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Abstract

Background Soda pans are unique, natural aquatic environments characterised by elevated salinity and alkalinity,
creating a distinctive and often extreme geochemistry. The microbiomes of soda pans are unique, with extremophiles
such as halophiles, alkaliphiles and haloalkaliphiles being important. Despite being dominated by mostly uncultur-
able inhabitants, soda pans hold immense biotechnological potential. The application of modern “omics-based”
techniques helps us better understand the ecology and true extend of the biotechnological potential of soda pan
microbiomes. In this study, we used a shotgun metagenomic approach to determine the microbial diversity and func-
tional profile of previously unexplored soda pans located in Buhera, Eastern Zimbabwe. A combination of titrimetry
and inductively coupled plasma optical emission spectroscopy (ICP-OES) was used to perform physico-chemical
analysis of the soda pan water.

Results Physicochemical analysis revealed that the Buhera soda pans are highly alkaline, with a pH range of 8.74

to 11.03, moderately saline (2.94 - 7.55 g/L), and have high carbonate (3625 mg/L) and bicarbonate ion (1325 mg/L)
alkalinity. High levels of sulphate, phosphate, chloride and fluoride ions were detected. Metagenomic analysis
revealed that domain Bacteria dominated the soda pan microbial community, with Pseudomonadota and Bacillota
being the dominant phyla. Vibrio was shown to be the predominant genus, followed by Clostridium, Candidatus Breve-
filum, Acetoanaerobium, Thioalkalivibrio and Marinilactibacillus. Archaea were also detected, albeit at a low prevalence
of 1%. Functional profiling revealed that the Buhera soda pan microbiome is functionally diverse, has hydrolytic-
enzyme production potential and is capable of supporting a variety of geochemical cycles.

Conclusions The results of this pioneering study showed that despite their extreme alkalinity and moderate salinity,
the Buhera soda pans harbour a taxonomically and functionally diverse microbiome dominated by bacteria. Future
work will aim towards establishing the full extent of the soda pan’s biotechnological potential, with a particular
emphasis on potential enzyme production.

Keywords Soda pan, Geochemistry, Extremophile, Haloalkaliphile, Saline-alkaline, Metagenomics, Microbial diversity

*Correspondence:

Ngonidzashe Mangoma

ngonidzashe.mangoma@nust.ac.zw

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12866-024-03655-0&domain=pdf

Mangoma et al. BMC Microbiology ~ (2024) 24:510

Introduction

Soda pans are unique natural aquatic environments char-
acterized by high salinity and alkalinity [1, 2]. They have
a typically alkaline pH which lies in the range 7.5 — 11.5,
and highly variable salinity ranging from 1.0 to 390.0 g/L
[3]. Soda pans generally contain high concentrations of
carbonate and bicarbonate ions and variable quantities of
other ions such as sulphate, phosphate, calcium, chloride,
potassium, sodium and magnesium [1]. The actual phys-
icochemical character of a soda pan depends on factors
like climate and underlying geology. The presence of soda
pans and other saline-alkaline systems has been reported
worldwide, with notable cases being the East African Rift
Valley [4, 5], Eastern Europe [3, 6], the Qinghai-Tibet
Plateau in China [7], the USA (California and Nevada)
and the Caribbean Plateau in Canada [8].

The distinctive geochemistry and physicochemical pro-
files of soda pans make them an extreme microbial habi-
tat. However, despite their extreme nature, soda pans and
other saline-alkaline ecosystems have been shown to be
highly productive, being capable of supporting consider-
able microbial taxonomic and functional diversity [9-11].
The microbial communities of soda pans are typically
dominated by extremophilic bacteria and archaea, with
halophiles, alkaliphiles and double extremophilic haloal-
kaliphiles being dominant in these ecosystems [12-14].
Different classes of microorganisms have been isolated
from soda pans and lakes. These organisms include pho-
toautotrophs, such as Cyanobacteriota, and a variety of
chemolithoautotrophs like sulphur oxidisers, sulphate
reducers and nitrifiers [8]. Autotrophs are primary pro-
ducers that generate a significant portion of the organic
matter required to support heterotrophic nutrition. The
abundance of carbonate and bicarbonate ions in soda
pans is believed to be the key driver of autotrophic micro-
bial nutrition, as these ions supply the carbon needed for
organic matter formation through photosynthetic and
chemolithoautotrophic carbon fixation [1]. Heterotrophic
bacteria and haloalkaliphilic archaea have regularly been
isolated and characterized from soda pans and lakes, and
these include genera such as Halomonas, Halobacillus,
Halobacterium, Alkalibacillus, Salinivibrio, Desulfovibrio,
Thioalkalivibrio and Haloalkalibacter [15, 16].

