrucomicrobiaceae,g:Luteolibacter Verrucomicrobiales Verr_Otu199 

k:Bacteria,p:Verrucomicrobia,c:Verrucomicrobiae,o:Verrucomicrobiales,f:Verrucomicrobiaceae,g:Luteolibacter Verrucomicrobiales Verr_Otu289 

k:Bacteria,p:Verrucomicrobia,c:Verrucomicrobiae,o:Verrucomicrobiales,f:Verrucomicrobiaceae,g:Prosthecobacter Verrucomicrobiales Verr_Otu346 

k:Bacteria,p:Verrucomicrobia,c:Verrucomicrobiae,o:Verrucomicrobiales,f:Verrucomicrobiaceae,g:Prosthecobacter, 
s:Prosthecobacter_debontii Verrucomicrobiales Verr_Otu331 
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A226N19 (a.k.a. A226Nov19) = Flow Channel A2 (Daylight conditions). Sample collected  

            on 26 November 2019; the fourth week of sampling 

A326N19 (a.k.a. A326Nov19) = Flow Channel A3 (Daylight conditions). Sample collected  

            on 26 November 2019; the fourth week of sampling 

B126N19 (a.k.a. B126Nov19) = Flow Channel B1 (Dark conditions). Sample collected   

                     on 26 November 2019; the fourth week of sampling 

Sample Identification 

 
A15N19 (a.k.a. A15Nov19) = Flow Channel A1 (Daylight conditions). Sample collected on 5  

   November 2019; the first week of sampling. 

A25N19 (a.k.a. A25Nov19) = Flow Channel A2 (Daylight conditions). Sample collected on 5  

   November 2019; the first week of sampling. 

A35N19 (a.k.a. A35Nov19) = Flow Channel A3 (Daylight conditions). Sample collected on 5  

   November 2019; the first week of sampling. 

B15N19 (a.k.a. B15Nov19) = Flow Channel B1 (Dark conditions). Sample collected on 5  

   November 2019; the first week of sampling. 

B25N19 (a.k.a. B25Nov19) = Flow Channel B2 (Dark conditions). Sample collected on 5  

   November 2019; the first week of sampling. 

B35N19 (a.k.a. B25Nov19) = Flow Channel B2 (Dark conditions). Sample collected on 5  

   November 2019; the first week of sampling. 

A112N19 (a.k.a. A112Nov19) = Flow Channel A1 (Daylight conditions). Sample collected  

            on 12 November 2019; the second week of sampling. 

A212N19 (a.k.a. A212Nov19) = Flow Channel A2 (Daylight conditions). Sample collected  

            on 12 November 2019; the second week of sampling. 

A312N19 (a.k.a. A312Nov19) = Flow Channel A3 (Daylight conditions). Sample collected  

            on 12 November 2019; the second week of sampling. 

B112N19 (a.k.a. B112Nov19) = Flow Channel B1 (Dark conditions). Sample collected   

                     on 12 November 2019; the second week of sampling. 

B212N19 (a.k.a. B212Nov19) = Flow Channel B2 (Dark conditions). Sample collected   

                     on 12 November 2019; the second week of sampling 

B312N19 (a.k.a. B312Nov19) = Flow Channel B3 (Dark conditions). Sample collected   

                     on 12 November 2019; the second week of sampling 

A119N19 (a.k.a. A119Nov19) = Flow Channel A1 (Daylight conditions). Sample collected  

            on 19 November 2019; the third week of sampling. 

A219N19 (a.k.a. A219Nov19) = Flow Channel A2 (Daylight conditions). Sample collected  

            on 19 November 2019; the third week of sampling. 

A319N19 (a.k.a. A319Nov19) = Flow Channel A3 (Daylight conditions). Sample collected  

            on 19 November 2019; the third week of sampling. 

B119N19 (a.k.a. B119Nov19) = Flow Channel B1 (Dark conditions). Sample collected   

                     on 19 November 2019; the third week of sampling. 

B219N19 (a.k.a. B219Nov19) = Flow Channel B2 (Dark conditions). Sample collected   

                     on 19 November 2019; the third week of sampling. 

B319N19 (a.k.a. B319Nov19) = Flow Channel B3 (Dark conditions). Sample collected   

                     on 19 November 2019; the third week of sampling 

A126N19 (a.k.a. A126Nov19) = Flow Channel A1 (Daylight conditions). Sample collected  

            on 26 November 2019; the fourth week of sampling 
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B226N19 (a.k.a. B226Nov19) = Flow Channel B2 (Dark conditions). Sample collected   

                     on 26 November 2019; the fourth week of sampling 

B326N19 (a.k.a. B326Nov19) = Flow Channel B3 (Dark conditions). Sample collected   

                     on 26 November 2019; the fourth week of sampling 

A13D19 (a.k.a. A13Dec19) = Flow Channel A1 (Daylight conditions). Sample collected   

                  on 3 December 2019; the fifth week of sampling 

A23D19 (a.k.a. A23Dec19) = Flow Channel A2 (Daylight conditions). Sample collected   

                  on 3 December 2019; the fifth week of sampling 

A33D19 (a.k.a. A33Dec19) = Flow Channel A3 (Daylight conditions). Sample collected   

                  on 3 December 2019; the fifth week of sampling 

B13D19 (a.k.a. B13Dec19) = Flow Channel B1 (Dark conditions). Sample collected   

                on 3 December 2019; the fifth week of sampling 

B23D19 (a.k.a. B23Dec19) = Flow Channel B2 (Dark conditions). Sample collected   

               on 3 December 2019; the fifth week of sampling 

B33D19 (a.k.a. B33Dec19) = Flow Channel B3 (Dark conditions). Sample collected   

                   on 3 December 2019; the fifth week of sampling 

A110D19 (a.k.a. A110Dec19) = Flow Channel A1 (Daylight conditions). Sample collected  

