
Current Research in Microbial Sciences 2 (2021) 100066

Available online 10 September 2021
2666-5174/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Prokaryotic diversity and composition within equatorial lakes Olbolosat 
and Oloiden in Kenya (Africa) 

Catherine Wachera Kiama a, Moses Mucugi Njire a, Anne Kelly Kambura c, 
Julius Ndirangu Mugweru d, Viviene Njeri Matiru a, Eliud Nalianya Wafula e, 
Robert Nesta Kagali b, Josiah Ochieng Kuja a,* 

a Department of Botany, Jomo Kenyatta University of Agriculture and Technology, P. O. Box 62000-00200 Nairobi, Kenya 
b Department of Zoology, Jomo Kenyatta University of Agriculture and Technology, P. O. Box 62000-00200 Nairobi, Kenya 
c School of Agriculture, Earth and Environmental Sciences, Taita Taveta University, P. O. Box 635-80300 Voi, Kenya 
d School of Pure and Applied Sciences, University of Embu, P. O. Box 6 -60100, Embu, Kenya 
e Department of Physical and Biological Sciences, Bomet University College, P.O Box 701-20400, Bomet Kenya   

A R T I C L E  I N F O   

Keywords: 
Prokaryotic 
16S rRNA gene 
Environmental factors 
Illumina sequencing 
Equatorial lakes 

A B S T R A C T   

Total community 16S rDNA was used to determine the diversity and composition of bacteria and archaea within 
lakes Olbolosat and Oloiden in Kenya. The V3-V4 hypervariable region of the 16S rRNA gene was targeted since 
it’s highly conserved and has a higher resolution for lower rank taxa. High throughput sequencing was performed 
on 15 samples obtained from the two lakes using the Illumina Miseq platform. Lakes Olbolosat and Oloiden 
shared 280 of 10,523 Amplicon Sequence Variants (ASVs) recovered while the four sample types (water, mi-
crobial mats, dry and wet sediments) shared 4 ASVs. The composition of ASVs in lake Olbolosat was highly 
dependent on Cu+, Fe2+, NH4

+, and Mn2+, while L. Oloiden was dependent on Mg2+, Na+, Ca2+, and K+. All the 
alpha diversity indices except Simpson were highest in the dry sediment sample (EC1 and 2) both from lake 
Oloiden. The abundant phyla included Proteobacteria (33.8%), Firmicutes (27.3%), Actinobacteriota (21.2%), 
Chloroflexi (6.8%), Cyanobacteria (3.8%), Acidobacteriota (2.8%), Planctomycetota (1.9%) and Bacteroidota 
(1.1%). Analysis of similarity (ANOSIM) revealed a significant difference in ASV composition between the two 
lakes (r = 0.191, p = 0.048), and between the sample types (r = 0.6667, p = 0.001). The interaction network for 
prokaryotic communities within the two lakes displayed Proteobacteria to be highly positively connected with 
other microbes. PERMANOVA results suggest that temperature controls the functioning of the two ecosystems.   

1. Introduction 

Lake Olbolosat is an endangered freshwater lake and the only lake in 
Central Kenya, Africa. It is a drainage wetland lake that was formed by 
down warping and it’s among the lakes in Kenya outside the rift valley. 
The freshwater lake supports the livelihoods of communities, wildlife 
and livestock and it forms the headwaters for Ewaso Nyiro river to 
Thomson’s falls in Nyahururu town. However, the lake has been expe-
riencing massive shrinking attributed to anthropogenic activities 
(Wafula and Murunga, 2020). Lake Oloiden is a satellite of L. Naivasha 
(Maina et al., 2018). This lake is hydrologically closed and the evapo-
ration in the lake leads to water loss while the rise in the lake is brought 
by the rainfall and via a peninsula from lake Naivasha (Luo et al., 2017). 
The two endorheic (terminal) lakes are ecosystems that are highly rich 

in the resources and conditions available for microbial growth (Kiama 
et al., 2021). 

Studies on bacterial/archaeal communities within endorheic lake 
ecosystems are important in acquiring knowledge about the bacterial/ 
archaeal diversity and composition of microbial genetic resources, pat-
terns of microorganisms, the functional role of microbial diversity and 
the regulation of microbial diversity (Yang et al., 2016). Numerous 
studies of prokaryotic communities have been done on different natural 
habitats in Kenya but despite this, exploitable microbial diversity is not 
exhaustive, and microorganisms represent the largest reservoir of un-
tapped biodiversity (Mwirichia et al., 2011; Kambura et al., 2016; 
Ghilamicael et al., 2017). Bacteria and archaea are unique microbial 
communities of prokaryotic taxon groups that are important in the 
functioning of a lake ecosystem (Silveira et al., 2020). Prokaryotes play 
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an important role in the decomposition of organic material into nutri-
ents taken as food by other organisms and controlling the quality of 
water in the lake (Zhang et al., 2019). They are also important in 
balancing between respiration and photosynthesis in the natural cycles 
of oxygen, carbon, sulfur and metals (Silveira et al., 2020). However, a 
large range of abiotic and biotic factors influences microbial commu-
nities which affect their diversity, abundance, composition, distribution, 
processes and existence within these ecosystems. Environmental factors 
have been reported to promote the diversity of microorganisms. Endo-
rheic lakes of the tropics exhibit considerable variation in their hydro-
geology due to climate change. These lakes experience phases of being 
flooded with freshwater to salinity or even dried out caused by evapo-
ration and anthropogenic activities (Luo et al., 2017). 