The ability of haloalkaliphiles to thrive under the
extreme conditions of soda pans makes them potentially
useful as whole-cell biocatalysts in applications such as
the biodegradation of saline-alkaline industrial effluent,
bioremediation of oil spills, the biosynthesis of biosur-
factants and in specialist food fermentations conducted
in the presence of salt [17]. Additionally, haloalkaliphilic
enzymes are stable and active at high pH and salinity,
making them useful in applications that include deter-
gent formulation, paper making, starch saccharification

Page 2 of 15

for the production of high-fructose corn syrup, and
the dehairing of salt-preserved animal skins during
leather tanning [11, 18]. Several studies have reported
the successful recovery of alkaline lipases, amylases and
proteases from soda pans and other saline-alkaline envi-
ronments [5, 19, 20]. Thus, the exploration of soda pans,
among other saline-alkaline systems, provides us an
opportunity to discover novel microbes that may serve as
sources of useful biological resources such as whole cells,
enzymes, peptides and other metabolites.

Both traditional culture-based as well as the more
modern, omics-based culture-independent methods have
been used to study the microbiology of soda pans and
other saline-alkaline systems [21-24]. While great strides
have been made in the isolation and characterization
of bacteria in general and extremophiles in particular,
major setbacks such as the difficulty of creating labora-
tory conditions for their culture remain a hindrance [9,
10]. It is estimated that up to 99.9% of extremophiles
from extreme environments are uncultivable [25, 26].
This leaves only a tiny fraction of the microbial inhabit-
ants of extreme environments at our disposal. The advent
of culture-independent methods such as metagenom-
ics has enabled the detailed exploration of the microbial
communities of many previously neglected extreme envi-
ronments, such as soda pans and lakes, resulting in the
discovery of several novel microbial taxa [21, 27, 28].

In this study, we describe the application of a shot-
gun-based metagenomic approach to determine the
taxonomic composition and functional profile of the
microbial communities of soda pans located in Buhera
in eastern Zimbabwe. Although the metagenomics of
soda pans in other parts of the world, including East and
North Africa, has been reported, there are no reports on
the microbiomes of soda pans in Southern Africa, includ-
ing Zimbabwe. This study, to the best of our knowledge,
is the first to investigate the microbiomes and associ-
ated physicochemical properties of Zimbabwean soda
pans, and will help improve our understanding of these
previously uncharacterised microbial habitats and high-
light the biotechnological potential of their unique
microbiomes.

Materials and Methods

Sampling site description and sample collection

Water samples were collected at soda pans in Gombahari
village (—19.26342, 31.80437), which is located in Buhera
district in the Manicaland province of eastern Zimbabwe
(Figure 1).

Sampling was conducted in October 2021 during the
peak of the hot and dry season. A total of five water sam-
ples amounting to 100 mL each were aseptically collected
by hand from randomly selected sampling points using
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Fig. 1 Sampling site in pictures: A Map of Zimbabwe showing the location of Buhera Soda Pans. The map was drawn using the ggplot2 package
in R [29]; B Google maps image of the Buhera Soda Pans [30], C Photo showing a pool of water at the Buhera soda pans.

the grab sampling technique into sterile glass bottles at
depths of up to 30 cm from selected puddles within the
soda pans. Sterility was achieved by pre-autoclaving all
sampling bottles, using sterile latex gloves during sam-
ple collection and 70% ethanol as a hand sanitizer and
sterilizing bottle openings. The samples were transported
to the laboratory on ice, where 50 ml portions of all the
samples were pooled to create one composite sample,
which was then frozen at —20°C within 8 hours of collec-
tion until further processing. Approximately half of the

