




Introduction:  
 Within the heart of the African continent lies one of the world’s largest bodies of fresh 

water, Lake Tanganyika (Figure 1A). The lake is divided into three distinct basins: Kigoma in the 
north, Kungwe in the center, and Kipili in the south.1 Lake Tanganyika is 1400 m deep and 
meromictic, meaning the layers of the water column do not mix. This permanent stratification 
results in an isolated bottom layer, creating a stable ecosystem with unique biogeochemistry.1,2 
The minimal mixing has rendered the lake anoxic below 200 m, making it the largest volume of 
anoxic freshwater in the world.1,3 The dark, anoxic conditions in much of Lake Tanganyika 
indicate that microbial communities likely perform most of the biogeochemical cycling in the lake, 
fueling its productivity. However, the bacterial taxa and the biological processes present in Lake 
Tanganyika are poorly understood. A study done on Lake Kivu, a smaller meromictic lake north 
of Lake Tanganyika, discovered that the microbial diversity actually increased in the lower, anoxic 
layers.4 As the anoxic layer of Tanganyika is larger and more varied, including regions with 
hydrothermal activity, the microbial communities could hold many complex communities and 
endemic taxa that have not been observed in other freshwater environments.5 Thus, the goal of this 
study is to assess the bacterial community composition (BCC) of Lake Tanganyika both 
horizontally, across the surface of the lake, and vertically, between the oxic and anoxic layers, as 
well as identify bacterial taxa that are endemic to Lake Tanganyika.   

Much remains unknown about microbial communities in freshwater systems, but previous 
studies have shed some light onto the bacterial phyla that make up freshwater communities. A 
Guide to the Natural History of Freshwater Lake Bacteria, by Newton et al., combined data from 
numerous freshwater studies to compile a compendium of freshwater bacteria.6 According to 
Newton et al., the five most commonly found bacteria in lake epilimnia (upper water layers) were 
Proteobacteria, Actinobacteria, Bacteriodetes, Cyanobacteria, and Verrucomicrobia. Sixteen other 
phyla (including Chlorobi, Chloroflexi, Acidobacteria, Planctomycetes, and Firmicutes) were 
recorded in freshwater systems, but made up only 2.6% of the total sequences in the database.6 We 
expected to find all the most common phyla in the Tanganyika samples, but at varying abundances 
as Newton et al. predominately studied temperate lakes while Lake Tanganyika is tropical. Newton 
et al. also found that sequences from Tanganyika were more phylogenetically distinct from other 
members of their respective phyla, hinting at endemic populations of bacteria. In 2008, De Wever 
et al. found lower numbers of Actinobacteria, Alpha- and Betaproteobacteria and higher than 
average numbers of Chloroflexi and Gammaproteobacteria in Lake Tanganyika. Therefore, we 
expected similar findings.  

Having this previous scholarship on freshwater microbial systems provides a strong 
foundation upon which to build our understanding of Lake Tanganyika’s microbial communities. 
Lake Tanganyika has captivated scientists for decades due to the large yields of fish occurring in 
such a nutrient poor lake, but previous research has focused primarily on macroorganisms.7 This 
absence of microbial research is primarily due to inadequate methods of studying microbes and 
the inaccessibility of the lake bottom. New methods, such as Illumina MiSeq, allow for a better 
understanding of BCC via 16S amplicon gene sequencing.8 Equipment has also been developed 
that can reach the lower depths of Lake Tanganyika, allowing for the collection of samples down 
to 1200 m. The combination of these advancements allows scientists to examine the microbial 
composition of the lake as well as the metabolic capabilities of the microbial community. We 
expected to find similar heterogeneity between bacterial communities at different depths and 
locations in the lake as De Wever et al. found in their study; illustrating the complexity of microbial 



community across Lake Tanganyika.3 However, their study did not use advanced sequencing 
methods to analyze their samples, this study provides more detailed results on the BCC of the lake.    