Prokaryotic communities obtained from water, mats, wet and dry 
sediments play a very important role within saline-alkaline lakes. 
However, due to the complexity of the culture-dependent techniques, 
only a limited number of prokaryotes have been extensively studied 
(Kambura et al., 2016). Marker gene sequencing is fast and obtains 
community/ taxonomic distribution profile or fingerprinting using PCR 
amplification and sequencing of evolutionarily conserved marker genes. 
The taxonomic distribution can be associated with metadata derived 
from the sampling sites under investigation (Paul et al., 2016). 
High-throughput sequencing is used widely to study the diversity and 
composition of prokaryotic communities. Taxonomic analysis of bacte-
ria and archaea is regularly performed using Illumina sequencing (Oulas 
et al., 2015). The higher resolution resulting from Amplicon Sequence 
Variants (ASVs) also known as Exact Sequence Variant (ESVs) are 
inferred unique sequences present in the original sample, after correct-
ing for sequencing and PCR errors. The ASVs method was adopted in this 
study since the method has combined the benefits for subsequent anal-
ysis of closed-referencing and de novo Operational Taxonomic Units 
(OTUs). Replacing the traditional OTUs with ASVs makes marker gene 
sequencing reusable, more precise, reproducible, high resolution and 
comprehensive. (Callahan et al., 2017). Callahan et al. (2017) reported 
that the ASV method deduces the biological sequences in the sample 
before the introduction of amplification and sequencing errors, and 
distinguishing sequence variants. This is the first culture-independent 
study for the microbial diversity and composition within lakes Olbolo-
sat and Oloiden. In addition, we sought to evaluate the environmental 
factors shaping characteristics of microbial taxa within these 
ecosystems. 

2. Material and methods 

2.1. Study sites 

Lake Olbolosat a freshwater body is 43 Km2. The lake is located at a 
longitude of 36◦ 26′E and a latitude of 0◦ 09′S in the central part of 
Kenya, Nyandarua county. The lake is wedged in shape and is found at 
an altitude of about 2340 m above sea level (a.s.l.) (Wafula and Mur-
unga, 2020). It records a pH of 7 and temp of 22◦C annually. Samples 
were collected from five different locations at lake Olbolosat. 1: 0◦ 8′

43.008′’ S, 36◦ 26′ 26.664′’ E and 2338 m a.s.l., 2: 0◦ 10′ 45.264′’ S, 36◦

26′ 46.392′’ E and 2335 m a.s.l. 3: 0◦ 4′ 38.352′’ S, 36◦ 24′ 58.068′’ E 
and 2336 m a.s.l. 4: 0◦ 9′ 28.98′’ S, 36◦ 25′ 56.712′’ E and 2347 m a.s.l. 
5: 0◦ 7′ 26.976′’ S, 36◦ 25′ 49.224′’ E and 2339 m a.s.l. Lake Oloiden a 
saline-alkaline water body is about 4-7.5 Km2. Lake Oloiden becomes 
fresh when the water overflows from L. Naivasha during the rain seasons 
(Luo et al., 2017). The lake is located at a latitude of 0◦ 48′S and 36◦

16′E. Lake Oloiden is located at 1995 meters above sea level and it re-
cords a pH of 9 and a temperature of 25◦C annually. Samples were 
collected from four different points; 1:0◦ 47′ 59.496′’ S, 36◦ 16′ 45.444′’ 
E and 1885 m a.s.l., 2: 0◦ 49′ 6.744′’ S, 36◦ 15′ 49.392′’ E and 1890 m a. 
s.l. 3: 0◦ 48′ 33.66′’ S, 36◦ 16′ 36.624′’ E and 1884 m a.s.l. 4: 0◦ 49′

32.772′’ S, 36◦ 16′ 38.748′’ E and 1895 m a.s.l. 

2.2. Measurement of physical parameters 

The geographical position for the sampling sites in terms of longi-
tude, latitude and elevation were taken using Global Positioning System 
(GARMIN eTrex 20, USA). The onsite metadata for total dissolved solids 
(TDS), dissolved oxygen (DO), electrical conductivity (EC) and tem-
perature for each sampling point were measured using an Electrical 
Chemical Analyzer (Jenway – 3405, UK). The pH was measured with a 
portable pH-meter (Oakton pH 110, Eutech Instruments Pty. Ltd, USA) 
and confirmed with indicator strips (Merck, range 5-10) (Supplementary 
Table S1). 

2.3. Sample collection 

Water, microbial mats, wet, and dry sediments samples were 
randomly collected in triplicates. This was done by scooping wet and dry 
sediments with a hand shovel into sterile 1000ml plastic containers. 
Approximately upper 5mm microbial mats were scraped off using a 
sterile shovel into 1000ml containers. The sterile plastic containers 
(1000ml) were also used to fetch water from both lakes. All samples 
were transported at 4◦C to Jomo Kenyatta University of Agriculture and 
Technology laboratories for analysis. 

2.4. Chemical analysis of the water, microbial mats, dry and wet samples 

The chemical properties (calcium, ammonium, sodium, magnesium, 
copper, iron, manganese, zinc, potassium, nitrate, nitrite, phosphate, 
sulfate, bicarbonate, chloride and fluoride) of the water, mats, dry and 
wet samples collected from lakes Olbolosat and Oloiden were analysed 
as described by Dawood and Sanad, (2014). Cations such as Cu+, Fe2+, 
NH4

+, Mn2+, Mg2+, Na+, Ca2+, K+ were analyzed using Atomic Ab-
sorption Spectrophotometry (AAS) while anions such as F− , NO2

− and 
PO4

3− SO4
3− , HCO3

− , and Cl− were analyzed using Mass spectrometry. 

2.5. Environmental nucleic acid extraction 

The water samples (approximately 500ml) for nucleic acid extraction 
were filtered using a 0.22μM microfilter (Whatman) and filter papers. 
The obtained samples were centrifuged at 10,000 × g for 10 min. Pellets 
obtained were resuspended in 5ml of phosphate buffer saline solution. 
The pellets were placed in 2ml Eppendorf tubes and stored at -75◦C 
ready for DNA extraction. DNA was extracted from 0.5g of the microbial 
mat, dry and wet sediment separately. DNA from all samples were 
differently extracted using DNeasy® Powersoil® Kit (Qiagen, USA) 
following the standard manufacturer’s protocol. The extracted DNA 
samples were quantified using a Nano™Drop 2000/c Spectrophotom-
eter (Thermo Fisher Scientific, Waltham, MA, United States) and eval-
uated with 1.5% agarose gel. 

