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Abbreviations

Alg + Pcy   Algae plus Picocyanobacteria 

AP   Phosphate 

BLAST   Basic Local Alignment Search Tool 

BSA   Bovine Serum Albumin 

CO2    Carbon dioxide 

DNA   Deoxyribonucleic acid 

DOC    Dissolved organic carbon 

DOM   Dissolved organic matter 

EE   Extracellular enzymes 

EEA   Extracellular enzyme activity 

GP   β-D-glucopyranoside 

MQ   DNA/RNA- free MilliQ water 

N2   Nitrogen 

NAG   N-acetyl-β-D-glucosaminide 

O2   Oxygen 

OTU   Operational Taxonomical Unit 

P   Phosphorus 

PCR   Polymerase chain reaction 

Pcy   Picocyanobacteria 

POC   Particulate organic carbon 

rRNA   Ribosomal ribonucleic acid 

RT   Room temperature 

SVT   Sequence variant table  

SILVA database   High-quality ribosomal RNA databases 

XP   β-D-xylopyranoside      
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Summary  

 In the marine water column, microbial autotrophs and heterotrophs coexist forming the 

beginning of the food chain which sustains the whole biological system. Both groups play a vital 

role in the microbial loop. Primary producers, such as algae and Cyanobacteria, use available 

nutrients in the water (and atmospheric CO2) to release energy, in the form of DOM (dissolved 

organic matter). Heterotrophic bacteria can then use this energy to remineralise recalcitrant and 

semilable organic matter present in the water column. Interactions between and among these 

communities are complex and dependent on several factors such as temperature, salinity, 

availability of nutrients (C, P, N among others). This remineralisation process is possible, in part, 

because of extracellular enzymes, produced by the microbial community to hydrolyse large 

molecules (> 600 Da).  

 In this study, samples were isolated from the Baltic Sea. Then Illumina Miseq amplicon 

sequencing and an enzymatic assay were performed, with the objective of identifying the 

microbial community and determine patterns of co-occurrence as well as access extracellular 

enzymatic activity (EEA) in those same communities. Several taxa were identified through 

sequencing. Among them: heterotrophic bacteria (mainly from the Proteobacteria phylum), 

Cyanobacteria (mainly Synechococcus) and green algae with Trebouxiophyceae as the dominant 

class. The EEA showed activity consistent with summer Cyanobacterial blooms, with enzyme 

activity associated with phosphate mineralisation and cellulose degradation.   
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Introduction 

 

The Baltic Sea is a large, almost isolated, brackish body of water. The biggest input of 

water comes from the Kattegat region that connects with the North Sea. The low residence time 

(around 30 years) coupled with other environmental conditions such as eutrophication, pollution 

and low salinity (Bernes 2005), contribute to make the Baltic Sea a traceable system 

(hydrologically stable) in contrast to other estuaries (Herlemann et al. 2016). In the Baltic Sea, 

most of the environmental changes come from seasonal variation, such as shifts in temperature, 

solar radiation, phytoplankton bloom, nutrient availability and DOM (dissolved organic matter) 

concentrations (Herlemann et al. 2016). Consequently, microbial community composition is 

strongly influenced by seasonal variation, as well as salinity gradient and DOC (dissolve organic 

carbon) (Gómez-Consarnau et al. 2012, Lindh et al. 2015, Hu et al. 2016, Herlemann et al. 2016). 

These conditions contribute to a vertical and horizontal stratification in the distribution of 

microscopic populations, where different microorganisms occupy different niches (Pinhassi & 

Hagstrm 2000). This distribution can also lead to patchy dynamics, where a few groups of 

bacteria, individual populations with distinct OTUs (operational taxonomical unit), can dominate 

depending on the season and other abiotic factors such as the availability of DOC (Lindh et al. 

2015). Influencing different biological process in the water column, over a short period of time 

hours to days. 

The ocean is one of the largest reserves of organic carbon in the world, in part, this is due 

to the interactions that occur during the microbial loop process (Azam et al. 1983). A large part 

of the organic carbon is refractory (persisting in the water column and sediments for thousands 

of years), and thus the ocean acts as a “sink” for atmospheric CO2. This process is known as a 

“biological pump” (Jiao & Zheng 2011), based on the photosynthetic fixation of CO2 and export 

of POC (particulate organic carbon). In aquatic environments, there is a comprehensive and 

complex community of microorganisms, composed by heterotrophs and autotrophs, both 

important in the marine environment as they provide the basis of the entire food chain. More 

specifically they play a central role in the microbial loop. Autotrophs, such as Cyanobacteria and 

algae (known as phytoplankton) are primary producers, responsible for the atmospheric CO2 
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fixation (Pomeroy 1974). Around 25% of DOM, in marine environments, is produced by 

autotrophs using minerals available in the water column ( Azam et al.  1983, Pomeroy 1974). On 

the other hand heterotrophs, such as bacteria and microplankton, are responsible for the 

transformation of labile DOC into recalcitrant DOC (“microbial carbon pump”) (Jiao & Zheng 

2011). For this purpose, they use the energy made available by the autotrophs to start the 

remineralisation process (the transformation of organic matter to an inorganic form), making 

nutrients available in the water column once more (secondary carbon production) (Buchan et al.  

2014). Heterotrophs also serve as food source for organism higher up the food chain, via direct 

grazing or through the release of nutrient after lysis (Azam et al.  1983).  

Aside from heterotrophic bacteria, there are other organisms important for a functioning 

microbiome. Such as Cyanobacteria, they are important players that influence and contribute to 

the patchy dynamics mentioned before. Cyanobacteria are prokaryotes, that often establish 

symbiotic associations with another organism such as plants, fungi (lichens) and diatoms (Ran et 

al.  2007, Ekman et al.  2013). Within the phylum of Cyanobacteria, there are different 

taxonomical groups that contribute to different nutrient cycles. More specifically in CO2 

assimilation, O2 production and N2 fixation (Ran et al.  2007). Within marine Cyanobacteria, 

picocyanobacteria are important primary producers. They are the most abundant photosynthetic 

organisms, dominating the oceans by sheer numbers (Scanlan et al.  2009), with only two genera 

Synechococcus and Prochlorococcus, widely distributed (Partensky et al.  1999). Synechococcus 

is more genetically diverse, being part of an ancient genus thus developed a better adaptation to 

horizontal gradients of nutrients and light (Scanlan et al.  2009). Due to this resilience, 

Synechococcus is present in the Baltic Sea in the Spring/Summer months (Jochem 1988) while 

Prochlorococcus could not withstand the colder temperatures since it is confined to the 

“latitudinal belt” (roughly 45°N to 40°S) of the world’s oceans (Scanlan et al.  2009). Another 

relevant group still within the autotrophs are the unicellular algae. They exist in marine surface 

waters, as they are part of the phytoplankton biomass and ubiquitous components of the pelagic 

ecosystem, and are important primary producers present in the water column (Weisse 1993). 

In the world of marine microscopic communities, there are two essential types of nutrient 

intake. The direct path for small size particles (ca. 600 Da) that can enter the cell directly for 
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further processing by endoenzymes (Arnosti 2011). Particles bigger than 600 Da require specific 

hydrolysation before intake by the cell (Arnosti 2011, Christie-Oleza et al.  2015). This process is 

done by exo and ecto acting enzymes (present on the outside of the cell envelope), however not 

all microorganisms have the ability to produce exoenzymes (Berlemont & Martiny 2013). 