Methods:  
Sample Collection:  
Sampling was done in the summers of 2013 and 2015 by our collaborator Peter McIntyre from the 
UW Zoology Department, who has been studying Lake Tanganyika since 1998. Samples were 
taken from two regions of the lake (Figure 1C & D), and ranged from 0 to 1200 m deep. Water 
was passed through 0.2 µm filters to collect bacterial cells for DNA extraction.   
 

Figure 1: These are a series of Google maps of Lake Tanganyika and the 2015 sampling sites, GPS 
locations were not taken in 2013. (A) is an image of the entire lake, (B) is a closer image of the 
study regions; Kigoma being the northern area surrounded in black and Mahale the southern square 
in red. (C) is an image of the Kigoma 2015 sampling sites while (D) is the 2015 Mahale sampling 

  

 

 



sites. The deep cast sampling profiles in each region are the markers located farthest from shore 
marked with black stars. The maps illustrate how the Mahale sites cover a much larger area than 
Kigoma.  
 
 
DNA Extraction:  

DNA extraction methods were tested using samples from Lake Mendota, WI to determine 
which method obtained the highest yield of DNA. Phenol chloroform extractions were compared 
against Biomedical’s FastDNA Spin Kit. The FastDNA Spin Kit was chosen to extract the 
Tanganyika samples as it contained less RNA, resulting in a cleaner product, while delivering a 
similar yield of DNA. Once DNA was extracted from the samples the amount of DNA was 
quantified using both a NanoDrop and a Qubit.9,10  

 
Sequencing:      

Extracted DNA and preserved whole water samples were submitted for 16S rRNA 
gene/metagenomic sequencing and single-cell sequencing, respectively, to the Department of 
Energy’s Joint Genome Institute (JGI). All sequencing was conducted using Illumina technology 
at JGI. A total of 96 samples were submitted for deep-coverage 16S rRNA gene amplicon 
sequencing, with bacterial PCR primers targeting the V4/V5 region of the gene. 

 
Analysis:           

16S rRNA gene amplicon sequences were analyzed using the program mothur and then 
further processed by using modified R scripts created by McMahon lab members.11 Using mothur 
through UW-Madison’s Center for High Throughput Computing (CHTC), unique sequences were 
grouped together, filtered, chimeras were removed, and then sequences were classified using the 
Silva database.12 Classified sequences were then clustered into operational taxonomic units 
(OTUs) once eukaryotes and mitochondria were removed. R scripts were implemented to further 
process the sequence data and create figures. Packages that were used include: OTUtable, 
phyloseq, ggplot2, and vegan. OTUtable and phyloseq were used to process the mothur outputs 
while ggplot2 and vegan were used for figure design. OTUs with fewer than two representatives 
across all samples were removed as they likely resulted from sequencing error. OTUs were then 
combined at the genus level and then normalized. These computational tools allowed me to 
compare the BCC throughout the various regions of Lake Tanganyika. 

Results:  
The depths of Lake Tanganyika revealed more diverse and even microbial communities 

than the surface (Figures 4 & 5). The dominance of Cyanobacteria in the surface samples likely 
led to these less diverse and less even communities, as Cyanobacteria regularly made up 30 – 40% 
of the surface community. Of the 50 most abundant operational taxonomic units (OTUs) in the 
surface and deep cast samples, there were 14 and 19 microbial phyla, respectively.  

High Bray-Curtis dissimilarity between samples from the surface and greater depths 
reinforces the strong influence of depth on microbial community structure (Figures 8, 9, & 10). 
The mean dissimilarity between the deep cast samples was 0.36 with a standard deviation of 0.17. 
The maximum dissimilarity, 0.83, was found between the 2015 surface sample and 200 m Kigoma 
2013 sample. The smallest dissimilarity, 0.075, was between the two 10 m Mahale replicates 
(Figure 10).  