2.6. Amplicon library preparation 

The conserved sequences flanking the hypervariable V3-V4 region of 
the 16S rRNA gene served as primer sites to generate PCR amplicons. 
The sequencing libraries were generated according to the 16S Meta-
genomic Sequencing library preparation part # 15044223 Rev. B using a 
Herculase II Fusion DNA polymerase Nextera XT Index kit v2 according 
to the manufacturer’s protocol (Illumina). The following primers were 
used; 341 F (5′- GTGCCAGCMGCCGCGGTAA-3′) that had barcode and 
806R (5′- GGACTACHVGGGTWTCTAAT-3′) according to (Caporaso 
et al., 2012). The amplicon libraries were constructed under the 
following PCR conditions: initial denaturation at 94◦C for 3 minutes, 
followed by 30 cycles of denaturation at 94◦C for 30 seconds, annealing 
at 53◦C for 40 seconds and extension at 72◦C for 1 minute, and final 
elongation at 72◦C for 5 minutes. The quality of PCR products was 
assessed on 1.2% agarose gel to determine whether the amplification 
was successful. Multiple samples tagged with different barcodes were 
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pooled together in equimolar ratios based on their DNA concentrations 
from the gel results. Pooled samples were purified to remove adapters 
using calibrated AMPure XP magnetic beads. The prepared libraries 
were sequenced with the Illumina Miseq platform at Macrogen, Inc. 
Seoul, South Korea). 

2.7. Sequence data analysis 

The amplicon library was purified and sequenced on an Illumina 
Miseq sequencing-by-synthesis (SBS) technology, a proprietary revers-
ible terminator-based platform (Macrogen, Inc. Seoul, South Korea). 
After sequencing, the barcodes and amplicon primer sequences were 
removed. Low-quality sequences were identified by denoising and 
filtered out of the dataset. Reads with <300 base pairs after phred20- 
based quality trimming, sequences with ambiguous base calls and 
those with homopolymer runs exceeding 5bp were removed (Reeder and 
Knight, 2010). The 16S rRNA high-throughput sequencing data was 
analyzed by following the workflow by Callahan et al., (2016a). The 
Divisive Amplicon Denoising Algorithm 2 (DADA2) pipeline that uses 
set of Illumina sequenced paired-end fastq files that have been demul-
tiplexed was used. The end product was Amplicon sequence variant 
(ASV) table (Prodan et al., 2020). Quality checking, filtering and trim-
ming of fastq files were performed using DADA2 v 1.16 package at 99.9 
% similarity level and 1% divergence of ASVs in R v 4.02. 
High-resolution ASVs were inferred after filtering the reads using the 
DADA2 pipeline (Callahan et al., 2016b). Taxonomy was assigned to 
ASVs based on the naïve Bayesian classifier against the Silva v138 
database. Demultiplexed high-quality sequence reads were deposited in 
the Sequence Read Archive, the National Centre for Biotechnology In-
formation with study accession number PRJNA723886 (Accessions 
SAMN18836534-SAMN18836548) freely available for download. 

2.8. Statistical analysis 

Statistical data was done using phyloseq v 1.32.0, tidyverse v 1.3.1, 
compositions v 2.0.1, vegan v 2.5.7, ALDEx2 v 1.20.0, ggcorrplot v 0.1.3, 
ggrepel v 0.9.1, and superheat v 0.1.0. The resulting ASVs were used to 
calculate alpha diversity indices (Observed, Chao1, ACE, Shannon, 
Simpson, and inverted Simpson). The package venerable v 3.1.0.9000 
was used to visualize the comparison of shared ASVs between the two 
lakes and sample types. Rarefaction curves were also visualized using 
the resulting ASVs to determine library sizes among the samples. IndVal 
function in the labdsv package (https://cran.r-project.org/web/package 
s/labdsv/labdsv.pdf) was used to identify taxon-habitat association 
patterns. IndVal function identifies taxa as an indicator species based on 
their independence abundance in the total data sets. 

Principal Component Analysis (PCA) was used to show the compo-
nent ordinations between the sample type and environmental factors 
using the prcomp function. Similarly, PCA and Hierarchical clustering of 
both the environmental factors and taxa were used to show the rela-
tionship in microbial community composition between samples. Cluster 
analysis of environmental factors and taxa were based on the Euclidian 
and Bray-Curtis dissimilarity, respectively. Function aldex.plot in pack-
age ALDEx2 v 1.20.0 was used to determine the differentially abundant 
ASVs and the significance was tested at we.ep < 0.05. Packages phylo-
seqGraphTest, Intergraph, gridExtra, and ggnetwork were used to visualize 
the co-correlation network patterns of the indicator ASVs in the study. 
Edge-weighted positive values indicated the co-correlation between the 
ASVs. 

One-way analysis of similarity (ANOSIM) and permutational multi-
variate analysis of variance (PERMANOVA) was used to explain the 
difference between taxa beta diversities and environmental factors. 
PERMANOVA was used to determine the effects of environmental fac-
tors and nutrients on the distribution of microbial communities based on 
standardized categories with 999 permutations. Pearson’s correlation 
coefficient analysis between environmental factors and microbial 

community structure was based on the product-moment correlation on 
variance-stabilizing transformed counts. The significance of the pre-
dictor environmental factors was tested using Mantel test. 