           on 10 December 2019; the sixth week of sampling 

A210D19 (a.k.a. A210Dec19) = Flow Channel A2 (Daylight conditions). Sample collected  

            on 10 December 2019; the sixth week of sampling 

A310D19 (a.k.a. A310Dec19) = Flow Channel A3 (Daylight conditions). Sample collected  

            on 10 December 2019; the sixth week of sampling 

B110D19 (a.k.a. B110Dec19) = Flow Channel B1 (Dark conditions). Sample collected   

                     on 10 December 2019; the sixth week of sampling 

B210D19 (a.k.a. B210Dec19) = Flow Channel B2 (Dark conditions). Sample collected   

                     on 10 December 2019; the sixth week of sampling 

B310D19 (a.k.a. B310Dec19) = Flow Channel B3 (Dark conditions). Sample collected   

                     on 10 December 2019; the sixth week of sampling 
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Supplementary Figure 2.1. Absorption algorithms used to calculate chlorophyll values (Table 3). 

Source: Ritchie (2018). 

 

 

Supplementary Figure 2.2. Reagents for Bead-beating DNA Extraction. Laboratory protocol. 

 

 

 

 

 

Reagents for bead – beating DNA extraction 

 

• Lysis buffer     (will solidify at room temperature during winter => waterbath at 

37°C for melting) 

don’t mix by shaking => bubbles   

 

- 10% SDS 

- 500 mM Tris (MW =121.14 g) 

- 100 mM NaCl (MW = 58.44 g) 

 

• 7 M Ammonium acetate  (MW = 77.08 g) 

 

• 100 mM Sodium phosphate buffer 

- 18.64 ml 1M Na2HPO4  (MW = 141.96 g) 

- 1.36 ml 1M NaH2PO4  (MW = 119.98 g) 

- 180 ml H2O 

 

• 24 parts chloroform:1part isoamyl alcohol 

 

• 70% cold ethanol (-20°C) and cold isopropanol 

 

• Bead-beater vials = in 2 ml screw-capped tube (👋small lid to fit tissue-lyser box) 

¾ 0.2 ml PCR tube of 0.1 mm beads + ¾ 0.2 ml PCR tube of 2.3 mm beads 

 

• Prepare 2 sets of Eppendorf tubes 1 ml. 
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Supplementary Figure 2.3. Biofilm DNA extraction by beat-beating method. 

 

Biofilm DNA extraction by bead-beating 

 

- Transfer the sponge into a stomacher bag and add 50 ml sterile water. 

- Stomach at high speed (300 rpm) for 2 min.   2 sponges can be done at the same time (don’t 

overlap them). 

- Transfer the liquid into a 50 ml Falcon tube 

- Centrifuge at 4500 g for 25 min (plant centrifuge, to book) 

- 👋 weigh the tubes for balance 

- Discard the supernatant, resuspend the pellet with 270 l of phosphate buffer. 

- Transfer into a bead-beater vial. 

- Add 300 l SDS lysis buffer. 

- Freeze samples at -80°C for 1 hour minimum. (can be stored for longer before pursuing DNA 

extraction) 

- Add 300 l chloroform-isoamyl alcohol (to be done under fume hood). 

- Shake in tissue lyzer: plates are stored at -20°C in plant pathology freezer. 

- Tubes in the plate should be balanced. frequency: 30, time 45-50 sec, stop for 10 sec and 

repeat a second time. 

- Centrifuge 13200 rpm for 5 min. 

- Prepare Eppendorf tubes with 360 l 7 M ammonium acetate, add 650 l of supernatant from 

centrifuged tubes. 

- Mix tubes by hand. 

- Centrifuge at 13200 rpm for 5 min. 👋 3 layers should be seen: a bottom brown, a white 

intermediate and a clear top. 

- Transfer approx. 580 l of the clear supernatant to a new tube and add 315 l of cold 

isopropanol. Place at -20°C for 15 min (can be extended to 1 h). 

- Centrifuge at 13200 rpm for 5 min. 

- Discard the supernatant. 

- Wash with 1 ml 70% cold ethanol. 

- Centrifuge at 13200 rpm for 5 min. 

- Discard the supernatant and vacuum dry for 10 min (plant path lab.) 👋 Don’t overdry (or air 

dry 45 min). 

- Resuspend the DNA pellet with 40 l DNA free water. 

 

 

 

 

Supplementary Figure 2.4. SDS Lysis Buffer recipe 

 

SDS Lysis Buffer 

- Add 8ml H2O to 3g SDS 

- Add 15ml 1.0M Tris pH 8.0 and 0.6ml 5M NaCl. 

- Heat gently to dissolve 

- Adjust final volume to 30ml with H2O 
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Supplementary Image 2.5. Gel Electrophoresis image. 
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Supplementary Figure 3.1. Response of most frequently occurring planctomycetes OTUs to temperatures within different ranges.  Shifts away from the broken centre line 
indicate differences between groups. Outputs that line up along the centre (dashed line) demonstrate little difference between groups. Group 1 = 18.25-18.87 °C. Group 2 = 19.08-20.13 °C. 
Group 3 = 20.37-20.85 °C. All samples (not averages) were used for this Pairwise analysis in R. 



 
 
 

68 

Supplementary Table 3.1. Most frequently occurring Planctomycetes OTUs: Taxonomy, Order and OTU Identification. 