Phenolphthalein alkalinity =

Physicochemical analysis of the Buhera soda pan water
samples

The physical and chemical properties (pH, salinity, elec-
trical conductivity, temperature and total dissolved
solids) of the water samples were measured on-site using
a portable Eutech PCS Testr35 Multiparameter meter
(Eutech, Singapore). In addition, the concentration of
carbonate and bicarbonate ions in the sample as well as
the total alkalinity were determined titrimetrically [31].
The results of this titration were used to calculate the
phenolphthalein alkalinity (Eq. 1).

Volume of acid used to pH 8.3 (ml) x Normality of acid x 50,000CaCO3eq (1)

Sample volume (ml)

composite sample was used for physicochemical analy-
sis, while the remainder was used for metagenomic DNA
extraction. The sample earmarked for metagenomic DNA
extraction was stored for only 2 weeks before being pro-
cessed for DNA extraction and sequencing.

To determine the total alkalinity, 2 to 3 drops of bro-
mocresol green indicator were added to the solution
after the first titration, and the titration was continued
until the solution turned yellow. The final burette reading
obtained was used to calculate the total alkalinity using
Eq. 2.

Total volume of acid used to pH 4.5(ml) x Normality of acid x 50,000CaCO3eq

Total alkalinity =

Sample volume (ml) (2)
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The phenolphthalein alkalinity (P) and total alkalinity
(T) were used to calculate the total alkalinity, carbonate
alkalinity and bicarbonate alkalinity according to methods
described by the Indian Institute of Technology Kanpur
[32]. Inductively coupled plasma optical emission spec-
troscopy (ICP-OES) was used to determine the levels of
iron, potassium, sodium, calcium, magnesium, fluoride,
chloride, phosphate and sulphate in the soda pan water.

Metagenomic analysis of the Buhera soda pan water
samples

In this study, a metagenomics approach was used to
determine the composition and functional potential of
the Buhera soda pan microbial community (Additional
File 1). This involved the extraction of total metagen-
omic DNA, sequencing using the shotgun approach and
sequence analysis on the Knowledge Base (Kbase) pipe-
line [33]. KBase is an integrated sequence analysis plat-
form with an inbuilt capacity to allow the execution of
a wide array of sequence analysis steps [34]. Read-based
functional analysis was performed on the MG-RAST
pipeline. The metagenomic workflow is described in
detail in the following sections.