3. Results 

3.1. Characteristics of sampling sites 

The sampling sites were selected based on distinct physicochemical 
parameters and location. All the physicochemical concentrations varied 
between sampling sites and locations. Hierarchical clustering of physi-
cochemical parameters of water samples using Euclidean distance ma-
trix revealed two distinct clusters according to geographical location 
and chemical concentrations (Supplementary Figure 1). The pH (H2O) 
concentrations ranged between 9.1 to 10.6 in L. Oloiden and 7.3 to 8 in 
L. Olbolosat. Bicarbonates and chlorides were distinctly clustered due to 
their high concentrations across the sites. The concentration of bicar-
bonate ranged between 668ppm to 939.7ppm and 190ppm to 246.3ppm 
in Lakes Oloiden and Olbolosat, respectively. Concentrations of Chlo-
rides ranged between 1062ppm to 1875.7ppm and 486ppm to 560ppm 
in Lakes Oloiden and Olbolosat, respectively. The concentration of 
Sulfate ions, Sodium ions, and Potassium ions also influenced the hier-
archical cluster into distinct geographical locations. Levels of Sulfate 
ions ranged between 65.3ppm to 79.4ppm in L. Oloiden. This was 
averagely higher than the concentration of Sulfate ions (38.3ppm to 
81.4ppm) in L. Olbolosat. The concentration of Sodium ions ranged 
between 71ppm to 111.3ppm and 20.5ppm to 84ppm in Lakes Oloiden 
and Olbolosat, respectively. Consequently, the concentration of Potas-
sium ions ranged between 0.2ppm to 83.6ppm and 0.3ppm to 33ppm in 
Lakes Oloiden and Olbolosat, respectively. Zinc and Manganese were 
highly concentrated in L. Olbolosat (0.1 – 68.5ppm and 0.4 – 58.1ppm, 
respectively) than L. Oloiden (0 0.9ppm and 0.1 – 0.5ppm, respectively). 
Ammonium, Nitrate, TDS, and DO concentration were, however, 
homogenously distributed across the lakes and between sampling sites 
(Supplementary Figure 1) 

3.2. Diversity of prokaryotic communities 

We obtained a total of 274,892 sequence reads after removing chi-
meras from 15 DNA amplicon data sets. Total ASV richness at 1% dis-
tance amounted to 10,523 ASVs distributed among 17 highly abundant 
phyla and 54 highly abundant genera. The ASV per data set ranged 
between 1 and 392 (Supporting Information S1). Out of the 10,523 
ASVs, 280 (2.66%) ASVs were shared between lakes Oloiden and 
Olbolosat. Consequently, lakes Oloiden and Olbolosat constituted 4973 
(47.27%) ASVs and 5271 (50.09%) ASVs, respectively (Fig. 1a). The 
distribution of shared ASVs between sample types revealed an overlap 
between water and wet sediments in L. Olbolosat. Dry sediments and the 
microbial mat had the lowest overlap in the same lake (Fig. 1b). Wet 
sediments and mat had the greatest overlap while dry sediment and mat 
had the lowest overlap in L. Oloiden (Fig. 1c). Overall, wet sediments 
and dry sediments shared a larger number of ASVs while dry sediment 
and mat had the lowest overlap across lakes Olbolosat and Oloiden 
(Figure 1d). Further, the high overlap between sample types was sup-
ported by the ANOSIM that revealed a significant difference in ASV 
composition between the two lakes (r = 0.191, p = 0.048), and between 
the sample types (r = 0.6667, p = 0.001). 

3.3. Alpha-diversity 

Alpha diversity indices were significantly (p < 0.05) different 
among samples (Supplementary Figure 1 and Table 1). The number of 
sequences per sample ranged between 2730 to 34827 with a mean value 
of 18326.13 and 12533.76 standard deviations (Table 1). Dry sediments 
from both lakes had the highest number of sequences ZC1 and EC1 
(Table 1). All the indices except Simpson were highest in the dry 
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sediment sample (EC1) followed by the dry sediment sample (EC2) both 
from lake Oloiden. The lowest alpha diversity was in the water sample 
(EA2) from lake Oloiden) (Supplementary Figure 2 and Table 1). The 
rarefaction curve also supported the difference in α-diversity since 
species diversity was highest in the dry sediment sample (EC1). The 
rarefaction curves were generated based on ASVs at 99.9% similarity 
and they supported the difference in α-diversity indices since species 
diversity was highest in the dry sediment (ZC1) and lowest in the water 
sample EA1 (Supplementary Figure 3). The rarefaction curves also 
indicated that all the sites were far from being exhaustively sampled. 

3.4. Abundance of the prokaryotic taxa 

Composition analysis of the 16S rRNA ASVs comprised of the 
kingdom Bacteria (88.24%) and Archaea (11.76%). These results 

suggest that bacteria were the dominant taxa and the prominent phyla 
were Proteobacteria (33.8%), Firmicutes (27.3%), Actinobacteriota 
(21.2%), Chloroflexi (6.8%), Cyanobacteria (3.8%), Acidobacteriota 
(2.8%), Planctomycetota (1.9%), Bacteroidota (1.1%), Deinococcota 
(0.16%), Gemmatimonadota (0.16%), Verrucomicrobiota 61(0.12%), 
Bdellovibrionota (0.12%), Armatimonadota (0.12%), Patescibacteria 
(0.1%), and Campilobacterota (0.05%). The prominent Archaea phyla in 
the prokaryotic composition were Halobacterota (0.14%), and Eur-
yarchaeota (0.06%). The remaining 0.93% were occupied by other less 
abundant phyla (<0.002%) phyla (Figure 2). Though Proteobacteria 
was the dominant phyla in the bacterial kingdom, the trend changed 
between sample types. For instance, the microbial mat samples were 
dominated by the Firmicutes (66.3%) against Proteobacteria (15.6%) 
(Supporting Information S2 and Fig. 2). The dominant phylum Proteo-
bacteria was represented by two classes, α-Proteobacteria (75.3%) and 

Fig. 1. a) The distribution of shared ASVs between lakes Olbolosat and Oloiden b) Distribution of ASVs between sample types in lake Olbolosat c) Distribution of 
ASVs between sample types in lake Oloiden d) Distribution of ASVs between sample types in both lakes. 

Table 1 
Alpha diversity indices computed on all ASVs-based microbial taxonomic units within 16S rRNA.  