      

Taxonomy Order O.T.U. ID 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Gemmatales,f:Gemmataceae Gemmatales Gemmatal_Otu75 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Gemmatales,f:Gemmataceae Gemmatales Gemmatal_Otu295 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Gemmatales,f:Gemmataceae,g:Gemmata Gemmatales Gemmatal_Otu57 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Gemmatales,f:Gemmataceae,g:Gemmata Gemmatales Gemmatal_Otu118 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Gemmatales,f:Gemmataceae,g:Gemmata Gemmatales Gemmatal_Otu139 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Gemmatales,f:Gemmataceae,g:Gemmata Gemmatales Gemmatal_Otu137 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Gemmatales,f:Gemmataceae,g:Gemmata Gemmatales Gemmatal_Otu175 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Gemmatales,f:Gemmataceae,g:Gemmata Gemmatales Gemmatal_Otu311 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Planctomycetales,f:Planctomycetaceae,g:Planctomyces Planctomycetales Plancto_Otu1078 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Pirellulales,f:Pirellulaceae Pirellulales Pirell_Otu130 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Pirellulales,f:Pirellulaceae Pirellulales Pirell_Otu182 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Pirellulales,f:Pirellulaceae Pirellulales Pirell_Otu321 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Pirellulales,f:Pirellulaceae Pirellulales Pirell_Otu373 

k:Bacteria,p:Planctomycetes,c:Planctomycetia,o:Pirellulales,f:Pirellulaceae Pirellulales Pirell_Otu290 

k:Bacteria,p:Planctomycetes,c:Phycisphaerae,o:WD2101 WD2101 WD2_Otu465 

k:Bacteria,p:Planctomycetes,c:Phycisphaerae,o:WD2101 WD2101 WD2_Otu515 

k:Bacteria,p:Planctomycetes,c:Phycisphaerae,o:WD2101 WD2101 WD2_Otu556 

k:Bacteria,p:Planctomycetes,c:Phycisphaerae,o:Phycisphaerales Phycisphaerales Phycis_Otu116 

k:Bacteria,p:Planctomycetes,c:Phycisphaerae,o:Phycisphaerales Phycisphaerales Phycis_Otu690 

k:Bacteria,p:Planctomycetes,c:Phycisphaerae,o:Phycisphaerales Phycisphaerales Phycis_Otu708 

k:Bacteria,p:Planctomycetes,c:OM190,o:CL500-15 CL500-15 CL5_Otu235 

k:Bacteria,p:Planctomycetes,c:OM190,o:CL500-15 CL500-15 CL5_Otu351 

k:Bacteria,p:Planctomycetes,c:OM190,o:CL500-15 CL500-15 CL5_Otu617 
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Supplementary Table 3.2.a. Gemmatales correlations above 0.60 with potential photosynthetic organisms. Grey shaded areas indicate 
shared correlations under both lighting conditions. (See Table of Contents pp. xvi-xvii for Order-OTU ID information pp. xi-xv). 

 
 

Order-OTU_ID

Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val

Chloro_Otu60 0.85 P  <.0001

Gemmatim_Otu72
Rhizo_Otu100 0.85 P  < .0001 0.64 P  =.004 0.85 P  <.0001

Rhizo_Otu84 0.67 P =.002 0.78 P =.0001 0.94 P <.0001

Rhizo_Otu108 0.81 P <.0001 0.83 P <.0001 0.61 P  =.007

Rhizo_Otu101 0.68 P  = .002 0.81 P  <.0001

Rhodobac_Otu54

Rhodobac_Otu128 0.68 P =.002 0.8 P <.0001

Rhodobac_Otu147 0.67 P =.002 0.61 P  =.007 0.77 P  =.0002

Rhodobac_Otu85 0.64 P = .004 0.63 P  =.005 0.78 P  =.0001 0.8 P<.0001

Rhodospir_Otu24 0.61 P  =.007

Rhodospir_Otu4 0.76 P < .0001 0.66 P = .003

Rhodospir_Otu18

Rhodocyc_Otu22 0.76 P < .0003 0.76 P  <.0003

Rhodocyc_Otu102 0.91 P < .0001 0.89 P <.0001 0.74 P =.0004

Bdell_Otu123
Bdell_Otu283 0.71 P  <.001 0.61 P  =.008

Legion_Otu58

Legion_Otu117
Legion_Otu48 0.72 P  =.0007

Legion_Otu141 0.72 P  =.0006

Xan_Otu256
Xan_Otu316 0.74 P  =.4 0.65 P  =.004

Xan_Otu35 0.66 P  =.003

Lepto_Otu186 0.73 P  =.9

Lepto_Otu263

Pedo_Otu153 0.91 P  =.3 0.81 P <.0001 0.67 P  =.002 0.72 P =.0008

Pedo_Otu46 0.66 P  =.003

Pedo_Otu192 0.69 P  =.001 0.7 P  =.001

Pedo_Otu221 0.72 P  =.0008 0.8 P  <.0001 0.72 P  =.0007

Pedo_Otu247

Chthon_Otu55 0.76 P  =.0002 0.85 P  <.0001

Chthon_Otu236 0.68 P  =.002 0.66 P  =.003

Chthon_Otu294 0.61 P  =.007 0.74 P  =.0004

Chthon_Otu609 0.93 P  <.0001

Chthon_Otu487 0.71 P  =.0008

Verr_Otu151 0.67 P  =.002 0.84 P <.0001

Verr_Otu273 0.62 P  =.006 0.72 P  =.0008

Verr_Otu289 0.68 P  =.002

Verr_Otu346 0.63 P  =.005 0.84 P  <.0001 0.61 P  =.007

Verr_Otu331 0.61 P  =.007 0.65 P  = .003

Dark Daylight DarkDaylight Dark Daylight Dark Daylight

Gemmatal_Otu75 Gemmatal_Otu295 Gemmatal_Otu57 Gemmatal_Otu118



 
 
 

70 

Supplementary Table 3.2.b. Gemmatales correlations above 0.60 with potential photosynthetic organisms. Grey shaded areas indicate 
shared correlations under both lighting conditions.  (See Appendices for Order-OTU ID information). 