Metagenomic DNA extraction and sequencing

Before DNA extraction, the sample was thawed and fil-
tered using sterile mutton cloth to get rid of excess debris
and then the filtrate was centrifuged in a refrigerated
centrifuge at 4 °C to collect all cells and any DNA that
may have been released by lysed cells. Total metagenomic
DNA was extracted from 250 ml of the sample using the
ZymoBIOMICS DNA Miniprep Kit (Zymo Research,
CA, USA), following manufacturer’s instructions. The
concentration and quality of the extracted metagenomic
DNA was determined fluorometrically (Qubit Fluorom-
eter, Invitrogen). A total of 1 pg of metagenomic DNA
was randomly fragmented using a Covaris instrument
(Covaris Inc., Woburn, MA, USA), and then an Agen-
court AMPure XP-Medium kit was used to select the
metagenomic DNA fragments averaging 200—-400 bp in
size. The DNA fragments were then end-repaired using
the enzyme T4 polynucleotide kinase (T4 PNK) in 100
ul of master mix containing 88 ul of 1x T4 DNA ligase
buffer (New England Biolabs — NEB, Ipswich, MA, USA),
2 ul of 25 mM dNTP mix, 5 pl of 10 U/ul T4 PNK (NEB),
4 ul of 3 U/ul T4 DNA polymerase I (NEB), and 1 ul of
5 U/ul Klenow fragment of DNA polymerase I (NEB),
with the reaction being incubated at room temperature
for 30 minutes. Polyadenylation of the fragments was
performed using 100 pl of master mix comprising 90 pl
of 1x NEB buffer 2 (NEB), 5 pl of 10 mM dATP, and 5
ul of 5 U/pl Exo-Minus Klenow DNA Polymerase (NEB),
and the mixture was incubated at 37°C for 30 minutes. A
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1x solid-phase reversible immobilization (SPRI) clean-up
was performed with elution in 100 pl of 1x NEB ligation
buffer (NEB). Afterwards, 2 ul of NEB DNA Quick Ligase
(NEB) and 3 pl of indexed DNA adapters (Illumina, San
Diego, CA, USA) were added and mixed thoroughly. The
library was amplified using a TruSeq DNA HT Sample
Preparation Kit (Illumina, San Diego, CA, USA) following
the TruSeq DNA Sample Preparation Guide (#15026486
Rev. C, July 2012). The PCR conditions were as follows:
initial denaturation at 98°C for 30 seconds; 10 cycles of
denaturation at 98°C for 10 seconds, annealing at 60°C
for 30 seconds, and extension at 72°C for 30 seconds; and
a final extension at 72°C for 5 minutes. PCR products
were purified with an Agencourt AMPure XP-Medium
Kit. The double-stranded PCR products were heat dena-
tured and circularized by the splint oligo sequence. The
single-strand circular DNA (ssCir DNA) fragments were
formatted as the final library. The qualified libraries were
sequenced by the BGISEQ-500 process at BGI facilities
(China), in which a ssCir (single-stranded circular) DNA
molecule forms a DNA nanoball (DNB) containing more
than 300 copies through rolling-cycle replication. The
DNBs were loaded into the patterned nanoarray using
high-density DNA nanochip technology. Finally, paired-
end reads 100 bp in length were obtained by combinato-
rial probe-anchor synthesis (cPAS).

Metagenomic sequence quality assessment and trimming
The quality of the raw sequence reads obtained from the
high-throughput sequencing process was checked using
the sequence quality assessment application FastQC
(v0.11.9) on the KBase platform with the default settings.
The QC-checked reads were trimmed using the sequence
trimming application Trimmomatic (v0.36) with the
following parameter settings: leading minimum quality — 3;
minimum length — 36; sliding window minimum quality —
15; sliding window size — 4; trailing minimum quality — 3;
and adapters — TruSeq 2-PE. The Trimmomatic software
was configured to detect and remove TruSeq adapters since
they were used during library creation prior to sequencing.
Further quality checks of the resulting sequences were per-
formed using FastQC. This operation produced clean reads
devoid of environmental DNA, adapter sequences and low-
quality bases, reads and read ends, and the clean sequences
were used for further bioinformatic analysis.

Read-based taxonomic classification and community
analysis

Clean unassembled QC-checked sequence reads were
subjected to taxonomic classification using the Kaiju
application (v1.7.3) with the following parameter set-
tings: taxonomic level — all; reference database — Ref-
Seq Genomes (No Euks); subsample percentage — 10%;
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minimum match length — 11; mode — greedy mode
(allow imperfect matches); and greedy maximum mis-
matches — 5. Kaiju is a protein-based taxonomic classifier
that allocates sequence reads to taxonomic groups such
as domains, phyla, classes, orders, families, genera and
species [35].

To determine species abundance and assess the ade-
quacy of sampling and sequencing, rarefaction analysis
of the sample at the species level was performed using
the MG-RAST pipeline [36]. The following alpha (within
sample) diversity indices were calculated in base R using
species abundance data obtained from the Kaiju taxo-
nomic classification report: Species Richness, Shannon
Index (H’), Simpson’s Diversity Index (D), Simpson’s
Complement (1-D), Pielou’s Evenness Index (J), Chaol
index and the abundance-based coverage estimator
(ACE) metric [29]. Species Richness, ACE and Chaol
indices measure species richness in an environment, that
is the total number of observed species in an environ-
ment [37]. On the other hand, Shannon, Simpson and
Simpson complement indices measure both evenness
and richness, and Pielou’s evenness index measures spe-
cies evenness, that is how evenly spread across different
species the members of a community are. Tin this study,
the Shannon, Simpson, Simpson complement and Pie-
lou’s indices were calculated based on the abundances
of species with a minimum relative abundance of 0.1%,
whereas Species Richness, ACE and CHAO1 were calcu-
lated based on the prevalence data of all species present.