Site Number of Sequences Observed Chao1 ACE Shannon Simpson InverseSimpson 

EA1 2730 197 224.029 240.110 4.627 0.986 71.759 
EA2 3344 212 222.150 236.312 4.832 0.990 96.863 
EB1 26691 1181 1205.265 1238.172 6.375 0.997 342.655 
EB2 16645 933 989.953 1053.067 6.181 0.997 351.963 
EC1 33878 1331 1357.750 1401.321 6.696 0.998 623.953 
EC2 28223 1259 1291.659 1343.116 6.624 0.998 582.833 
ED1 5223 293 300.065 307.122 5.136 0.991 117.433 
ED2 6495 343 352.220 360.925 5.492 0.995 201.261 
ZA1 5146 379 400.468 415.263 5.309 0.993 142.890 
ZA2 28819 1164 1189.084 1224.216 6.446 0.998 415.700 
ZB1 29579 1220 1237.243 1270.553 6.555 0.998 525.634 
ZB2 23268 1015 1023.797 1051.801 6.402 0.998 465.894 
ZC1 34827 1187 1219.591 1245.735 6.569 0.998 531.790 
ZC2 26807 886 897.938 916.577 6.271 0.998 406.068 
ZD2 3217 229 255.640 255.299 4.912 0.990 100.626  
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γ-Proteobacteria (24.7%) that constituted 38 and 19 families, respec-
tively (Supporting Information S3). Among the abundant families 
belonging to class α-Proteobacteria were Xanthobacteraceae (18.3%), 
Rhodobacteraceae (12%), Sphingomonadaceae (11.5%), and Berinckiaceae 
(9.3%). Among the abundant families that belonged to class γ-Proteo-
bacteria were Pseudomonadaceae (35.4%), Moraxellaceae (26.6%), 
Comamonadaceae (15%), and Oxalobacteraceae (6.9%). The abundant 
archaea were represented by four classes, Methanobacteria (33.3%), 
Methanocellia (28.6%), Methanosacinia (23.8%), and Methanomicrobia 
(14.3%) (Supporting Information S3). 

Firmicutes was the second most abundant phylum that represented 
by class Clostridia and four families Peptostreptococcaceae (74%), Clos-
tridia (20%), Lachnospiraceae (4%), and Peptostreptococcales-Tissier-
ellales_fa (2%). Class Clostridia dominated wet sediments from Lake 
Olbolosat (wet sediment, 15.54-28.66%; Dry sediment, 0.65-13.3%; 
water, 0.14-5.66%) compared to Lake Oloiden wet sediments (wet 
sediment, 5.58-8.01%; Dry sediment, 0.68-7.96%; water, 0.49-3.16%). 
Clostridia were, however, highly abundant in Lake Oloiden microbial 
mat samples (4.08-5.96%) compared to the Lake Olbolosat microbial 
mat samples (0-0.13%). Dominant families, Peptostreptococcaceae 
dominated microbial mat samples (1-3.1%). Lachnospiraceae dominate 
wet sediment (1%), and microbial mat (1.8%), while Peptos-
treptococcales-Tissierellales_fa dominated the mat (1.1%). 

The phylum Actinobacteriota was the third (Fig. 2) most abundant 
between the sample types and it was represented by five classes. Among 
the dominant classes were Actinobacteria (78.6%) and Acidimicrobiia 
(15.6%) (Supporting Information S3). Actinobacteria were highly abun-
dant in L. Oloiden (Dry sediment, 9.38-16.61%; wet sediment, 0.44- 
14.57%; water, 9.5-14.56%; microbial mat, 0.05-0.23%) compared to L. 
Olbolosat (Dry sediment, 1.79-4.16%; wet sediment, 5.15-8.4%; water, 
0.54-13.8%; mat, 0-0.82%). The abundance of class Acidimicrobiia var-
ied between sample types across the two lakes. They were highly 

dominant in the L. Oloiden water samples (water, 3.18-54.49%; wet 
sediment, 0-5.75%; Dry sediment, 4.12-5.38%; mat, 0-0.31%) compared 
to L. Olbolosat water samples (water, 0.49-7.29%; wet sediment, 5.4- 
8.69%; Dry sediment, 1.04-3.61%; mat, 0-0.25%) (Supporting Infor-
mation S3). 

Phylum Chloroflexi was the fourth most dominant represented by 
class Anaerolineae (45.7%), Chloroflexia (44.6%), and Ktedonobacteria 
(9.5%) (Supporting Information S3). Class Anaerolineae was abundant in 
L. Olbolosat (2.2-34.18%) compared to L. Oloiden (0-0.84%). They were 
associated with dry sediments (34.18%), water samples (23.5%), wet 
sediments (13.14%), lower abundance was associated with microbial 
mat samples (0-0.84%). Class Chloroflexia was highly abundant in L. 
Oloiden (Dry sediment, 6.95-15.23%; wet sediment, 0.05-14.51%; 
water, 7.01-8.36%; mat, 0.00-3.46%) compared to L. Olbolosat (Dry 
sediment, 0.89-9.83%; wet sediment, 10.63-12.26%; water, 0.08- 
10.71%; mat, 0.05%). Similarly, class Ktedonobacteria was highly 
abundant in Lake Oloiden (Dry sediment, 1.03-52.82%; wet sediment, 
0.0-9.44%; water, 0.0-35.09%; microbial mat, 0%) compared to L. 
Olbolosat (Dry sediment, 0%; wet sediment, 0.34-0.51%; water, 0.0- 
0.77%; mat, 0.0%). 