Samples closer to the surface were very similar, specifically the 0 and 35 m samples from 
the Kigoma site, which had a dissimilarity of only 0.084. This is nearly identical to the 0.075 
dissimilarity between the 10 m replicates from the Mahale site. In both the Kigoma and Mahale 
sample sites, the 65 m samples were highly dissimilar compared to the other depths, with the lowest 
dissimilarity of 0.12 with the nearby Mahale 50 m sample (Figures 8 & 9). On average, the 65 m 
samples from Kigoma and Mahale had a dissimilarity of 0.36 and 0.46, respectively. However, the 
dissimilarity between the 65 m samples and the other depths may have been lessened due to the 
higher dissimilarities between the 2013 and 2015 samples (Figure 10). This dissimilarity suggests 
the microbial community at 65 m contained many OTUs from phyla not found, or found less 
abundantly, at other depths. Thaumarchaeota and Acidobacteria were two phyla found to have a 
much higher abundance in the 50 to 65 m zone (Figures 2 & 3). Another marked difference 
between the 50 and 65 m samples from the other depths was the high levels of nitrate found at the 
lower reaches of the oxic layer, indicating potential aerobic ammonia oxidation (Figures 6 & 7). 

We also identified many members of the candidate phyla radiation within our samples, 
such as Omnitrophica (formerly OP3) and TM6. Omnitrophica was even among the 50 most 
abundant OTUs in Lake Tanganyika. Thirteen OTUs were unable to be classified beyond their 
class, with one completely unclassified beyond the domain Bacteria (Figures 2 & 3). This 
unclassified organism was included in the 10 most abundant OTUs in the deep cast samples. We 
will be conducting single cell sequencing on the samples containing these organisms to gain further 
insight into the genetic material of these understudied specimens.  

 

 
Figure 2: The 50 most abundant operational taxonomic units (OTUs) from the Kigoma Deep Cast 
are shown in this stacked bar plot, all others were removed. Remaining OTUs were combined at 



the genus level and then normalized across samples. Less abundant OTUs were removed to make 
the plot easier to visualize. Black sections arise from numerous less abundant phyla. Numbers after 
the phyla names indicate the percent identity of the OTU to the Silva database. The stacked bar 
plot allows the visualization of trends in the microbial community between depths in Kigoma. 
 
 

 
Figure 3: The 50 most abundant OTUs from the Mahale Deep Cast site in Lake Tanganyika with 
“10a” and “10b” designating sample replicates. Only the 50 most abundant OTUs were kept; all 
others were removed. Remaining OTUs were combined at the genus level and then normalized 
across samples. Less abundant OTUs were removed to make the plot easier to visualize. Black 
sections arise from numerous less abundant phyla. Numbers after the phyla names indicate the 
percent identity of the OTU to the Silva database. The stacked bar plot allows the visualization of 
trends in the microbial community between depths in Mahale.  
 



 
Figure 4: The observed richness (A), Shannon Biodiversity (B), and Pielou’s Evenness (C) were 
calculated from the OTUs in each Kigoma Deep Cast sample. OTUs with fewer than two reads 
across all samples were removed, OTUs were combined at the genus level, and then the data 
were normalized. These alpha diversity metrics indicate that the microbial communities become 
more diverse and even as depth increases.  
 
 



 
Figure 5: The observed richness (A), Shannon Biodiversity (B), and Pielou’s Evenness (C) were 
calculated from the OTUs in each Mahale Deep Cast sample. OTUs with fewer than two reads 
across all samples were removed, OTUs were combined at the genus level, and then the data were 
normalized. The “10a” and “10b” indicate sample replicates. These alpha diversity metrics indicate 

that the microbial communities become more diverse and even as depth increases. 
 
 

 

 

 

  



 
Figure 6: Soluble reactive phosphorus (SRP) and nitrate (NO3) levels at the Kigoma Deep Cast 
site. Nutrient data was collected at the same depth and time as the biological samples. Note the 
large increase of NO3 at 65 m and the steady increase of SRP as depth increases. Oxygen levels 
are below detection after 136 m in the Edmond et al. 1993 study, which indicates aerobic ammonia 
oxidation may be occurring in the region directly above.  
 