Extracellular enzymes (EE), produced by microorganisms, play an important role in the carbon 

cycling as well as other DOM (Arnosti 2011, Logue et al.  2016). With heterotrophic bacteria held 

as the main responsible for the first step in the remineralisation cascade that starts with the 

enzymatic hydrolyses (Arnosti 2011, Allison et al.  2012, Christie-Oleza et al.  2015). According to 

Hedges (1992), only an estimated 0.1% of the organic matter produced in the ocean surface is 

buried in the sediment and the rest 99.9% of the primary productivity is remineralised to CO2 in 

ocean waters and sediment surface (Arnosti 2011). The rate and location (Arnosti 2011) of the 

hydrolysis process will determine the nature and quality of carbon and other nutrients (such as 

N, P and trace-metals) that become available in deeper layers in the water column, as they sink 

(Christie-Oleza et al. 2015). Studies conducted on microbial mats communities showed that trace 

enzymatic activity (tracking enzymes responsible for degrading oligosaccharides, proteins and 

nucleic acids) can be traced back to Cyanobacteria (Stuart et al.  2016). The role of heterotrophic 

bacteria, however, it is more difficult to access since it is harder to detect their exoenzyme activity 

in comparison to Cyanobacteria exoenzyme activity (Stuart et al.  2016), which is one of the topics 

that I attempt to explore with this study. One of the ways to explore this is by using EE assays, by 

measuring the rate of different enzyme activity that is vital in the nutrient mineralisation and 

DOC degradation. 

 The concept of “social microbiology” is very important when considering micro-scale 

productivity, simply put that microorganisms can “behave” differently (e.g. enzyme produced), 

depending not only on the environmental conditions but on the community composition as well 

(Arnosti 2011, Logue et al.  2016, Baltar et al.  2016). Westwood et. al (2018) studied the bacterial 

response to the elevated concentration of CO2, within the scope of ocean acidification and its 

effects on marine productivity. In this study, it is emphasised the importance of the interaction 

among various elements of the microbial loop. One of this study’s conclusion was that cell-

specific bacteria production decreases with elevated concentrations of CO2, however the overall 
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growth and bacterial productivity increases, due to decrease pressure from heterotrophic grazers 

(Westwood et al.  2018). Another relationship that is interesting is the symbiosis that exists in 

certain communities of microorganisms. For example, Synechococcus is known to “produce” 

cytoplasmic polypeptides that could support heterotrophic growth (Christie-Oleza et al.  2015).  

 

The aims of this study were to (1) detect co-occurrence patterns, through the 

identification of the microbial community present, more specifically phototrophic eukaryotic and 

prokaryotic and heterotrophic prokaryotic and (2) gain insight into heterotrophic microbial 

carbon cycling. To attain this goal, samples from the Baltic Sea were brought into culture and 

subsequently analysed both for their community composition (through employing Illumina MiSeq 

amplicon sequencing of the 16S and 18S rRNA genes) and functional activity (through EEA assays). 

To detect the co-occurrence patterns (the community analysis) I used samples that had an 

undetermined number of heterotrophic bacteria (which was present across all samples) but had 

unique and specific Cyanobacteria or algae (see Table 1). The underlying hypothesis is that, after 

sequencing and identifying the type of heterotrophic bacteria present, different patterns could 

be discerned among the samples, especially regarding eukaryotic and prokaryotic organisms. 

 

 

 

Materials and Methods 

 

Sample collection and culturing 

 

For this project, I collaborated with Dr Martin Ekman (Stockholm University; Stockholm, 

Sweden), who provided the cultures. His research group also carried out the sample collection 

and culture as described below. 

Water was collected from the Baltic Sea on the Swedish coast, at Utterviks Brygga, (Trosa 

58°50’53.1’’N 17°32’29.0’’E) and on the 18th of August 2014. After transportation to the 

laboratory, water was firstly filtered through a plankton net (100 µm) and then subjected to a 
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serial dilution in 96 well plates using the BSea6 medium. The dilution was done by adding 100 µL 

of media to all wells in the plate. Then adding 100 µL of filtered water sample to the first row and 

transferring 100 µL of that row (media plus water sample) to the subsequent row. This process 

was repeated several times, to obtain cultures as pure as possible. This procedure follows the 

first steps described in the methods section of Haverkamp et al.  (2009), pertaining to the 

isolation of strains. After two months of incubation, the content of randomly selected wells was 

transferred to individual 100 mL culture flasks, also containing Bsea6 medium. Afterwards, at 

frequent time intervals (every month or every second month) an aliquot, of approximately 2mL, 

from each culture was transferred to a new flask containing fresh media.  

 This isolation technique was done with the objective of isolating certain 

picocyanobacteria cultures. However, because not all steps were followed, the cultures were not 

completely axenic, meaning that cultures were not pure but rather a mix of different 

picocyanobacteria, eukaryotic algae and heterotrophic bacteria. Dr Ekman’s group also 

performed tests to determine what type of organisms were present in the cultures of each 

individual flask (e.g., visually via microscopy – see results in Appendix, Part I). 

 In the end, I used ten samples, out of which three were dominated by eukaryotic algae 

(4F, 5B and 6A), two were a mixture of picocyanobacteria and eukaryotic algae (11A and 11Hpl), 

whereas the remaining five samples were dominated by picocyanobacteria (1A, 12C, 2B, 2D, and 

12A-2R) (see Table 1 for overview of the ten samples). It is important to note that all the samples 

investigated contained heterotrophic bacteria since the isolation described was not designed to 

target them specifically.  

 

Table 1 - Table summarising existing information about samples. Adapted from information provided by Dr Ekman.  

Culture 

names 

1A 11A 12C 2B 2D 11Hpl 12A-2R 4F 5B 6A 

Type  Pcy Pcy Pcy Pcy Pcy Pcy Pcy Algea Algea Algea 

Morphology Unicellular Unicellular Unicellular Unicellular Aggregates/ 

Biofilm* 

Large 

Aggregates 

Unicellular Aggregates Unicellular Unicellular 

Colour Yellow/ 

Green 

Yellow/ 

Green 

Yellow/ 

Green 

Yellow/ 

Green 

Green Red/ 

Brown 

Red Green Green Green 
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Library preparation for amplicon sequencing  

 

For Illumina Miseq (Illumina Inc, USA) amplicon sequencing, a library of targeted genes 

(16S and 18S rRNA genes) was prepared. Library preparation included the following steps: DNA  

extraction, PCR  amplification, cleaning of PCR products, pooling and sequencing of the final 

product. For this experiment, part of the 16S genes was amplified with 16S specific primers, 

which target heterotrophic bacteria and Cyanobacteria (prokaryotes) while part of 18S genes was 

amplified with 18S specific primers, which target eukaryotes.  

 

 

DNA extraction 

Each culture sample (1.5 mL from each vial) was processed in triplicates, meaning three 

extractions per vial. Additionally, controls were added to guarantee that no contamination 

occurred at any point during the extraction. 