Indicator species analysis using lambdsv package revealed most 
genera affiliated to major phyla were associated with wet sediments, dry 
sediments, and microbial mat samples across lakes Olbolosat and Oloi-
den (Supplementary Table 1). The representatives of the genera asso-
ciated with the wet sediments were distributed among Proteobacteria 
(Bradirhizobium, Sphingomonas, p <0.05), Firmicutes (Clos-
tridium_sensu_stricto_10, Exiguobacterium, p <0.05), Actinobacteriota 
(Pseudonocardia, Streptomyces, p <0.05), Chloroflexi (Anaerolinea, p 
<0.05), and Acidobacteriota (Candidatus_Solibacter, Bryobacter, p 
<0.05) (Supplementary Table 1). Genus Anaerolinea was the indicator 
species in the wet sediments with an indicator value of 0.88 and it was 
closely followed by genus Clostridium_sensu_stricto_10 at a 0.76 indicator 

Fig. 2. Relative abundance of the most predominant phyla in various sample types collected within Lakes Olbolosat and Oloiden.  
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value. Genus Candidatus_Solibacter was the indicator species in dry 
sediments with an indicator value of 0.84, while Exiguobacterium was the 
indicator species in the microbial mat with an indicator value of 0.98 
(Supplementary Table 1 and Fig. 3). The frequency of indicator species 
ranged between 6 to 10. Genera belonging to phylum Firmicutes 
(Clostridium_sensu_stricto_10 and Exiguobacterium) were represented with 
the highest (10) and lowest (6) frequency in wet sediments and micro-
bial mat, respectively (Supplementary Table 1). 

3.5. Bacterial/Archaeal community composition and correlation with 
environmental factors 

Principal Component Analysis indicated that community composi-
tions were clustered according to the locations (Lakes) of the sampling 
sites (Fig. 4a). Microbial community compositions were also clustered 
based on the sample types across the lakes (Fig. 4b-4d). The distribution 
of the ASVs in lake Olbolosat was associated with Cu+, Fe2+, and Mn2+, 
while the distribution of ASVs in lake Oloiden was associated with Mg2+, 
Na+, and K+ (Fig. 4a). The concentration of anions F− were associated 
with the distribution of ASVs in the wet sediments while the distribution 
of ASVs in the water samples and dry sediments were associated with 
NO2

− and PO4
3−

, respectively. The concentration of SO4
3 − , HCO3

− , and 
Cl− were positively associated with water samples (Fig. 4b). The con-
centration of TDS and DO were associated with the distribution of ASVs 
in water samples, while the distribution of ASVs in dry sediments sam-
ples were associated with the electrical conductivity and temperature 
(Fig. 4c). Similarly, the distribution of the ASVs between water and 
microbial mat samples was associated with NH4

+, Na+, and Mg2+, while 
Fe2+ concentrations were associated with the water and wet sediments. 
Mn2+ and Cu+ were distinctly associated with dry sediments and mi-
crobial mat, respectively. Potassium ions (K+) were, however, associ-
ated with the microbial mat samples (Fig. 4d). 

The effects of environmental factors on the prokaryotic diversity and 

community composition were supported by the Permutation Multivar-
iate Analysis of Variance (PERMANOVA). Nine out of the seventeen 
factors strongly influenced the variation between samples and distri-
bution of ASVs with R2 ranging from 0.38 to 0.71 and p < 0.05 (Table 2). 
The effect of temperature on the ASV distribution in water sample was 
about two times (R2 = 0.71, p = 0.002) the impact of nitrite (R2 = 0.38, p 
= 0.045). The distribution of ASVs in the microbial mat and water 
samples were strongly influenced by the Magnesium (R2 = 0.70, p =
0.005), while the distribution of ASVs and sample variations in the wet 
sediment were influenced by Manganese (R2 = 0.58, p = 0.008). A 
subset analysis of a correlation between the ions and the ASVs revealed 
Magnesium and Manganese as the greatest predictors of microbial 
community structures (r = 0.39). Further, analysis of environmental 
factors also revealed dissolved oxygen (DO) and Temperature as the best 
predictors (r = 0.17) of microbial community structures in dry sedi-
ments and water samples, respectively. Consequently, the subset anal-
ysis of a correlation between the cations and ASVs revealed sulfate as the 
predictor of the distribution of microbial community structure in the 
microbial mat and water samples (r = 0.17). However, Mantle statistical 
test Pearson’s product-moment correlation did not show any significant 
correlation between community similarity and spatial proximity to each 
of the environmental factors. Ordination cluster analysis showed that 
sample types clustered according to the composition of microbial com-
munity structure. Sample types with similar microbial community 
structures clustered together, while those with unique community 
structures clustered independently or further away (Fig. 5). 

The clustering and distribution of ASVs were also supported by the 
hierarchical clustering in which samples were clustered according to the 
sample types. The hierarchical cluster of the highly abundant ASVs also 
indicated that major phyla and minor phyla clustered separately 
(Fig. 6). The ordination and hierarchical cluster results were signifi-
cantly (r = 0.07143, p = 0.041) supported by the ANOSIM. Further, 
aldex.ttest and aldex.effect functions revealed a total of 5 differentially 

Fig. 3. Indicator species within lake Olbolosat and Oloiden at the genus level.  
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abundant (we.ep < 0.05) ASVs from 70 indicators ASVs between the 
sample types (Supplementary Table 2). Most ASVs were, however, non- 
differentially abundant across the samples. The differentially abundant 
ASVs formed 7.1% of the total indicator ASVs from the sampling sites. 
Similarly, an evaluation of the ASV correlation at the phylum level 
revealed a positive co-correlation network pattern of the indicator ASVs 
(Supplementary Figure 4). Among the 5 differentially abundant ASVs, 
80% belonged to phylum Actinobacteriota and 20% belonged to phylum 
Proteobacteria. Further, the differentially abundant ASVs were classified 
down to genus level representing phylum Actinobacteriota; Pseudar-
throbacter (40%), Paracoccus (20%), Micromonospora (20%), and phylum 
Proteobacteria; Methylosistis (20%) (Supporting Information S3). 

4. Discussion 

4.1. Alpha diversity 

The study revealed that prokaryotic diversity in lake Oloiden was 
lower than that of lake Olbolosat. These lakes are distinguished by their 
salinity and freshness as in lake Oloiden and lake Olbolosat, respec-
tively. Prokaryotic biodiversity results were in accordance with studies 
by (Luo et al., 2017) who reported that microbial diversity of soda lakes 
is normally lower than that of freshwater ecosystems. The number of 

Fig. 4. Principal component analysis based on a Bray-Curtis similarities matrix between sample types and environmental factors. (a) Ordination of Lakes and cations. 
(b) Ordination of anions and sample types. (c) Ordination of physical parameters and sample types. (d) Ordination of cations and sample types. 