 



 
Figure 7: Soluble reactive phosphorus (SRP) and nitrate (NO3) levels at the Mahale Deep Cast 
site. Nutrient data was collected at the same depth and time as the biological samples. Like in 
Kigoma, there is a large spike in NO3, this time at 50 m, and a steady increase of SRP as depth 
increases.  
 
 



 
Figure 8: Principle coordinate analysis (PCoA) plot of the Kigoma Deep Cast samples was 
calculated using Bray-Curtis dissimilarity. Samples that are more similar are closer together. The 
surface samples are clustered closely together as are the samples 100 m and deeper. The 65 m 
sample is separated from the other samples by a large distance, indicating it is highly dissimilar 
to the other samples.  

 



 
Figure 9: PCoA plot of the Mahale Deep Cast samples was calculated using Bray-Curtis 
dissimilarity. Samples that are more similar are closer together and the “10a” and “10b” refer to 
sample replicates. The surface replicates, as well as the 200 and 400 m samples, are clustered 
closely together. The 50 and 65 m samples are distinctly separated from both the rest of the 
samples and each other, indicating their high dissimilarity to the other samples.  
 
 



 
Figure 10: PCoA plot of all the deep cast samples, both from Mahale and Kigoma, was calculated 
using Bray-Curtis dissimilarity. Sample replicates are designated with “a” and “b.” As in the 
previous PCoA plots, depths closer to the surface are clustered closer together, highlighting their 
high similarity. Regardless of the region, depths closer to one another tend to be closer together. 
However, the Kigoma samples from 2013 appear to be more dissimilar to the samples collected in 
2015.  
 
 
Discussion:  
  The microbial communities within Lake Tanganyika roughly resemble communities 
documented in other lakes. All five of the most abundant freshwater bacterial phyla were found 
amongst the 50 most abundant OTUs in Lake Tanganyika. Actinobacteria were less abundant 
when compared to other lakes, but many previous studies have focused on bacterial community 
composition (BCC) in temperate lakes, while Lake Tanganyika is tropical.3 De Wever et al. also 
recorded a difference between the communities in the oxic and anoxic layers of the lake, but were 
only able to derive rough classifications with their methods. We found similar variation between 
oxic and anoxic microbial communities and have more detailed classifications due to the use of 
next generation sequencing. The most abundant phylum within Lake Tanganyika was 
Cyanobacteria, which was found at high levels in a majority of the samples. The high abundance 
of these organisms in the depths of Lake Tanganyika points to either sample contamination, 
misclassification, or the settling of surface cyanobacterial cells. While it is possible some surface 



water could have mixed with the deeper samples upon retrieval, these organisms may just be 
misclassified as Cyanobacteria by the Silva database. In order to determine whether there are 
indeed high levels of Cyanobacteria, metagenomic sequencing will be conducted on the deepest 
samples.  

In Lake Tanganyika, depth appears to heavily influence the makeup of microbial 
communities as lower depths contained more diverse communities with a higher evenness between 
OTUs (Figure 4 & 5). Depth exerts a considerable influence due to changes in nutrient levels, like 
soluble reactive phosphorus (SRP), which increased with depth while surface levels remained 
between 1 - 3 µg/L (Figures 6 & 7). As we only have SRP and nitrate measurements from the 2015 
study sites, it is difficult to link microbial population trends to specific nutrients. For future 
microbial studies, nutrient data should be collected alongside samples to provide more information 
about the study site. However, the depth of Lake Tanganyika makes collecting any samples 
difficult; just collecting the 1200 m sample took over an hour. The time-intensive nature of 
collecting these samples and the variability of lake conditions limited the number of nutrients 
collected. In place of our own data, nutrient trends can be inferred from a study by Edmond et al. 
Using their data, we can assume there are high amounts of ammonia and hydrogen sulfide in the 
depths of Lake Tanganyika.1 While this data was collected in 1993 and the sampling location in 
the Kigoma basin is farther northwest than our sampling site, the nutrient gradients should be 
relatively similar as these sites were both located in the northern basin. Future metagenomic studies 
could shed further light into which nutrients may be important to the microbial communities in 
Lake Tanganyika.  