Genomic DNA extraction was done according to MasterPure Gram Positive DNA 

Purification Kit (Epicentre, Madison, Wisconsin), following manufacturer’s instructions; with a 

few modifications: RNase was not applied to allow for the amplification of both DNA and RNA, 

rather than isopropanol sodium acetate and glycogen were used for precipitating DNA, and the 

final products were diluted in MQ water instead of the provided buffer, to facilitated further 

steps. 

 

 

Two-step PCR  

PCR amplification of DNA extracts was performed in two steps. Briefly, inner PCR (or 1st 

PCR) firstly amplified the genomic target sequence, while outer PCR (or 2nd PCR) ligated Illumina 

handles and indexed primers (essentially tags) to inner PCR products.  

The structure of the primers used in the inner PCR was: Illumina adapter 1 + forward 

primer and Illumina adapter 2 + reverse primer, for both 16S and 18S (see figure 1). For 16S 

regions V3 to V4 were amplified with primers 341F (CCTACGGGNGGCWGCAG) and 805R 

(GACTACHVGGGTATCTAATCC) (Herlermann 2011); for 18S regions, V4 to V5, were amplified with 

primers 374*F(CGGTAAYTCCAGCTCYV) and 1132R(CCGTCAATTHCTTYAAR) (Hugerth 2014). PCR 
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reagents: BSA  to increase the yield of low purity templates, MQ water, KAPA HiFi HotStart Ready 

Mix 2x, forward primer, reverse primer. Inner PCR was done in a 20 µL reaction with forward and 

reverse primer’s (0.6 µL), BSA (0.4 µL), KAPA HiFi HotStart ReadyMix 2x (10 µL), MQ water (6.4 

µL) and DNA template (2 µL). PCRs were performed on a Mastercycler Pro S (Eppendorf, 

Hamburg, Germany). Thermocycling conditions were as follows: first initial denaturation at 95°C 

for 5 min, second denaturation at 98°C for 1 min. Then a cycle step (25 cycles for 16S and 27 

cycles for 18S) of denaturation at 98°C for 20 sec, annealing at 50°C for 15 sec and primer 

elongation at 72°C for 30 sec followed by a final elongation at 72°C for 2 min. The PCR product 

was then quantified and qualified with Qubit R 2.0 Fluorometer (Invitrogen, Qubit-ITTM dsDNA 

BR Assay kit, USA) and Agilent 2100Bioanalyzer (Agilent, Technologies, DNA1000LabChip kit, 

USA), respectively, to ensure that during the amplification process the correct target sequences 

were accurately amplified. The inner PCR was also conducted in triplicates, meaning that for each 

DNA extraction, there were three distinct PCR products. The inner PCR triplicates for each 

extraction were pooled before a purification/cleaning step. This step was done with Agencourt 

AMPure XP PCR purification kit (Beckman Coulter, California, USA) following the manufacturer’s 

instructions (using an automated robot). This step is required to remove PCR by-products such 

as primer dimers and leaving only the target sequences with the respective adapters.  

Primers for the outer PCR have the following structure: Illumina handle 1 + [index1] + 

Illumina adapter 1 (from previous PCR, forward) and Illumina handle 2 + [index2] + Illumina 

adapter 2 (from previous PCR reverse) (see figure 1). This was done in a 28uL reaction with 

cleaned PCR product (12µL) (from inner PCR), KAPA HiFi HotStart ReadyMix 2x (14µL), forward 

primer (1µL) and reverse primer (1µL). Outer PCR was performed on a Mastercycler Pro S 

(Eppendorf, Hamburg, Germany). Thermocycling conditions were as follows: Initial denaturation 

at 98°C for 2 min, then a 10 cycle denaturation at 98°C for 20 sec, annealing at 62°C for 30 sec 

and primer elongation at 72°C for 30 sec followed by a final elongation at 72°C for 2 min. 
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Figure 1 – Diagram showing the different primers used in a two-step PCR, and how primers, indexes and handles 

attached to each other. Using adapters (1 forward and 2 reverse), handles (1 forward and 2 reverse) and index 

structure (1 forward and 2 reverse). Source https://github.com/EnvGen/Tutorials.  

 

Three replicates (similar process as the inner PCR) of the outer PCR product were pooled 

and cleaned with Agencourt AMPure XP PCR purification kit (Beckman Coulter, California, USA). 

Subsequently, samples were checked for quantity and quality, again, with Qubit R 2.0 

Fluorometer (Invitrogen, Qubit-ITTM dsDNA BR Assay kit, USA) and Agilent 2100Bioanalyzer 

(Agilent, Technologies, DNA1000LabChip kit, USA). To determine sample concentration and 

average fragment length so equimolar proportions could be calculated (no more than 2nM for 

each amplicon/pair of indices). Finally, samples were pooled equimolarly to obtain an equal 

number of sequencing reads per sample, a final quantification was performed, and the sample 

was delivered to the NGI (National Genomics Infrastructure) at Scilife (Science for Life Laboratory) 

in Stockholm for sequencing.  

 

 

https://github.com/EnvGen/Tutorials
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Sequencing analysis (DADA2 pipeline)  

 

Once sequencing was completed, the data generated is compressed into FASTQ files 

(FASTQ format is a text file based system used to store biological sequence and its corresponding 

quality scores, in our case from the Illumina sequencing). A pipeline was then created to 

transform this files into a sequence variance table (SVT). Which allows for a more detailed 

taxonomical clustering than, what other bioinformatic tools produce, the commonly known OTU 

tables. In which each row will give the number of sequence variant reads per sample. This was 

done in R (R Core Team 2017) using the DADA2 package (Callahan et al.  2016b), which has a 

highly accurate algorithm for high-resolution sample composition from amplicon sequencing 

data. For detailed information about the script used, see Appendix Part III. 

Samples were already demultiplexed (samples already separated with their own tags) and 

divided into 16S and 18S folders. At this point, the files can be uploaded directly into R to start 

the analysis process. First, a quality check was perform on each individual sample, where reads 

that had a quality score below 20 were trimmed. Then a dereplication step combining unique 

sequence reads and error plots for each sequence, so it can be incorporated in further steps. 

Next is the sample inference step where the error rates are applied, then comes the merging the 

paired reads (forward with reverse reads), finding where the sequences overlapped in 16S and 

where they matched in 18S. The final step was to remove bimeras (two parent chimeras 

sequences) and construct a sequence table (Callahan et al.  2016a). With the result of a 16S SVT 

with sequences as rows (262 different sequences) and the 10 samples in triplicates as columns; 

and an extra row with taxonomical classification. For the 18S SVT, twelve distinct sequences as 

rows and the five samples, in triplicates as columns (identified as eukaryotic algae). The 

taxonomical classification was performed using the SILVA database (Quast et al.  2013) following 

the instructions provided on their webpage (http://www.arb-silva.de). And BLAST (Altschul et al.  

1990) was used on 27 of 16S sequences to provide details that SILVA database classification 

missed. Sequences that could only be identified up to their domain (e.g. Bacteria) were discarded.  

 

http://www.arb-silva.de/
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Figure 2 - Main steps in the DADA2 pipeline for high-resolution amplicon sequencing data analysis.  