 
 

Order-OTU_ID

Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val

Chloro_Otu60

Gemmatim_Otu72 0.61 P  =.007 0.61 P  =.007 0.66 P  =.003 0.63 P  =.005

Rhizo_Otu100 0.68 P  =.002 0.76 P =.0002 0.78 P  = .0001 0.7 P  =.001 0.63 P  =.005 0.71 P =.0009 0.67 P  =.002

Rhizo_Otu84

Rhizo_Otu108

Rhizo_Otu101 0.8 P  <.0001 0.69 P  =.001 0.77 P = .0002 0.7 P  =.001

Rhodobac_Otu54 0.76 P  =.0002

Rhodobac_Otu128

Rhodobac_Otu147

Rhodobac_Otu85

Rhodospir_Otu24
Rhodospir_Otu4

Rhodospir_Otu18 0.91 P  <.0001 0.67 P  =.09 0.76 P  =.0002 0.77 P  =.0002

Rhodocyc_Otu22 0.72 P  =.0006

Rhodocyc_Otu102
Bdell_Otu123 0.89 P  <.0001 0.67 P  =.002 0.7 P  =.001 0.75 P  =.0004

Bdell_Otu283 0.71 P  =.0009 0.67 P  = .002 0.69 P  =.002 0.71 P  =.0009

Legion_Otu58 0.75 P =.0004 0.65 P =.003 0.65 P  =.004 0.68 P  =.002 0.63 P  =.005

Legion_Otu117 0.64 P  =.003 0.61 P  .0008 0.61 P  =.007

Legion_Otu48 0.82 P  <.0001 0.65 P  =.003 0.75 P  =.0004 0.75 P  =.0003

Legion_Otu141 0.82 P  <.0001 0.7 P  =.001 0.69 P  =.002 0.73 P  =.0005 0.81 P  <.0001

Xan_Otu256 0.6 P  =.008 0.63 P  =.005

Xan_Otu316

Xan_Otu35 0.680 P  =.002 0.790 P <.0001 0.82 P  <.0001 0.71 P  =.0009 0.72 P =.0008 0.74 P =.0004

Lepto_Otu186 0.71 P  =.0009 0.73 P  =.0005 0.69 P  =.002 0.73 P  =.9

Lepto_Otu263 0.72 P =.0007 0.77 P =.0002 0.7 P  =.001 0.6 P  =.008

Pedo_Otu153

Pedo_Otu46 0.83 P <.0001 0.94 P <.0001 0.73 P  =.0005 0.63 P  =.005 0.69 P  =.002 0.81 P <.0001 0.81 P <.0001

Pedo_Otu192 0.91 P  <.0001 0.76 P  =.0002 0.79 P  <.0001 0.9 P  <.0001

Pedo_Otu221 0.88 P  <.0001 0.77 P  =.0001 0.77 P  =.0002 0.88 P  <.0001

Pedo_Otu247 0.66 P  =.003 0.74 P  =.02 0.85 P  <.0001 0.76 P  =.0003

Chthon_Otu55 0.87 P <.0001 0.85 P  <.0001 0.89 P  <.0001

Chthon_Otu236 0.77 P  =.1

Chthon_Otu294 0.94 P <.0001 0.95 P <.0001 0.65 P  =.003 0.7 P  =.001 0.86 P <.0001 0.8 P <.0001

Chthon_Otu609 0.94 P  <.0001 0.77 P  =.1 0.6 P  =.008 0.82 P  <.0001

Chthon_Otu487 0.6 P  =.008 0.77 P  =.0002 0.72 P  =.0007 0.63 P  =.005

Verr_Otu151

Verr_Otu273

Verr_Otu289

Verr_Otu346 0.97 P <.0001 0.75 P =.0003 0.74 P  =.0005 0.86 P  <.0001 0.76 P  =.0003 0.97 P  <.0001

Verr_Otu331 0.87 P  <.0001 0.68 P  =.002 0.75 P  =.0004

Dark Daylight Dark Daylight DarkDaylight Dark Daylight

Gemmatal_Otu175 Gemmatal_Otu311Gemmatal_Otu139 Gemmatal_Otu137
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Supplementary Table 3.3. Correlations above 0.60 between Planctomycetales and Phycisphaerales OTUs and potentially photosynthetic organisms. Grey shaded 

areas indicate shared correlations under both lighting conditions.  (See Appendices for Order-OTU ID information). 

 
 