One major trend noted by Edmond et al. was the decline of nutrient levels at and above the 
boundary between the oxic and anoxic zones. This is likely due to bacteria or archaea using the 
nutrients for energy production once in the presence of oxygen. Members of the phylum 
Thaumarchaeota, who are known for their abilities to oxidize ammonia, are shown to be more 
abundant in the 50 and 65 m samples.13 This high abundance and the large spike of nitrate 
concentrations at those same depths, leads us to the prediction that Thaumarchaeota are major 
ammonia oxidizers in Lake Tanganyika (Figures 2, 3, 6, & 7). Thaumarchaeota have been thought 
to possess metabolic capabilities other than aerobic ammonia oxidation, which is likely as in Lake 
Tanganyika they were also present in the anoxic depths (Figues 2 & 3).13 Nitrospirae, another 
phylum involved in the nitrogen cycle, was also found at an increased abundance in the 50 to 65 
m zone (Figures 2 & 3). These bacteria were also found in the lower depths, indicating that they 
are able to conduct processes other than nitrite oxidation or that they can replace oxygen with 
another electron accepter. The data also indicated the presence of anaerobic ammonia oxidation 
(anammox) bacteria in Lake Tanganyika, which belong to the phylum Planctomycetes. Both 
candidate genera Brocadia and Anammoximicrobium were identified in the anoxic regions, 
however the later was found at a very low abundance. The presence of these organisms, some of 
which have been identified in Lake Tanganyika by other studies, helps clarify the role microbes 
play in Lake Tanganyika’s nitrogen cycle.3,14,15  

Conclusion:  
Lake Tanganyika has been shown to contain similar microbial communities to other 

freshwater lakes, albeit at varying levels of abundance. The depths of the lake are more diverse 
and contain more even communities than those found closer to the surface. We found an 
unexpectedly high abundance of the Cyanobacteria Synechococcus throughout the lake’s water 

column, suggesting either sample contamination or misclassification. In either case, Cyanobacteria 
appear to be the major primary producer within Lake Tanganyika. Another highly abundant 



organism was LD12, an Alphaproteobacterium belonging to the SAR11 clade, whose members 
are extremely abundant in the ocean. Our findings also indicate that Thaumarchaeaota may play 
an important role in the oxidation of ammonia to nitrate. Other members of the nitrogen cycle were 
also discovered, including the nitrate oxidizer Nitrospira and the anammox bacteria Brocadia and 
Anammoximicrobium. To delve further into the metabolic workings of these communities, we will 
be completing metagenomic sequencing on the samples. This will allow us to investigate what 
genes are present in the communities and link metabolic functions to specific groups. Alongside 
the numerous well-documented phyla, we also discovered many unclassified OTUs. One of these 
could not be classified beyond the domain Bacteria and was in the 10 most abundant OTUs in the 
deep cast samples. Single cell amplified sequencing will be completed on whole water samples, 
which were collected alongside the filtered samples, to characterize these unknown organisms. 
Through fluorescence-activated cell sorting, we hope to isolate these abundant unclassified 
bacteria, as such a highly abundant organism likely plays a key role in the lake’s community. 
Despite the difficulty of sampling in such a deep lake, any future studies done on Lake Tanganyika 
should include more nutrient profile sampling since much of the nutrient data from previous 
studies may be outdated. It is critical that we study this unique lake as current climate trends 
threaten to alter the mixing patterns that sustain Lake Tanganyika’s high fish yields. These rich 
fisheries are crucial to the people living in the surrounding region and by understanding the 
microbial communities and their processes, we can hope to mitigate any future changes to this 
system.  