 

EEA assay 

 

The EEA was done according to Jackson et al.  (2013), for which I used MUB (4-

methylumbelliferone) linked substrates since these seem to have better results in water samples 

according to Hoppe (1983). After the hydrolysation of the different substrates, through enzymes 

produced by the microorganisms present in the different samples, the end product released 

(hydrolysed substrate) is highly fluorescent (Arnosti 2011). And the signal can be picked up by 

fluorometers at an excitation/emission of around 360/460 nm (Jackson et al.  2013). I focused on 

enzymes described in Table 2 because these can be tied to major nutrients cycles like C, N and P 

(Ljungdahl & Eriksson 1985, Sinsabaugh & Moorhead 1994). Following this protocol, I have 

prepared MUB-linked substrates, GP, NAG, AP and XP according to manufacturers instructions, 

Sigma-Aldrich (USA). 
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Table 2 – Table summarizing the enzymes used for the EEA assay.  

Enzyme Substrate Excitation/emission nm Function 

β-D-glucopyranoside (GP) 4-Methylumbelliferyl 365/445 Used to identify bacteria; 

important for cellulose 

degradation 

N-acetyl-β-D-

glucosaminide (NAG) 

4-Methylumbelliferyl 362/448 Chitin degradation and can 

make both C and N available 

Phosphate (AP) 4-Methylumbelliferyl 364/448 Mineralisation of phosphate 

β-D-xylopyranoside (XP) 4-Methylumbelliferyl 355/460 Associated with β-

xylosidase activity 

 

On a 96-well microplate, an assay was prepared with: sample replicates (three per 

sample), sample controls, quenching controls (used to measure the diffraction of fluorescence in 

the water sample), substrate controls and standards controls (figure 3). One plate per substrate 

was tested. After placing all plates in a dark environment and at RT (as the fluorescent standard 

is light sensitive). The fluorescence was measured for each plate, individually, using the 

SpectraMax i3x Multi-Mode microplate reader (Molecular Devices, California, USA), at an 

emission at 460 nm and excitation at 360 nm, this was done over a period of 80 min, and plates 

fluorescence measured every 10 min. In-between reading, the plates were kept in dark, to avoid 

light exposure.  

Once the raw data was collected from the SpectraMax software, it was processed using 

excel. The EEA per volume of water was calculated using the following formula, according to 

Jackson et al.  (2013):  

𝐸𝐴 = (𝑚𝑒𝑎𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 − 𝑚𝑒𝑎𝑛 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒)

÷ ((𝑚𝑒𝑎𝑛 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 ÷ 0.5𝑚𝑜𝑙)

× (𝑚𝑒𝑎𝑛 𝑞𝑢𝑒𝑛𝑐ℎ 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 ÷ 𝑚𝑒𝑎𝑛 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒)  

× (0.2𝑚𝐿)  ×  (𝑡𝑖𝑚𝑒 𝑖𝑛 ℎ𝑟)) 
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Figure 3 – Microplate set up for the EEA assay. Where numbers 1-11 correspond to samples used.  

 

 

Statistical analysis  

 

After the SVTs were achieved, a subsampling was performed on both 16S and 18S data 

using R (R Core Team 2017). I then further separated the 16S subsampled data into two: one 

table with the Cyanobacteria and chloroplast sequences, from here on known as subsample table 

a. And a second table where the chloroplast and the Cyanobacteria were removed, from here on 

known as subsample table b. The downstream analysis, both on 16S and 18S, were performed 

using subsample tables.  

 Using the Morisita-Horn index coupled with the Hellinger transformation, dissimilarity 

matrices were created for both data sets. NMDS (Non-metric multidimensional scaling) based on 

Morisita-Horn index was employed to visualise the microbial compositional differences among 

samples. PERMANOVA test was conducted to assess the compositional differences between 

samples. Heatmaps, for visualising taxa abundance per sample were also employed, in 18S all 

sequences with less than 2.5% of the maximum relative abundance were cut off. In 16S the cut 

off was 7%. The DESeq2 package in R was used to analyse the significant differences in abundance 
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Substrate Controls: 3 
replicates 
200μL buffer + 50μL 
substrate 

Standards: 3 replicates 
200μL buffer + 50μL 
standard 

Samples: 3 replicates 
200μL sample + 50μL 
substrate 

Sample Controls: 2 
replicates 
200μL sample + 50μL buffer 

Quenching Controls: 3 
replicates 
200μL sample + 50μL 
standard 
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among the 16S sequences (subsampled tables a and b), by using variance-mean dependence in 

count data from high-throughput sequencing (Love et al.  2014).  

 After the EEA was calculated from the assay, using the formula provided by Jackson et al.  

(2013) (see results in Appendix, Part II), a z-score transformation followed using the highest 

positive EEA values for each sample in the four different enzymatic assays. Since these represent 

the peak activity in each assay (see Appendix, Part II). 

All statistical analysis and graphic representation were conducted in R, using different 

packages, mainly vegan (Oksanen 2016) for dissimilarity matrices and NMDS. Heatmaps and 

dendrograms were made with ggplots (Wickham 2009) as well as other general plots.  

 

 

Results 

  

 In total, after the DADA2 analyses, in 16S there were 262 sequences (sequence variants). 

The most abundant sequence was identified as a chloroplast from Cyanobacteria (136363 reads 

in total), particularly in samples 5B and 6A. The second most abundant sequence belongs to the 

Cyanobacteria phylum (53000 reads in total) and most reads are in samples 2D, 11Hl and 12A-

2R. The third most abundant sequence is an Alphaproteobacteria (Rhizobiales), with 44452 reads 

in total, and is most abundant in sample 4F.  

 For 18S a total of 12 distinct sequences were identified, belonging to two different classes 

Trebouxiophyceae and Chlorophyceae. Trebouxiophyceae was dominant and present in all 

samples. Samples 11A, 4F and 6A had the highest number of reads for the Seq_0001, the first 

variant of Trebouxiophyceae while samples 11Hpl and 5B had higher read counts for Seq_0002 

(see Table 3).  

 Based on the taxonomical classification: 18S sequences could only be classified until class, 

whereas 16S sequences could be classified further, sometimes even to genus.   

 

 



 

 

17 

 

18S Sequencing 

 

Table 3 –Subsampled table for 18S samples. Triplicates of the same sample are represented in one column. 

Taxonomical annotation, class, with two different strains Trebouxiphyceae and Chlorophyceae.  

Sequence ID 11A 11Hpl 4F 5B 6A Class 

seq18S_0001 18834 0 13315 656 15469 Trebouxiophyceae 

seq18S_0002 0 18834 1824 18177 3359 Trebouxiophyceae 

seq18S_0003 0 0 2119 1 0 Chlorophyceae 

seq18S_0004 0 0 528 0 6 Chlorophyceae 

seq18S_0005 0 0 425 0 0 Chlorophyceae 

seq18S_0006 0 0 281 0 0 Trebouxiophyceae 

seq18S_0007 0 0 117 0 0 Trebouxiophyceae 

seq18S_0008 0 0 118 0 0 Chlorophyceae 

seq18S_0009 0 0 42 0 0 Trebouxiophyceae 

seq18S_0010 0 0 23 0 0 Chlorophyceae 

seq18S_0011 0 0 25 0 0  

seq18S_0012 0 0 17 0 0  

 

A sequence variant table (SVT) shows how many reads (the abundance of that specific 

sequence in the sample) each sample has per identifiable sequence, they were numbered one to 

twelve, from the most abundant to the least abundant (table 3).  