OrderOTU_ID

Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val

Oscill_Otu10 0.61 P  .007

Oscill_Otu9

Oscill_Otu17 0.63 P  =.005

Syne_Otu211 0.83 P  <.0001

Gemmatim_Otu72 0.6 P =.008 0.73 P  = .0006

Gemmatim_Otu191

Rhizo_Otu100 0.69 P =.002 0.86 P <.0001

Rhizo_Otu101 0.95 P  <.0001

Rhodobac_Otu54 0.63 P =.005

Rhodobac_Otu128 0.63 P  =.005

Rhodobac_Otu85 0.78 P =.0001

Rhodospir_Otu18 0.86 P <.0001

Rhodocyc_Otu22 0.61 P  =.007

Bdell_Otu123 0.84 P <.0001

Bdell_Otu283 0.74 P =.0004

Legion_Otu58 0.78 P =.0001 0.79 P <.0001

Legion_Otu127 0.75 P =.0003

Legion_Otu117 0.74 P  =.0005

Legion_Otu48 0.88 P <.0001 0.69 P =.002

Legion_Otu141 0.68 P =.002 0.73 P =.0005 0.64 P =.005

Xan_Otu256 0.71 P = .0009 0.78 P =.0001

Xan_Otu316 0.67 P  =.002

Xan_Otu35 0.83 P < .0001 0.84 P <.0001

Lepto_Otu186 0.85 P < .0001 0.61 P  =.2

Lepto_Otu263 0.85 P  <.0001 0.78 P =.0001 0.95 P< .0001

Pedo_Otu46 0.63 P =.005 0.9 P <.0001 0.89 P <.0001

Pedo_Otu192 0.64 P =.004 0.95 P <.0001

Pedo_Otu221 0.64 P= .005 0.86 P <.0001

Pedo_Otu247 0.75 P =.0004

Chthon_Otu55 0.83 P <.0001 0.61 P =.007 0.63 P =.004

Chthon_Otu236 0.79 P =.0001

Chthon_Otu294 0.81 P <.0001 0.93 P <.0001 0.77 P =.0002

Chthon_Otu609 0.72 P =.0008

Verr_Otu199 0.9 P  <.0001 0.74 P =.0004

Verr_Otu289

Verr_Otu346 0.6 P =.008 0.91 P <.0001 0.87 P <.0001

Verr_Otu331 0.91 P <.0001 0.8 P <.0001

Phycis_Otu116Plancto_Otu1078 Phycis_Otu690 Phycis_Otu708

DarkDarkDaylight Daylight Dark Daylight Daylight Dark
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Supplementary Table 3.4. Correlations above 0.60 between selected Pirellulales OTUs and potentially photosynthetic organisms. Grey shaded 
areas indicate shared correlations under both lighting conditions.  (See Appendices for Order-OTU ID information). 

 
Supplementary Table 3.5. Correlations above 0.60 between selected WD2101 OTUs and potentially photosynthetic organisms. Grey shaded areas 

indicate shared correlations under both lighting conditions. (See Appendices for Order-OTU ID information). 

 
 

OrderOTU_ID

Daylight

Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val

Oscill_Otu9 0.72 P  =.0008

Oscill_Otu20 0.65 P  =.004 0.74 P  =.0005

Stram_Otu2 0.66 P  =.003

Stram_Otu45 0.64 P =.004

Chloro_Otu460 0.74 P  =.0005

Chloro_Otu969 0.66 P  =.003

Chloro_Otu60 0.78 P  =.0001

Syne_Otu291 0.68 P  =.002

Syne_Otu748 0.64 P  =.004

Rhizo_Otu84 0.88 P  <.0001 0.83 P  <.0001

Rhizo_Otu108 0.91 P  <.0001 0.69 P  =.002 0.68 P  = .002

Rhodobac_Otu128 0.83 P <.0001

Rhodobac_Otu147 0.8 P <.0001 0.71 P  =.0009 0.61 P  =.008

Rhodobac_Otu85 0.62 P  =.006 0.64 P =.004

Rhodobac_Otu774 0.81 P  <.0001

Rhodospir_Otu4 0.61 P  =.006

Rhodocyc_Otu102 0.82 P  <.0001

Xan_Otu316 0.75 P  .0003

Pedo_Otu153 0.74 P =.0004

Verr_Otu151 0.68 P =.002 0.81 P  <.0001 0.66 P =.003

Verr_Otu273 0.78 P= .0001 0.87 P <.0001

Verr_Otu289 0.61 P =.008 0.6 P= .008

Pirell_Otu130 Pirell_Otu182 Pirell_Otu321 Pirell_Otu373 Pirell_Otu290

Daylight Dark Dark Dark DaylightDaylight Dark Daylight Dark

OrderOTU_ID

Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val

Oscill_Otu114 0.65 P =.003

Chloro_Otu969 0.61 P =.007

Syne_Otu748 0.63 P =.005

Rhizo_Otu84 0.63 P  =.005

Rhodobac_Otu774 0.89 P < .0001

Legion_Otu127 0.65 P =.004

WD2_Otu465 WD2_Otu515 WD2_Otu556

Daylight Dark Daylight Dark Daylight
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Supplementary Table 3.6  CL500-15  Correlations above 0.60 between selected CL500-15 OTUs and potentially photosynthetic organisms. Grey 

shaded areas indicate shared correlations under both lighting conditions. (See Appendices for Order-OTU ID information) 

 

OrderOTU_ID

Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val Corr P -val

Oscill_Otu9 0.63 P  =.005 0.65 P   =.004

Oscill_Otu20 0.63 P  =.005 0.72 P   =.0007 0.73 P  =.0006

Oscill_Otu114 0.74 P  = .0004 0.81 P  <.0001

Stram_Otu2 0.74 P  =.0004 0.83 P   <.0001 0.69 P  =.001

Stram_Otu45 0.76 P  =.0003 0.87 P   <.0001 0.75 P  =.0003

Stram_Otu86 0.71 P   =.001 0.72 P  =.0007

Chloro_Otu460 0.71 P  =.001

Chloro_Otu969 0.68 P  =.002

Gemmatim_Otu72 0.72 P  = .0006

Rhizo_Otu100 0.7 P  =.001

Rhodospir_Otu18 0.73 P  =.0005

Rhodocyc_Otu133 0.65 P=.004 0.75 P  = .0003 0.67 P  =.002

Bdell_Otu123 0.7 P   =.001 0.64 P  =.004

Legion_Otu58 0.61 P  =.007

Legion_Otu127 0.65 P   =.004

Legion_Otu48 0.74 P  =.0005

Legion_Otu141 0.63 P  =.005

Xan_Otu256 0.63 P  =.006

Xan_Otu35 0.61 P=.007

Lepto_Otu263 0.68 P=.002 0.78 P  =.0001

Pedo_Otu46 0.66 P=.003 0.79 P  <.0001

Pedo_Otu192 0.65 P  =.004

Pedo_Otu247 0.66 P   =.003

Chthon_Otu55 0.6 P  =.008

Chthon_Otu609 0.73 P  =.0005

Verr_Otu346 0.65 P  =.003

CL5_Otu235 CL5_Otu351 CL5_Otu617

Daylight DarkDaylight Dark Daylight Dark
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Supplementary Table 3.7. Chlorophyll absorbances in A. Columns 2-5 are actual 
spectrophotometer readings. Columns 6-9 are the calculated values using the formula from Ritchie 
(2018). (Ritchie (2018) formula is shown on the next page.) (See Appendices for Sample ID 
information). 