 

Acknowledgements:  
 I wanted to thank the McMahon Lab members for all their guidance, especially Katherine 
McMahon who was kind enough to give me this project. My mentors Alexandra Linz and Robin 
Rohwer gave me invaluable advice throughout this entire process and answered my endless 
questions. This project would not have been possible without the sample collection done by our 
collaborators Peter McIntyre and Ellen Hamann from UW-Madison Limnology and the Joint 
Genome Institute (JGI) who sequenced all the samples. The analysis of this large dataset would 
have been even more time consuming and problematic without the use of UW-Madison’s Center 
for High Throughput Computing. My final thanks go to my writing group members: Isaiah Stock, 
Samantha Dunn, and Story Sandy, as well as our coordinator Stephanie Larson, for all their great 
advice and help with the writing process.    
 
References:  

1. Edmond, J. M. et al. Nutrient chemistry of the water column of Lake Tanganyika. Limnol. 
Oceanogr. 38, 725–738 (1993). 

2. Corman, J. R. et al. Upwelling couples chemical and biological dynamics across the 
littoral and pelagic zones of Lake Tanganyika, East Africa. Limnol. Oceanogr. 55, 214–

224 (2010). 

3. De Wever, A. et al. Bacterial Community Composition in Lake Tanganyika : Vertical and 

Horizontal Heterogeneity. Society 71, 5029–5037 (2005). 

4. Inceoglu, O. et al. Distribution of Bacteria and Archaea in meromictic tropical Lake Kivu 
(Africa). Aquat. Microb. Ecol. 74, 215–233 (2015). 

5. Pflumio, C., Boulègue, J. & Tiercelin, J. J. Hydrothermal activity in the Northern 



Tanganyika Rift, East Africa. Chem. Geol. 116, 85–109 (1994). 

6. Newton, R. J., Jones, S. E., Eiler, A., McMahon, K. D. & Bertilsson, S. A guide to the 
natural history of freshwater lake bacteria. Microbiology and molecular biology reviews : 

MMBR 75, (2011). 

7. Pirlot, S., Vanderheyden, J., Descy, J.-P. & Servais, P. Abundance and biomass of 
heterotrophic microorganisms in Lake Tanganyika. Freshw. Biol. 50, 1219–1232 (2005). 

8. Caporaso, J. G. et al. Ultra-high-throughput microbial community analysis on the Illumina 
HiSeq and MiSeq platforms. ISME J. 6, 1621–1624 (2012). 

9. Mardis, E. & McCombie, W. R. Library Quantification: Fluorometric Quantitation of 
Double-Stranded or Single-Stranded DNA Samples Using the Qubit System. Cold Spring 
Harb. Protoc. (2016). doi:10.1101/pdb.prot094730 

10. ThermoScientific. NanoDrop: Assessment of Nucleic Acid Purity. Protoc. Prod. Manuals 
1–2 (2011). doi:10.7860/JCDR/2015/11821.5896 

11. Schloss, P. D. et al. Introducing mothur: Open-source, platform-independent, community-
supported software for describing and comparing microbial communities. Appl. Environ. 
Microbiol. 75, 7537–7541 (2009). 

12. Quast, C. et al. The SILVA ribosomal RNA gene database project: Improved data 
processing and web-based tools. Nucleic Acids Res. 41, (2013). 

13. Pester, M., Schleper, C. & Wagner, M. The Thaumarchaeota: An emerging view of their 
phylogeny and ecophysiology. Curr. Opin. Microbiol. 14, 300–306 (2011). 

14. Kraemer, B. M. et al. Century-long warming trends in the upper water column of lake 
tanganyika. PLoS One 10, 1–17 (2015). 

15. Schubert, C. J. et al. Anaerobic ammonium oxidation in a tropical freshwater system 
(Lake Tanganyika). Environ. Microbiol. 8, 1857–1863 (2006). 

 