 

Table 4 - 18S dissimilarity matrix according to Morisita-Horn index. It shows the difference between samples; higher 

values represent a greater difference.  

 

 

 

 

 

 

 

 

 
11A 11Hpl 4F 5B 6A 

11A 0 1 0.37 0.82 0.13 

11Hpl 1 0 0.77 0.03 0.60 

4F 0.37 0.77 0 0.62 0.21 

5B 0.82 0.03 0.62 0 0.42 

6A 0.13 0.60 0.21 0.42 0 
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Two classes of green algae (eukaryotic autotrophs), Trebouxiophyceae and 

Chlorophyceae, were identified using SILVA database. Trebouxiophyceae was the dominant class 

being present across all samples. This class has two distinct strains, as shown in the heatmap 

(Figure 4), one being present on samples 4F, 6A and 11A and the other on samples 5B and 11Hpl. 

Results from dissimilarity matrix (Table 4) and dendrogram (Figure 4) also show this pattern. On 

the first case, for example, sample 11A shows 100% dissimilarity with sample 11Hpl and high 

dissimilarity with 5B (0.82) and similarities with samples 4F (0.37) and 6A (0.13). On the 

dendrogram, the two groups form distinct clusters. According to Table 4, samples 11A is very 

different from samples 11Hpl and 5B, and similar to 6A, which is not very different from the other 

samples (no value above 0.6). Samples 11Hpl and 5B are similar to each other.  

 

 

Figure 4 - Heatmap of 18S, based on the SVT. Samples as rows and class as columns, it represents the abundance of 

classes in the samples, dark red is most abundant. The bar represents the type of culture, blue is a mixed culture of 

picocyanobacteria and algae and green just has algae. The dendrogram clusters samples according to Morisita-Horn 

index.  
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16S Sequencing analysis 

 

Results from the 16S sequencing analysis show a grouping of samples composed of Alg + 

Pcy and in samples with just Pcy (Figure 5). Samples are also all different from one another 

(PERMANOVA, P < 0.05). On figure 5 all samples are spatially apart, and triplicates cluster 

together.  

 

Figure 5 – Graph using the NMDS (Non-metric multidimensional scaling) scores, subsample table b. Grouping of the 

heterotrophic bacterial community according to the presence of picoyanobacteria and algae, forming two distinct 

groups of different communities. Circles show the chloroplast ratio between each sample and the overall presence  

 

 The chloroplast ratio per sample, circles in Figure 5, was prominent on samples 4F, 5B, 6A 

and 11A. These, along with 11Hpl, were amplified with 18S primers for eukaryotic algae (Table 

3). These same samples have a high abundance of Cyanobacteria chloroplast (Figure 6). Whilst in 

the other samples, this ratio is almost zero, corresponding to samples that were not amplified 

with 18S primers. Except for sample 11Hpl where the presence of Cyanobacteria is strong, but 

sequence associated with chloroplast is not present (figure 6).  
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Figure – 6 (a) Stacked bar plot of 16S, subsample table a, main taxonomical categories of both the Cyanobacteria 

and heterotrophic bacteria. (b) Stacked bar plot of 16S, subsample table b, main taxonomical categories of just the 

heterotrophic bacteria. In brackets is the category corresponding to class (Alphaproteobacteria, Betaproteobacteria 

and Gammaproteobacteria) of the Proteobacteria phylum. Actinobacteria and Bacteroidetes are both classes. The 

chloroplast is identified as being part of the Cyanobacteria class. 

 

Analysis of the 16S subsample table a (with heterotrophic bacteria and picoyanobacteria) 

and b (with only heterotrophic bacteria) were used to determine different dynamic patterns in 

the prokaryotic organism’s present across all samples (Figures 6 and 7). The most abundant class 
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of heterotrophic bacteria, is Alphaproteobacteria (Figure 7) with five distinct orders 

(Sphingomonadales, Rhizobiales, Caulobacterales, Rhodobacterales, Rhodospirillales) the most 

abundant being Rhizobiales across all samples and Caulobacterales on sample 11Hpl (Figure 6), 

followed by Flavobacteriia (Figure 6) which is part of the Bacteroidetes phylum. 

 

Figure 7 - Heatmap of 16S, based on table b. The heatmap represents the abundance of the taxonomical categories 

in the samples, dark blue is most abundant. The bar represents the type of culture, orange is a mixed culture of 

picocyanobacteria and algae and blue just has picocyanobacteria. The dendrogram clusters samples according to 

Morisita-Horn index. 

 
The DESeq2 showed that a total of 21 sequences had a significant difference in abundance 

between the two groups: three distinct sequences for Alg + Pcy (samples 4F, 5B, 6A, 11A and 

11Hpl) and 18 distinct sequences for just Pcy (2D, 2B, 1A, 12A-2R, 12C). In the Alg + Pcy group 

there two noticeable sequences: seq16S_0003 (q-value of 0.0036) and seq16S_0011 (q-value of 

0.0112). Both sequences are from the Alphaproteobacteria class and are present on the heatmap 

of Figure 7, first (Sphingopyxis) and third (Brevundimonas) columns. On the other hand, the Pcy 

group had six noteworthy sequences (q-value of zero). Of these sequences, five were from the 
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Alphaproteobacteria class, respectively, in order of abundance: Hoflea, Brevundimonas, 

Caulobacteraceae, Tistrella, Rhodospirillaceae. And one was from the Betaproteobacteria class 

(Acidovorax). These sequences were also represented in Figure 7 since they are also the most 

abundant.  

 
 

EEA Analysis  

  

 After the EEA was calculated from the assay, a z-score transformation followed. The 

results were represented in a histogram (Figure 8). The enzyme with the highest absolute activity 

(higher hydrolysis rate) is AP, with the biggest activity detected in sample 2D. However, enzyme 

GP showed peaks in two different samples (11A and 5B). While enzymes NAG and XP show little 

to no activity across all samples (Figure 8).  

 

Figure 8 – Extracellular enzymatic activity in each sample. 
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The dendrogram from Figure 9, showed four distinct clusters according to UPGMA of all 

samples. Samples 12C, 2B and 1A clustered together and AP is the enzyme with the highest 

activity. Samples 11Hpl and 12A-2R clustered together and GP is the most prominent enzyme, 

with 12-2R having the biggest percentage of NAG activity of all the samples. Samples 4F, 11A, 5B 

and 6A are clustered together, the first three had GP as the main enzyme activity, while AP was 

the majority in sample 6A. Sample 2D was not clustered with other samples and had AP as the 

main enzyme activity.  

 

 
Figure 9 – Dendrogram from 16S subsampled table b, clustering according to UPGMA (Unweighted Pair Group 

Method with Arithmetic Mean). Pie charts show the percentage (after z-score standardisation) of each enzyme 

activity in each sample.  
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Discussion/conclusion  

 

 From the sequencing results, for both 16S and 18S, we can see that the isolated 

communities in each sample are composed by prokaryotic bacteria and picocyanobacteria or by 

both plus eukaryotic algae, confirming that the cultures are indeed non-axenic. The triplicates in 

this study behaved as expected, clustering and being plotted together, meaning that the 

possibility of contamination is minimal (Figures 6, 7 and 8). 