Table 2 
Results from individual PERMANOVA analyses on selected environmental fac-
tors, using Pearson’s product-moment correlation on variance-stabilizing 
transformed counts.  

Factor R2 p 

Temperature (Temp) 0.71 0.002** 
Magnesium (Mg2+) 0.70 0.005** 
Manganese (Mn2+) 0.58 0.008** 
Bicarbonate (HCO3

− ) 0.56 0.005** 
Sulphate (SO4

3 − ) 0.54 0.007** 
Chloride (Cl− ) 0.46 0.023* 
Total Dissolve Substances (TDS) 0.44 0.031* 
Dissolve Organic (DO) 0.42 0.042* 
Nitrite (NO2

− ) 0.38 0.045* 
Copper (Cu+) 0.31 0.123 
Electron Conductivity (Ec) 0.20 0.249 
Fluoride (F− ) 0.09 0.564 
Potassium (K+) 0.06 0.713 
Sodium (Na+) 0.04 0.778 
Ammonium (NH4

+) 0.04 0.786 
Iron (Fe2+) 0.00 0.782 
Phosphate (PO4

3− ) 0.00 0.993 

P values with an asterisk *are significant. 
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ASVs recovered was lower in water samples as compared to other 
samples. This is in line with studies by Cleary and Polónia (2018) who 
reported OTU richness being lowest in water biotope against sediments 
and microbial mats. We found that α-diversity indices across lake 
Olbolosat and lake Oloiden were similar to indices reported from other 
tropical lakes in the same latitude (Inceoʇlu et al., 2015). 

4.2. The abundance of the prokaryotic taxa 

Our study is additional study to the known recent extensive studies in 
Africa for microbial communities in extreme environments (Mwirichia 
et al., 2011; Kambura et al., 2016; Ghilamicael et al., 2017; Josiah et al., 
2018) . Though there are still limited studies on the prokaryotic diversity 
of the fast disappearing fresh and saline-alkaline ecosystems along the 
equator, the current study revealed the abundance of prokaryotic 
community structures similar to those determined along the equatorial 
ecosystems (Mwirichia et al., 2011; Inceoʇlu et al., 2015; Kambura et al., 
2016; Ghilamicael et al., 2017; Cleary and Polónia, 2018). The higher 
relative abundance of phyla Proteobacteria, Firmicutes, Actino-
bacteriota, Chloroflexi, Cyanobacteria, Acidobacteriota, Planctomyce-
tota and Bacteroidota comprised most of the observed taxa, perhaps 
indicating either that inland water ecosystems are similar regardless of 
seasons and geographical locations, or that high-level taxonomic 
assessment harbors important species-level variation (Mhuireach et al., 
2019). 

The phylum Proteobacteria was the predominant phylum observed 
among the samples across the two lakes, but was highly abundant in 
water samples. Proteobacteria are essential in the biodegradation and 
biogeochemical processes within the marine ecosystems (Huang et al., 

2017). Only α-Proteobacteria and γ-Proteobacteria are the abundant 
classes in the two lakes with α-Proteobacteria being the predominant 
class within the phylum Proteobacteria. The abundant α-Proteobacteria 
within lake Oloiden were recovered from the dry sediment samples as 
compared to wet sediments, water and microbial mats. Families (Xan-
thobacteraceae, Rhodobacteraceae, Sphingomonadaceae, and Berinck-
iaceae) that belong to the abundant α- and γ-Proteobacteria are beneficial 
partners in plant-microbe interactions, especially nitrogen fixation, 
legume nodulation and methanotrophic activities (Grube and Berg, 
2015). Pseudomonadaceae, Moraxellaceae, Comamonadaceae, and Oxa-
lobacteraceae that belong to γ-Proteobacteria are important in the 
biodegradation of low and high molecular weight organic matter in the 
ecosystem with low levels of oxygen concentration (Mahmoudi et al., 
2015). 

Similarly, α-Proteobacteria and γ-Proteobacteria are regarded as pri-
mary colonizers and they prepare the ecosystem for subsequent colo-
nization according to (Abed et al. 2019). They mutually coexist and 
establish a heterotrophic bacterial film in the mats. They sense envi-
ronmental signals such as NA+ flux in the surrounding water thereby 
shifting from motile to sessile lifestyle (Belas, 2014). Actinobacterota 
and Firmicutes are secondary colonizers depending on the nutrients, 
microbial, or decay products provided by the primary colonizers (Abed 
et al., 2019). The interaction between the primary and secondary col-
onizers such as competition, cooperation, mutual exclusion, limited 
dispersal or availability can result in a segregated pattern of biofilm 
formation by such microbes over time (Abed et al., 2019). 

The phylum Firmicutes was the second most abundant phylum 
recovered from lakes Olbolosat and Oloiden. They are ubiquitous in 
aquatic ecosystems probably due to their spores that quickly germinate 

Fig. 5. PCA ordination plot for all sample types, using Bray-Curtis dissimilarity distance, colored by sample type.  
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during favorable conditions (Kiama et al., 2021). Adherence of Firmi-
cutes to the surfaces could be a strategy used for survival and evolution 
as a community in the lake ecosystem (Prieto-Barajas et al., 2018). 
Firmicutes are also known to be good bio-degraders of organic pollut-
ants such as petroleum hydrocarbons polychlorinated biphenyl and 
hexahydro-1,3,5-trinitro-1,3,5-triazine (Zhang et al., 2015). Clostridia 
was the predominant class among Firmicutes retrieved from wet sedi-
ments within L. Olbolosat as compared to L. Oloiden. The trend, how-
ever, changed in lake Oloiden in which Clostridia were highly abundant 
in the microbial mats compared to lake Olbolosat. Dominant families in 
the class Clostridia were Peptostreptococcaceae in the microbial mat 
samples, Lachnospiraceae in the wet sediment, and mat, while Peptos-
treptococcales-Tissierellales_fa dominated the mat samples. Earlier studies 
have reported Clostridia species as precursors for sulfate reduction. They 
are also important in the anaerobic decomposition of organic matter in 
aquatic ecosystems (Wang et al., 2016). 