Table CR1 Chlorophyll Absorbances in A 

Total 
Chlorophyl
l 

Sample ID 
Chl b    

649 
Chl a    

665 
Bchl a  

775 
Impurities 

850 
Chl a 
(μg/mL) 

BChl a 
(μg/mL) 

Chl b 
(μg/mL) 

 

Column1 Column2 Column3 Column4 Column5 Column6 Column7 Column8 Column9 

A1 12Nov19 0.25 0.257 0.234 0.216 0.39 0.22 0.48 1.09 

A2 12Nov19 0.248 0.251 0.233 0.218 0.3 0.19 0.45 0.94 

A3 12Nov19 0.256 0.268 0.236 0.22 0.47 0.2 0.48 1.15 

B1 12Nov19 0.25 0.257 0.241 0.223 0.33 0.22 0.36 0.92 

B2 12Nov19 0.257 0.266 0.246 0.226 0.4 0.25 0.41 1.05 

B3 12Nov19 0.242 0.253 0.232 0.215 0.39 0.21 0.33 0.93 

A1 19Nov19 0.97 0.564 0.364 0.245 0.38 1.63 15.33 17.34 

A2 19Nov19 0.358 0.424 0.243 0.273 1.57 0 0.94 2.51 

A3 19Nov19 0.348 0.472 0.263 0.243 2.59 0.24 0.7 3.52 

B1 19Nov19 0.311 0.373 0.265 0.245 1.41 0.24 0.56 2.21 

B2 19Nov19 0.325 0.424 0.261 0.242 2.06 0.23 0.54 2.83 

B3 19Nov19 0.299 0.346 0.259 0.241 1.14 0.22 0.55 1.91 

A1 26Nov19 0.512 1.462 0.288 0.26 15.22 0.23 0 15.45 

A2 26Nov19 0.543 1.642 0.228 0.214 17.89 0.05 0 17.94 

A3 26Nov19 0.494 1.412 0.24 0.222 14.93 0.12 0 15.04 

B1 26Nov19 0.258 0.33 0.226 0.212 1.38 0.17 0.15 1.7 

B2 26Nov19 0.273 0.372 0.228 0.212 1.88 0.19 0.17 2.24 

B3 26Nov19 0.27 0.366 0.227 0.215 1.79 0.14 0.1 2.03 

A1 3Dec19 0.36 0.608 0.216 0.201 4.74 0.17 0.58 5.49 

A2 3Dec19 0.378 0.662 0.215 0.198 5.41 0.19 0.63 6.23 

A3 3Dec19 0.508 0.951 0.244 0.225 8.44 0.21 1.04 9.69 

B1 3Dec19 0.257 0.324 0.217 0.201 1.4 0.19 0.35 1.94 

B2 3Dec19 0.389 0.398 0.229 0.211 1.59 0.25 2.88 4.72 

B3 3Dec19 0.268 0.336 0.223 0.206 1.46 0.21 0.45 2.11 

A1 10Dec19 1.255 1.833 0.221 0.201 16.57 0.33 12.87 29.77 

A2 10Dec19 1.367 1.83 0.223 0.204 15.86 0.36 15.66 31.87 

A3 10Dec19 1.244 1.793 0.224 0.206 16.03 0.31 12.85 29.19 

B1 10Dec19 0.327 0.49 0.22 0.204 3.27 0.19 0.68 4.14 

B2 10Dec19 0.452 0.78 0.232 0.213 6.5 0.22 1.26 7.97 

B3 10Dec19 0.316 0.425 0.232 0.213 2.36 0.23 0.79 3.38 
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Supplementary Table 3.8. OTUs from planctomycetes and other potential photosynthetic 
microorganisms having correlations above 0.60 or below -0.60 with Chlorophyll a, Chlorophyll 
b or with Bacteriochlorophyll a. Correlations under daylight conditions are in gold and under dark 
conditions in blue. 
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SUPPLEMENTARY INFORMATION 

 
Chlorophyll Sampling Adjustments 

 

After discussing with the PI, we decided I should discontinue the use of sponges to collect sample for 

chlorophyll analysis and the next week (week 3), I switched to using a clean autoclaved slide (14cm x 

6cm)  to scrape the biofilm layer from one half of each slide to be used for chlorophyll analysis. 

Originally, I was scraping the biofilm for chlorophyll analysis into a 50ml Falcon tube, followed by 

adding 50ml of the flow system water. Ritchie (2018) indicated a centrifuge speed of 9000xg (Ritchie 

2018) but the only centrifuge in the lab that was equipped to run at that speed was a smaller centrifuge 

that held 1.5ml Eppendorf tubes. Therefore another change was made to the sampling procedure and I 

began using a gloved fingertip to push the scraped biofilm into a 1.5ml tube and followed by using a 

squirt bottle to top up the tube with water. 

Permission to use image of basic cell structure of planctomycetes from Wiegand, Jogler, and 
Jogler, “On the Maverick Planctomycetes” from section 1.2.2, Figure 1.2 
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Source of data for Chapter 3 Table 3.1. P – values of last column indicate the level of difference 
between groups. “Term” identifies either Daylight and Dark comparisons or Temp. groups. 
“Comparison”: “L-D” = Daylight vs Dark; “Gp1 and Gp2” (etc.) indicate difference between the 
stated group. (See Appendices for Order-OTU ID information). 