Several different components of the microbial community were identified, through 

sequencing and taxonomical classification. Starting with eukaryotes, where two classes were 

identified: Chlorophyceae and Trebouxiophyceae, the latter is dominant. This is a species-rich 

class, with variation in both morphologies (unicellular, colony forming or filamentous) and 

ecology (inhabiting diverse terrestrial and aquatic habitats) (Lemieux et al.  2014). According to 

Hu et al.  2016, one of the genus (Choricystis) in Trebouxiophyceae is dominant in the Baltic 

Proper, where this sampling collection was done. Making this finding to be in accordance with 

what was expected to be found at the sampling location.  

In the 16S (prokaryotes), among the Cyanobacteria found, the majority was in the form 

of the genus Synechococcus. Since this sampling was conducted during the summer period, a 

high number of Synechococcus was expected. Considering that they are associated with the 

summer phytoplankton blooms. Among the heterotrophic bacteria, the most dominant class is 

Alphaproteobacteria, from the Proteobacteria phylum, where all the members are gram-

negative. This is an abundant marine cellular organism, it has different surviving metabolic 

strategies, such as photosynthesis, nitrogen fixation, ammonia oxidation and methylotrophy 

(Williams et al.  2007). In the same phylum, there are two other relevant classes, 

Gammaproteobacteria and Betaproteobacteria. The first has been linked to EEA through 

exoproteins, involved in biding and uptake of both amino acids and sugars (Stuart et al.  2016). 

Two other phyla are of note Bacteroidetes, composed of three large classes of gram-negative 

bacteria and Actinobacteria, gram-positive bacteria (mostly associated with soil systems). In the 

Baltic Sea, along with the salinity gradient, Alpha and Gammaproteobacteria become dominant 
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in brackish water, whilst Actinobacteria and Betaproteobacteria numbers decrease (Hu et al.  

2016). In my results, this is not as visible. Although the number of Alphaproteobacteria is 

considerable, with five different orders present across all samples. Gammaproteobacteria 

presence is quite low, having only one order present, mostly present in sample 6A (Figure 7). 

Betaproteobacteria, on the other hand, had a stronger presence than Gammaproteobacteria, 

mostly on sample 12A – 2R but still has a visible presence across all samples (Figure 7). This 

discrepancy could be explained by the dilution process used to isolate the cultures, some bacteria 

could have been lost during the transfer of one well to the other. Or simply because 

heterotrophic bacteria are very hard to grow in a pure culture inside the laboratory with 

recreated conditions (non-natural environment) (Arnosti 2011). This induced growth, in a 

laboratory setting with prepared media, favours the microorganisms that are rare in nature but 

have opportunistic and copiotrophic characteristics (Logue et al.  2016). Outcompeting the 

original more abundant microorganisms, with a rapid adaptation to the environmental changes.  

 From the NMDS graph (Figure 5) we can see a clustering of the samples according to their 

overall composition. The graph is plotted using the subsample table b, meaning that only 

heterotrophic bacteria are plotted. This sample distribution pattern can then be clearly divided 

into two clusters: one together with Alg + Pcy (samples 11A, 4F, 5B and 6A) and another with 

only Pcy (samples 12A-2R, 12C, 1A, 2B and 2D). This Clustering is also evident in the DESeq2 

statistical analysis. Using the q-value to find significant differences in abundance, in the 16S 

sequences, 21 sequences were found to be significantly different. This difference was enough to 

group them into two distinct categories: three sequences in one group (Alg + Pcy) and 18 

sequences in a second group (Pcy). Another interesting distinction between these two clusterings 

is the chloroplast ratio, where samples with mix community (Alg+Pcy) have a higher ratio than 

the samples without the algae. Exceptions are samples 11Hpl and 12A-2R, the first has a strong 

presence of Trebouxiophyceae (Figure 4) but has a low chloroplast ratio (Figure 5). On the other 

hand, sample 12A-2R has a relatively high ratio but does not present any algae (Figure 5), only 

picocyanobacteria. Suggesting that the contribution of the sequenced chloroplasts, previously 

identified as belonging to Cyanobacteria could, in fact, be present due to the presence of both 

algae and picocyanobacteria.  
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 On a more localised scale, we can compare the different components of the 16S microbial 

communities, the picocyanobacteria with the heterotrophic bacteria. From the stacked plot of 

relative abundance (Figure 6), that shows the main taxonomical categories, samples can be 

divided into groups, in a similar fashion as the ones from the graph in Figure 5. Samples 11A, 4F, 

5B and 6A can be grouped as they have a very similar composition, with a low to no presence of 

Cyanobacteria, but a high abundance of chloroplasts. As mention above these are the same 

samples that have a presence of unicellular green algae, once more hinting at the fact that 

sequenced chloroplasts could have a different origin, other than Cyanobacteria. Samples 1A, 2B 

and 12C can form another group, where the abundance of Cyanobacteria is highest, they also 

have a significant abundance of Rhodobacterales, that is not present in other samples (exception 

to 2D). Finally, there are three samples that do not belong to any group, since they have a unique 

prokaryotic composition, these are samples 12A-2R, 11Hpl and 2D. Starting with 12A-2R, this 

sample has a very high abundance of Betaproteobacteria, more specific the Burkholderiales 

order. Sample 11Hpl is dominated by Caulobacterales an Alphaproteobacteria; this sample also 

has a very different eukaryotic composition, very dissimilar from the other 18S samples (see Table 

4) only has reads on the second variant of Trebouxiophyceae (Figure 4). On sample 2D the 

dominant phylum is Bacteroidetes, and the Rhodobacterales are also more abundant than 

average. The co-occurrence of the microbial organisms across all samples as described above is 

of importance for the discussion of the EEA assay.  

 For EEA results, enzyme activity linked to GP and AP was considerable in contrast to the 

almost null activity linked to GA and XP. Which is expected for the summer months, especially 

coinciding with peak activity of the Cyanobacterial summer bloom (Baltar et al.  2016). Samples 

11A and 5B showed higher activity for GP. In both the dominant prokaryotic class is 

Alphaproteobacteria (Sphingopyxis genus) not present in the same numbers in other samples 

(Figure 6 and 7), suggesting that this group of bacteria could be linked to the production of 

exoenzymes capable of degrading cellulose (transforming it into consumable sugar). Since their 

prokaryotic composition is very similar, as discussed above, they are usually grouped together 

with samples 6A and 4F, inside the Alg+Pcy group. However other members of the same group 

do not show the same levels of enzyme activity, this could be due to small but significant 
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differences in their composition: sample 4F has less abundance of chloroplasts and a higher 

presence of Rhizobiales, sample 6A has a significant presence of Gammaproteobacteria (higher 

than any other sample). This small distinction in the community composition can have 

implications when in co-occurrence, like inhibition of EEA. Furthermore, the slight difference in 

activity between 11A and 5B (see Figure 8) could be influenced by the presence of the two 

different strains (different sequence variant) of unicellular algae (Trebouxiophyceae) found in 

both samples (Figure 4), but have a high dissimilarity rate among them (Table 4).  