Read-based functional profiling of the sequences
Functional annotation of the reads was performed on
the MG-RAST pipeline, an end-to-end metagenomic
sequence analysis platform capable of performing mul-
tiple analyses such as taxonomic classification and func-
tional profiling of raw and assembled sequence reads
[36]. MG-RAST was used to perform KEGG pathway
analysis, at default settings, in order to predict the bio-
logical functions of the Buhera soda pan microbial com-
munity. Additionally, the Buhera soda pan metagenomic
sequences were screened for the presence of carbohy-
drate-active (CAZy) enzymes in the CAZy database. The
CAZy database houses structurally related domains of
enzymes involved in the creation, modification or deg-
radation of glycosidic bonds, which are often found in
carbohydrate-active enzymes [38].

Results and Discussion

Buhera soda pans are highly alkaline and moderately
saline

Physicochemical analysis of the soda pan water revealed
that the Buhera soda pans are highly alkaline, with pH
values in the range of 8.74 to 11.03 (Table 1).
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Table 1 Physicochemical characteristics of the Buhera soda pan

water

Parameter Level

pH 874-11.03
Salinity (g/L) 294-755
Carbonate ion content (mg/L) 3625.00
Bicarbonate ion content (mg/L) 1325.00
Iron (mg/L) 11.76
Sodium (mg/L) 31.23
Magnesium (mg/L) 0.002
Potassium (mg/L) 4.56
Calcium (mg/L) 715
Fluoride (mg/L) 7174
Chloride (mg/L) 481.00
Phosphate (mg/L) 4064164
Sulphate (mg/L) 1118.6089

The high pH of soda pans and lakes is usually due
to the presence of high levels of carbonate and bicar-
bonate ions [13]. The ions create an alkaline pH when
dissolved in water while providing a buffering effect,
leading to the creation of stable alkaline conditions in
the water. In fact, high levels of both carbonate and
bicarbonate ions were detected in the Buhera soda
pans. Apart from the high pH, the soda pans were
shown to be moderately saline according to the water
salinity standards of the United States Geological Ser-
vice (USGS) [39]. The pH and salinity observed within
the soda pans closely match findings from other soda
pans and lakes around the world. A survey of soda lakes
and pans in the Carpathian Basin revealed that pans
have pH values in the range of 7.5-10.2 and salinities
in the range of 0.7-18.9 g/L [3]. Other soda lakes with
similar chemical properties include Lake Magadi in
Kenya, with a salinity of 220 g/L and pH of 10.2-11.0
[2]; Lake Wadi Natrum in Egypt, with a salinity of 200—
380 g/L and pH of 9.5-10.3 [14]; and Langaco Lake in
the Qinghai-Tibet Plateau in China, with a salinity of
1 g/L and pH of 8.54-8.62 [7]. In general, soda pans
and lakes have alkaline pH values in the range of 8-11
and highly variable salinities, with a lower threshold of
approximately 1 mg/L [1].

Buhera soda pans are also dominated by the ani-
ons sulphate, phosphate, chloride and fluoride, with
sodium dominating the cations at a concentration of
31.23 mg/L (Table 1). Although the chemical compo-
sition of soda pans and lakes varies significantly, most
saline-alkaline waters are dominated by the ions Ca®*,
Mg?*, Na*t, Kt, HCO;, CO,*, CI" and SO,* [1]. The
differential distribution of these ions in soda pan or
lake water can be used in the classification of aquatic
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systems. According to a method for the classification
of saline-alkaline waters described by Valyashko [40], a
set of parameters called metamorphic coefficients (K,
K,, K; and K,) can be used to determine whether a soda
pan or lake is a carbonate, sulphate (with two subtypes;
sodium sulphate or magnesium sulphate) or chloride
type. The coefficient K; (soda index) indicates carbon-
ate type and is calculated using Eq. 3.