 

otu term comparison estimate conf.low conf.high adj.p.value

1 Gemmatal_Otu75 Daylight.vs.Dark L-D 0.83 -5.38 7.05 7.87E-01

2 Gemmatal_Otu75 Temp.Groups Gp1 and Gp2 -1.33 -10.52 7.85 9.32E-01

3 Gemmatal_Otu75 Temp.Groups Gp3 and Gp1 18.42 9.23 27.60 7.14E-05

4 Gemmatal_Otu75 Temp.Groups Gp3 and Gp2 19.75 10.56 28.94 2.54E-05

5 Gemmatal_Otu295 Daylight.vs.Dark L-D 0.11 -1.86 2.08 9.09E-01

6 Gemmatal_Otu295 Temp.Groups Gp1 and Gp2 -0.42 -3.32 2.49 9.34E-01

7 Gemmatal_Otu295 Temp.Groups Gp3 and Gp1 5.58 2.68 8.49 1.30E-04

8 Gemmatal_Otu295 Temp.Groups Gp3 and Gp2 6.00 3.09 8.91 4.70E-05

9 Gemmatal_Otu57 Daylight.vs.Dark L-D 1.61 -7.17 10.39 7.11E-01

10 Gemmatal_Otu57 Temp.Groups Gp1 and Gp2 -1.33 -14.31 11.64 9.66E-01

11 Gemmatal_Otu57 Temp.Groups Gp3 and Gp1 4.58 -8.39 17.56 6.64E-01

12 Gemmatal_Otu57 Temp.Groups Gp3 and Gp2 5.92 -7.06 18.89 5.09E-01

13 Gemmatal_Otu118 Daylight.vs.Dark L-D 0.83 -8.20 9.87 8.52E-01

14 Gemmatal_Otu118 Temp.Groups Gp1 and Gp2 6.25 -7.10 19.60 4.91E-01

15 Gemmatal_Otu118 Temp.Groups Gp3 and Gp1 8.25 -5.10 21.60 2.96E-01

16 Gemmatal_Otu118 Temp.Groups Gp3 and Gp2 2.00 -11.35 15.35 9.28E-01

17 Gemmatal_Otu139 Daylight.vs.Dark L-D 0.56 -6.70 7.81 8.77E-01

18 Gemmatal_Otu139 Temp.Groups Gp1 and Gp2 -1.75 -12.47 8.97 9.15E-01

19 Gemmatal_Otu139 Temp.Groups Gp3 and Gp1 16.08 5.36 26.80 2.35E-03

20 Gemmatal_Otu139 Temp.Groups Gp3 and Gp2 17.83 7.11 28.55 7.79E-04

21 Gemmatal_Otu137 Daylight.vs.Dark L-D 1.11 -3.31 5.53 6.12E-01

22 Gemmatal_Otu137 Temp.Groups Gp1 and Gp2 0.25 -6.28 6.78 9.95E-01

23 Gemmatal_Otu137 Temp.Groups Gp3 and Gp1 7.83 1.30 14.36 1.59E-02

24 Gemmatal_Otu137 Temp.Groups Gp3 and Gp2 7.58 1.05 14.11 2.00E-02

25 Gemmatal_Otu175 Daylight.vs.Dark L-D 0.94 -3.05 4.94 6.33E-01

26 Gemmatal_Otu175 Temp.Groups Gp1 and Gp2 -0.50 -6.40 5.40 9.76E-01

27 Gemmatal_Otu175 Temp.Groups Gp3 and Gp1 7.50 1.60 13.40 1.03E-02

28 Gemmatal_Otu175 Temp.Groups Gp3 and Gp2 8.00 2.10 13.90 6.02E-03

29 Gemmatal_Otu311 Daylight.vs.Dark L-D 2.11 -1.82 6.05 2.83E-01

30 Gemmatal_Otu311 Temp.Groups Gp1 and Gp2 -0.75 -6.57 5.07 9.46E-01

31 Gemmatal_Otu311 Temp.Groups Gp3 and Gp1 7.50 1.68 13.32 9.16E-03

32 Gemmatal_Otu311 Temp.Groups Gp3 and Gp2 8.25 2.43 14.07 4.02E-03

33 Plancto_Otu1078 Daylight.vs.Dark L-D 0.28 -1.15 1.70 6.94E-01

34 Plancto_Otu1078 Temp.Groups Gp1 and Gp2 -0.42 -2.52 1.69 8.78E-01

35 Plancto_Otu1078 Temp.Groups Gp3 and Gp1 0.67 -1.44 2.77 7.19E-01

36 Plancto_Otu1078 Temp.Groups Gp3 and Gp2 1.08 -1.02 3.19 4.25E-01

37 Plancto_Otu2099 Daylight.vs.Dark L-D -0.33 -1.27 0.61 4.75E-01

38 Plancto_Otu2099 Temp.Groups Gp1 and Gp2 0.17 -1.22 1.56 9.53E-01

39 Plancto_Otu2099 Temp.Groups Gp3 and Gp1 0.67 -0.72 2.06 4.74E-01

40 Plancto_Otu2099 Temp.Groups Gp3 and Gp2 0.50 -0.89 1.89 6.54E-01

41 Pirell_Otu130 Daylight.vs.Dark L-D 1.50 -4.06 7.06 5.87E-01

42 Pirell_Otu130 Temp.Groups Gp1 and Gp2 4.33 -3.89 12.55 4.08E-01

43 Pirell_Otu130 Temp.Groups Gp3 and Gp1 5.33 -2.89 13.55 2.63E-01

44 Pirell_Otu130 Temp.Groups Gp3 and Gp2 1.00 -7.22 9.22 9.52E-01

R Console Data Output: Group-wise Comparison of Daylight vs Dark Conditions and Temperature [ °C] Groups                                                                         

(Gp 1= 18.25-18.87; Gp 2 = 19.08-20.13; Gp 3 = 20.37-20.85) 
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45 Pirell_Otu182 Daylight.vs.Dark L-D -0.33 -4.65 3.98 8.76E-01