 AP has the highest rate of EEA across all samples, a result that is similar to what Baltar et 

al.  (2016) found during the same seasonal period. This also could give a hint about the limiting 

nutrient, in this case being P (Bernes 2005, Baltar et al.  2016). The highest activity, in AP, is 

registered by 2D followed by 5B (Figure 8 and 9). In sample 2D the most abundant taxa are 

Bacteroidetes and Rhodobacterales. Bacteria from Bacteroidetes are known to process polymeric 

organic matter, appearing in marine environment after the algal blooms, indicating a preference 

for consuming polymers rather than monomers (Fernández-Gómez et al.  2013) so in the case of 

this assay, they were probably not the main EE producers. Another group of bacteria within the 

Rhodobacterales, the Roseobacter clade, that is often associated with biogeochemical processes 

in marine surfaces, including C, N and P (Buchan et al.  2014), could instead explain the high EEA 

rate found on sample 2D. The low activity in XP and GA could be explained by different variables, 

such as a naturally low EE for those specific subtracts, change of natural conditions, both 

environmentally and community wise (Arnosti 2011, Logue et al.  2016, Baltar et al.  2016). Due 

to laboratory conditions, this could lead to an abnormal function of the EE in certain bacteria. 

Certain enzymes function better in a biofilm and do not perform so well in isolated conditions 

(Itoh et al.  2005). The molecules present in the subtract could also require a larger number of 

bacteria (since we were dealing with a very small representation of the water collected), or longer 

time to process the substrates.  

 Once more, through the EEA analysis, the samples can be divided into groups. From the 

dendrogram (UPGMA) coupled with the EEA (Figure 9), Samples 12C, 2B and 1A cluster together 

(same grouping as the prokaryotic analysis) and have AP as the most active substrate activity. 

Samples 4F, 6A, 5B and 11A (the samples belonging to the Alg + Pcy group) cluster together, and 
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have GP as the highest active substrate, with the exception of 6A that has AP, again this could be 

due to the co-occurrence of Gammaproteobacteria (also present in smaller abundances, in 

samples 1A and 2B). Samples 11Hpl and 12A-2R cluster together, as mention previously this two 

samples did not form a group with their prokaryotic composition, so they have a distinct 

composition but are similar enough to cluster together, they also have similar EEA. Sample 2D is 

alone, this is most likely due to its unique prokaryotic composition. Although not a definite 

conclusion, from looking at the different samples it seems that samples with a more diverse 

microbial composition (especially prokaryotic, both autotrophic and heterotrophic) present a 

higher rate of EEA.  

 To further understand the interaction between prokaryotes and eukaryotes, when it 

comes to EEA, additional studies are required. Now that the community composition has been 

identified, new research with an updated methodology can be used to study the enzymes. Such 

as protein sequence (Christie-Oleza et al.  2015); changing the spectrum uptake for substrate 

intake and include a variety of oligomers polymers, not just monomers  (Arnosti 2011) since 

different bacteria can hydrolyse different types of molecules; include more enzymes in the study 

such as β-D-cellobioside; use high-throughput screening to develop more sensitive EEA (Acker & 

Auld 2014). More specifically in relation to this study, improvements could be made in the 

following areas: additional use of picocyanobacteria specific primers (phycocyanin operon), 

would have provided a finer image of the Cyanobacteria group. Since 16S libraries do not always 

present a complete image when it comes to picocyanobacteria (Cai et al.  2010); run several more 

trials of EEA for consistency (for stronger statistical analysis) and to find patterns, that in this 

study, might not have been present; increase the incubation period of the EEA assay to see if 

time played a role in the activity seen.  

 Given that there is still much to be learnt about EE, about its effects and specific function, 

e.g. how it shapes a microbiological community in the water. This study constitutes a first step in 

understanding that different communities, even manually isolate and kept, respond differently 

to a variety of substrates. A more comprehensive approach focusing on the EE, can give new 

insights on nutrients cycling (e.g. C, N and P) in marine environments, and more specifically the 

role of enzymes in microbial community composition and dynamics.  
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Appendix 

Part I  

 
Figure 1 – Pictures from picocyanobacteria cultures in flasks, from left to right: 11A, 12C, 12A, 1A, 2D and 2B. 

Pictures on the bottom rows show microscopy details of each sample (colour, size and fluorescence).  

 
Figure 2 – Pictures from algae cultures in flasks, from left to right:4F, 5B and 6A. Pictures of the bottom rows show 

microscopy details of each sample (colour, morphology and fluorescence). 
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Part II  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 – Graph representing the EEA activity after the calculation with the formula (on page 14) for all the substrates across all 
samples. Each bar with different colours represent a fluorescence plate read at regular time intervals (every 10 min) starting at 

minute 10 all the way to minute 70.  
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Part III  

 

As an example, here is the 18S DADA2 manuscript. Only the first few lines of results are 

present to give an idea of what a pipeline script look like, in dark blue will be code lines and/or 

results from R. The sign “#” are comments that describe briefly each step. Analyses were done 

following package tutorial (http://benjjneb.github.io/dada2/tutorial.html). 

 

#The first step is to load the dada2 library. Or installed if need be.  

 

#Load the files into R:  

> path <- "/home/yueh/glob/project_new/Catia/data/fastq_18S/primer_filtered_reads_18S/" 

> list.files(path) 

 [1] "1004_R1_primerfiltered.fastq" "1004_R2_primerfiltered.fastq" 

 [3] "1005_R1_primerfiltered.fastq" "1005_R2_primerfiltered.fastq" 

 [5] "1006_R1_primerfiltered.fastq" "1006_R2_primerfiltered.fastq" 

 [7] "1007_R1_primerfiltered.fastq" "1007_R2_primerfiltered.fastq" 

 [9] "1008_R1_primerfiltered.fastq" "1008_R2_primerfiltered.fastq" 

 

#Create a shortcut for easy access to the files. Here R1 corresponds to forward reads and R2 to 

reverse reads.  

> fns <- list.files(path)  

> fns 

 [1] "1004_R1_primerfiltered.fastq" "1004_R2_primerfiltered.fastq" 

 [3] "1005_R1_primerfiltered.fastq" "1005_R2_primerfiltered.fastq" 

 [5] "1006_R1_primerfiltered.fastq" "1006_R2_primerfiltered.fastq" 

 [7] "1007_R1_primerfiltered.fastq" "1007_R2_primerfiltered.fastq" 

 [9] "1008_R1_primerfiltered.fastq" "1008_R2_primerfiltered.fastq" 

 

#Naming the files is a decent way to group files and keep them in pair orders 

> fastqs <- fns[grepl(".fastq$", fns)] 

> fastqs <- sort(fastqs) # Sort should keep them paired in order 

> fnFs <- fastqs[grepl("1_primerfiltered", fastqs)] 

> fnRs <- fastqs[grepl("2_primerfiltered", fastqs)]     

> sample.names <- sapply(strsplit(fnFs, "_"), `[`, 1) 

> sample.names  
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 [1] "1004" "1005" "1006" "1007" "1008" "1009" "1010" "1041" "1042" "1043" 

[11] "1044" "1045" "1046" "1047" "1048" 

 

 #Perform a quality check quality curves, visualise the parts of the sequencing result, discard all 

bp that have a quality score bellow 20. First for forward reads. 