Actinobacteria and Acidiimicrobiia (Actinobacteriota) were also 
retrieved from the current study. Most members of this group are 
associated with high mol G+C content (Sivalingam et al., 2019). The 
high mol G+C content is important in the adaptation to unfavorable 
environmental conditions, tolerant to antagonism factors, and suscep-
tibility to low mutation rates (Sivalingam et al., 2019). Other abundant 
phyla in the study included Cyanobacteria, Acidobacteriota, Plancto-
mycetota, Bacteroidota, Deinococcota, Gemmatimonadota, Verrucomi-
crobiota, Bdellovibrionota, Armatimonadota, Patescibacteria, and 
Campilobacterota, which were present in low percentages. Sequences 
affiliated with Halobacterota and Euryarchaeota were detected from the 
archaeal kingdom and have been reported to be methanogens within the 
lake ecosystems (He et al., 2020). 

Currently, archaea are known to be ubiquitous (Li et al., 2019) unlike 
in the earlier studies that they were believed to inhabit only the extreme 
ecosystems (Cavicchioli et al., 2011). Our study revealed four archaeal 
classes; Methanobacteria, Methanocellia, Methanosacinia, and Meth-
anomicrobia. Methanogens are highly distributed in stringently 

anaerobic and natural ecosystems such as freshwater and marine sedi-
ments, rice fields, deep-sea hydrothermal vents, marine mud volcanoes, 
mangroves and hot springs (Laskar et al., 2018; Li et al., 2019). Their 
activities in the environment are linked to the emission of methane gas 
that significant contributes to a great increase in global warming (Las-
kar et al., 2018). 

4.3. Ecological roles of the retrieved indicator Taxa 

Indicator organisms are useful in the study of the functional role of 
specific microbes within an ecosystem (Hartmann et al., 2012; Rime 
et al., 2015). Microbial mats comprise millions of microorganisms that 
belong to different taxa, that interact and exchange signals embedded in 
a matrix of exopolysaccharide and nutrients to enable the flow of en-
ergy, and resources for the survival of the community (Prieto-Barajas 
et al., 2018). Sediments within lakes are the main medium for migration 
and nutrients transformation that influence the nutrients contents 
within the lakes (Huang et al., 2017). The indicator species were asso-
ciated with the wet sediment, dry sediment, and microbial mat across 
the two lakes. Genera associated with the wet sediments belonged to 
phylum Proteobacteria (Bradirhizobium and Sphingomonas), Firmicutes 
(Clostridium_sensu_stricto_10 and Exiguobacterium), Actinobacteriota 
(Pseudonocardia and Streptomyces), Chloroflexi (Anaerolinea), and Acid-
obacteriota (Candidatus_Solibacter and Bryobacter). Sphingomonas and 
Bradyrhizobium (Proteobacteria) influence the biodegradation of envi-
ronmental pollutants Huang et al., (2017), while Exiguobacterium (Fir-
micutes), the indicator species in the microbial mat is a secondary 
colonizer that withstands harsh environmental conditions by the for-
mation of spores (Kiama et al., 2021). Streptomyces and Pseudonocardia 
(Actinobacteriota) are important in the biodegradation of complex 
organic molecules in the lake ecosystem. They are also able to survive in 
harsh environmental conditions due to their high G+C content that is 
important in the adaptation to unfavorable environmental conditions, 
tolerance to antagonism factors, and susceptibility to low mutation rates 

Fig. 6. Hierarchical clustering of phyla assessing the relationship between sample types and prokaryotic taxa based on Bray-Curtis dissimilarity of the highly 
abundant taxa at the phylum. 
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(Sivalingam et al., 2019). Candidatus_Solibacter and Bryobacter (Acid-
obacteriota) are oligotrophic microbes adapted to low nutritional con-
centrations (Liao et al., 2019). 

4.4. Community composition and correlation to environmental factors 

Despite intensive anthropogenic activities that can influence changes 
in biogeochemical cycles and microbial ecology within inland water 
bodies such as lakes Olbolosat and Oloiden, these ecosystems are still 
rich in microbial communities that are dependent on environmental 
factors. Prokaryotic communities within lakes Olbolosat are highly 
dependent on Copper, Iron, Manganese and Ammonium while those 
from lake Oloiden are dependent on Magnesium, Sodium, Calcium and 
potassium. Copper, Iron, Manganese are micronutrients that are trace 
elements used as enzyme cofactors by microorganisms. Magnesium, 
Sodium and Potassium are macro elements that have been reported to 
contribute to the species richness and composition of prokaryotic com-
munities (Liu et al., 2018). 

5. Conclusion 

The next-generation DNA sequencing data of 15 samples from lakes 
Olbolosat and Oloiden provides the first results characterizing water, 
microbial mats, wet and dry sediments from the two ecosystems. The 
majority of sequences (99.9%) were observed to belong to the kingdom 
bacteria. These results suggest that bacteria are the most dominant taxa 
within the two lakes. The bacterial phylum Proteobacteria was domi-
nant across all samples. Moreover, the interaction network of prokary-
otic communities within lakes Olbolosat and Oloiden displayed 
Proteobacteria to be highly positively connected with other microbes. 
This could be due to diverse metabolic mechanisms thus promoting the 
growth of the microbial community (Liao et al., 2019). The composition 
of ASVs in lake Olbolosat was highly dependent on Cu+, Fe2+, NH4

+, and 
Mn2+, while L. Oloiden was dependent on Mg2+, Na+, Ca2+, and K+. 
Exiguobacterium was the indicator species in the microbial mat with the 
highest indicator value while Clostridium_sensu_stricto_10 recorded the 
highest indicator frequency from wet sediments. Differentially abundant 
ASVs belonged to phylum Actinobacteriota; Pseudarthrobacter, Para-
coccus, Micromonospa and phylum Proteobacteria; Methylosistis. 
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