46 Pirell_Otu182 Temp.Groups Gp1 and Gp2 2.08 -4.29 8.46 7.04E-01

47 Pirell_Otu182 Temp.Groups Gp3 and Gp1 -1.92 -8.29 4.46 7.42E-01

48 Pirell_Otu182 Temp.Groups Gp3 and Gp2 -4.00 -10.37 2.37 2.85E-01

49 Pirell_Otu321 Daylight.vs.Dark L-D -1.61 -5.75 2.53 4.34E-01

50 Pirell_Otu321 Temp.Groups Gp1 and Gp2 4.00 -2.12 10.12 2.58E-01

51 Pirell_Otu321 Temp.Groups Gp3 and Gp1 -1.00 -7.12 5.12 9.15E-01

52 Pirell_Otu321 Temp.Groups Gp3 and Gp2 -5.00 -11.12 1.12 1.27E-01

53 Pirell_Otu373 Daylight.vs.Dark L-D -1.94 -3.98 0.09 6.03E-02

54 Pirell_Otu373 Temp.Groups Gp1 and Gp2 1.92 -1.09 4.92 2.74E-01

55 Pirell_Otu373 Temp.Groups Gp3 and Gp1 2.17 -0.84 5.17 1.95E-01

56 Pirell_Otu373 Temp.Groups Gp3 and Gp2 0.25 -2.76 3.26 9.77E-01

57 Pirell_Otu290 Daylight.vs.Dark L-D 0.33 -1.76 2.43 7.48E-01

58 Pirell_Otu290 Temp.Groups Gp1 and Gp2 0.58 -2.51 3.68 8.89E-01

59 Pirell_Otu290 Temp.Groups Gp3 and Gp1 -1.25 -4.34 1.84 5.86E-01

60 Pirell_Otu290 Temp.Groups Gp3 and Gp2 -1.83 -4.93 1.26 3.25E-01

61 WD2_Otu465 Daylight.vs.Dark L-D 0.06 -2.25 2.36 9.61E-01

62 WD2_Otu465 Temp.Groups Gp1 and Gp2 2.08 -1.33 5.49 3.04E-01

63 WD2_Otu465 Temp.Groups Gp3 and Gp1 2.58 -0.83 5.99 1.66E-01

64 WD2_Otu465 Temp.Groups Gp3 and Gp2 0.50 -2.91 3.91 9.31E-01

65 WD2_Otu515 Daylight.vs.Dark L-D 0.28 -1.17 1.73 6.99E-01

66 WD2_Otu515 Temp.Groups Gp1 and Gp2 0.17 -1.98 2.31 9.80E-01

67 WD2_Otu515 Temp.Groups Gp3 and Gp1 0.25 -1.89 2.39 9.56E-01

68 WD2_Otu515 Temp.Groups Gp3 and Gp2 0.08 -2.06 2.23 9.95E-01

69 WD2_Otu556 Daylight.vs.Dark L-D -0.22 -1.83 1.38 7.79E-01

70 WD2_Otu556 Temp.Groups Gp1 and Gp2 0.50 -1.87 2.87 8.63E-01

71 WD2_Otu556 Temp.Groups Gp3 and Gp1 0.92 -1.45 3.29 6.13E-01

72 WD2_Otu556 Temp.Groups Gp3 and Gp2 0.42 -1.95 2.79 9.02E-01

73 Phycis_Otu116 Daylight.vs.Dark L-D -3.44 -10.03 3.14 2.95E-01

74 Phycis_Otu116 Temp.Groups Gp1 and Gp2 0.42 -9.31 10.15 9.94E-01

75 Phycis_Otu116 Temp.Groups Gp3 and Gp1 15.83 6.10 25.56 1.00E-03

76 Phycis_Otu116 Temp.Groups Gp3 and Gp2 15.42 5.69 25.15 1.34E-03

77 Phycis_Otu690 Daylight.vs.Dark L-D -0.39 -1.62 0.84 5.24E-01

78 Phycis_Otu690 Temp.Groups Gp1 and Gp2 -0.17 -1.98 1.65 9.72E-01

79 Phycis_Otu690 Temp.Groups Gp3 and Gp1 0.17 -1.65 1.98 9.72E-01

80 Phycis_Otu690 Temp.Groups Gp3 and Gp2 0.33 -1.48 2.15 8.94E-01

81 Phycis_Otu708 Daylight.vs.Dark L-D -0.28 -1.13 0.58 5.13E-01

82 Phycis_Otu708 Temp.Groups Gp1 and Gp2 -0.33 -1.60 0.93 7.95E-01

83 Phycis_Otu708 Temp.Groups Gp3 and Gp1 0.08 -1.18 1.35 9.86E-01

84 Phycis_Otu708 Temp.Groups Gp3 and Gp2 0.42 -0.85 1.68 7.00E-01

85 CL5_Otu235 Daylight.vs.Dark L-D 0.94 -2.37 4.26 5.66E-01

86 CL5_Otu235 Temp.Groups Gp1 and Gp2 0.58 -4.32 5.49 9.54E-01

87 CL5_Otu235 Temp.Groups Gp3 and Gp1 -3.67 -8.57 1.24 1.74E-01

88 CL5_Otu235 Temp.Groups Gp3 and Gp2 -4.25 -9.15 0.65 9.96E-02

89 CL5_Otu351 Daylight.vs.Dark L-D -0.94 -3.24 1.35 4.09E-01

90 CL5_Otu351 Temp.Groups Gp1 and Gp2 0.17 -3.23 3.56 9.92E-01

91 CL5_Otu351 Temp.Groups Gp3 and Gp1 3.08 -0.31 6.48 8.10E-02

92 CL5_Otu351 Temp.Groups Gp3 and Gp2 2.92 -0.48 6.31 1.04E-01

93 CL5_Otu617 Daylight.vs.Dark L-D 0.44 -0.45 1.34 3.20E-01

94 CL5_Otu617 Temp.Groups Gp1 and Gp2 0.67 -0.66 1.99 4.40E-01

95 CL5_Otu617 Temp.Groups Gp3 and Gp1 -0.75 -2.07 0.57 3.57E-01

96 CL5_Otu617 Temp.Groups Gp3 and Gp2 -1.42 -2.74 -0.09 3.39E-02
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