> for(fnF in fnFs[1:4]) {  

+   qqF <- qa(paste0(path,fnF))[["perCycle"]]$quality 

+   print(ShortRead:::.plotCycleQuality(qqF, main="Forward")) 

+ }   

#The trimming plan is to keep bp from 18 to 290, the first 17bp are dege primer (averageQ >20) 

 

#then for reverse reads  

> for(fnR in fnRs[1:4]) {  

+   qqF <- qa(paste0(path,fnR))[["perCycle"]]$quality 

+   print(ShortRead:::.plotCycleQuality(qqF, main="Reverse")) 

+ } 

# The trimming plans is to keep bp from 22 to 225 the first 21 are dege primer (averageQ >20) 

 

#separate reads into forward and reverse, so it is easier to work with  

#foward reads  

filtFs <- paste0(path, sapply(strsplit(fnFs, "\\."), `[`, 1), "_F_filt.fastq.gz") # paste0: paste >2 

groups together without gap 

#reverse reads 

> filtRs <- paste0(path, sapply(strsplit(fnRs, "\\."), `[`, 1), "_R_filt.fastq.gz") 

 

#Display the results  

> filtFs  

 [1] 

"/home/yueh/glob/project_new/Catia/data/fastq_18S/primer_filtered_reads_18S/1004_R1_pr

imerfiltered_F_filt.fastq.gz" 

 [2] 

"/home/yueh/glob/project_new/Catia/data/fastq_18S/primer_filtered_reads_18S/1005_R1_pr

imerfiltered_F_filt.fastq.gz" 

 [3] 

"/home/yueh/glob/project_new/Catia/data/fastq_18S/primer_filtered_reads_18S/1006_R1_pr

imerfiltered_F_filt.fastq.gz" 

> filtRs 
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 [1] 

"/home/yueh/glob/project_new/Catia/data/fastq_18S/primer_filtered_reads_18S/1004_R2_pr

imerfiltered_R_filt.fastq.gz" 

 [2] 

"/home/yueh/glob/project_new/Catia/data/fastq_18S/primer_filtered_reads_18S/1005_R2_pr

imerfiltered_R_filt.fastq.gz" 

 [3] 

"/home/yueh/glob/project_new/Catia/data/fastq_18S/primer_filtered_reads_18S/1006_R2_pr

imerfiltered_R_filt.fastq.gz" 

 

#Perform trimming step, following parameters defined above.  

> for(i in seq_along(fnFs)) { #seq_along: 1:length(fnFs) 

+   fastqPairedFilter(paste0(path, c(fnFs[i], fnRs[i])), c(filtFs[i], filtRs[i]), maxN=c(0,0), 

maxEE=c(2,2), truncQ=2, trimLeft=c(18,19), truncLen=c(290,225), compress=TRUE, 

verbose=TRUE,rm.phix=TRUE,matchIDs = TRUE) 

+ } 

#display results 

Overwriting 

file:/home/yueh/glob/project_new/Catia/data/fastq_18S/primer_filtered_reads_18S/1004_R1

_primerfiltered_F_filt.fastq.gz 

Overwriting 

file:/home/yueh/glob/project_new/Catia/data/fastq_18S/primer_filtered_reads_18S/1004_R2

_primerfiltered_R_filt.fastq.gz 

Read in 17528 paired-sequences, output 12025 filtered paired-sequences. 

Read in 19010 paired-sequences, output 13710 filtered paired-sequences. 

 

#Dereplication step combining all identical sequences into a “unique sequences” with a 

corresponding “abundance”. This step reduces computation time, as it eliminates redundancies.  

> derepFs <- derepFastq(filtFs, verbose=TRUE) 

 

Dereplicating sequence entries in Fastq file: 

/home/yueh/glob/project_new/Catia/data/fastq_18S/primer_filtered_reads_18S/1004_R1_pri

merfiltered_F_filt.fastq.gz 

Encountered 1032 unique sequences from 12025 total sequences read. 

Dereplicating sequence entries in Fastq file: 

/home/yueh/glob/project_new/Catia/data/fastq_18S/primer_filtered_reads_18S/1005_R1_pri

merfiltered_F_filt.fastq.gz 

Encountered 1085 unique sequences from 12036 total sequences read. 
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# Name the dereplicated-class objects with the sample names 

> names(derepFs) <- sample.names 

> names(derepRs) <- sample.names 

 

#Sample inference step, applying the inference algorithm to the dereplicated data plus error 

estimation, to be included in downstream steps.  

#foward 

> dadaFs <- dada(derepFs, err=inflateErr(tperr1,3), errorEstimationFunction=loessErrfun, 

selfConsist = TRUE) 

Sample 1 - 12025 reads in 1032 unique sequences. 

Sample 2 - 12036 reads in 1085 unique sequences. 

#reverse 

> dadaRs <- dada(derepRs, err=inflateErr(tperr1,3), errorEstimationFunction=loessErrfun, 

selfConsist = TRUE) 

Sample 1 - 12025 reads in 1676 unique sequences. 

Sample 2 - 12036 reads in 1660 unique sequences. 

 

#Merging overlapping reads, forward and reverse reads are now joint.  

> mergers <- mergePairs(dadaFs, derepFs, dadaRs, derepRs,  verbose=TRUE, justConcatenate = 

TRUE) 

12025 paired-reads (in 1 unique pairings) successfully merged out of 12025 (in 1 pairings) input. 

12036 paired-reads (in 1 unique pairings) successfully merged out of 12036 (in 1 pairings) input. 

 

#Construct the sequencing table  

> seqtab <- makeSequenceTable(mergers) 

>  

> dim(seqtab) 

[1] 15 60 

> table(nchar(colnames(seqtab))) 

488  

 60  

 

#Remove chimeras  

> bimFs <- sapply(dadaFs, isBimeraDenovo, verbose=TRUE) 

Identified 0 bimeras out of 1 input sequences. 

Identified 4 bimeras out of 8 input sequences. 

Identified 9 bimeras out of 13 input sequences. 
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> bimRs <- sapply(dadaRs, isBimeraDenovo, verbose=TRUE) 

Identified 0 bimeras out of 1 input sequences. 

Identified 0 bimeras out of 1 input sequences. 

Identified 2 bimeras out of 5 input sequences. 

 

> print(unname(sapply(bimFs, mean)), digits=2) 

 [1] 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.69 0.71 0.00 0.00 0.00 0.00 0.00 0.00 

> print(unname(sapply(bimRs, mean)), digits=2) 

 [1] 0.0 0.0 0.0 0.0 0.0 0.0 0.4 0.5 0.5 0.0 0.0 0.0 0.0 0.0 0.0 

> mergers.nochim <- mapply(function(mm, bF, bR) mm[!bF[mm$forward] & !bR[mm$reverse],], 

mergers, bimFs, bimRs, SIMPLIFY=FALSE) 

> seqtab <- makeSequenceTable(mergers.nochim)  

 

#Write the final Sequence table  

>write.table(t(seqtab),file = 

paste0(path,"Oct03_18Ssamples_Run1_AveQ20_conjunction_nochime.tsv"), 

sep="\t",row.names = TRUE, 

+             col.names = TRUE) 

  