K1 = Co3] + [HCO3] @
[Ca2] + [Mg2+]

When K;>1, the water is carbonate. Using this clas-
sification system, the soda index (K;) for the Buhera
soda pans was found to be 692.5, indicating that the
soda pans are carbonate. In general, carbonate-type
soda pans and lakes are dominated by carbonate and
bicarbonate ions. Examples of such soda pans and lakes
include Langaco Lake in the Qinghai-Tibet Plateau,
China [7], Lake Magadi in Kenya [5] and Lake Natron
in Tanzania [41].

The physicochemical characteristics of the Buhera soda
pans, as shown in this study, confirm an earlier hypoth-
esis that these soda pans are an extremely alkaline and
moderately saline environment. A high pH and moderate
salinity predispose soda pans to inhabitation by extremo-
philes such as halophiles, alkaliphiles and haloalkaliphi-
les. These organisms are adaptable to extreme alkalinity
and/ or salinity conditions that exist in soda pans. In gen-
eral, the geochemistry of soda pans and other saline-
alkaline environments plays a key role in shaping their
microbial communities.
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Metagenomic sequence quality

A quality assessment of the sequence reads obtained in
this study revealed that the sequences were of high qual-
ity, with per-base sequence quality scores ranging from
34 to 36 and read quality scores ranging from 24 to 28
(Additional File 2). The lowest read score observed in
this study was 24, which translates to a base-call accu-
racy probability of 0.996. Sequence quality assessment is
crucial because it ensures that only high-quality sequence
reads are used during sequence analysis. Raw sequence
reads sometimes possess a number of aberrations, such
as low-quality bases or regions, adapter sequences and
environmental DNA, that may need to be removed
before sequence analysis can commence.

Microbial community structure of the Buhera soda pan
The structure of the Buhera soda pan microbial commu-
nity was evaluated by determining the distribution of dif-
ferent microbial taxa as described in sections 3.3.1 — 3.4.

The Buhera soda pans are dominated by bacteria

Domain analysis revealed that Bacteria dominated the
Buhera soda pan microbial community, accounting for
98.5% (7,965,425 out of 8,087,434 reads evaluated) of the
soda pan microbiota (Additional File 3). In addition to
bacteria, small quantities of domains Archaea (0.82%),
Eukaryota (0.62%) and Viruses (0.01%) were shown to
be present in the soda pans. Phylum-level taxonomic
analysis revealed the presence of a diverse mix of bacte-
rial phyla in the Buhera soda pans, with at least 39 phyla
being detected. Phylum Pseudomonadota (formerly
known as Proteobacteria) was the dominant phylum,

Buhera Soda Pan Bacterial Phylum Distribution
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[42]
o

0

Phylum

Actinomycetota
Bacillota

. Bacteroidota
. Chloroflexota
:l Cyanobacteriota
:l Deinococcota

Planctomycetota
. Psedomonadota
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Fig. 2 Taxonomic classification of the Buhera soda pans microbial community at the phylum level. Phyla with a relative abundance of at least 0.5%
are shown. The stacked bar plot was created using the ggplot2 package in R [29].
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accounting for 41% of all bacteria present in the soda
pans, followed by phylum Bacillota (formerly known as
Firmicutes), which constituted 26% of the bacteria pre-
sent (Figure 2). Other key bacterial phyla detected are
Actinomycetota (8%), Bacteroidota (6%), Chloroflexota
(6%), Cyanobacteriota (4%) and Planctomycetota (3%).
Only 0.002% of bacteria from the Buhera soda pan
microbial community could not be classified at the phy-
lum level.

The dominance of Pseudomonadota and Bacillota in
many aquatic and terrestrial saline-alkaline systems,
including soda pans and lakes, has been reported [3,
8, 42]. Several studies of saline-alkaline environments
have shown a trend similar to findings from this study,
in which Pseudomonadota tended to be the dominant
bacterial phylum. For instance, in a study of the alka-
line soda Langaco Lake in the Qinghai-Tibet Plateau in
China, Pseudomonadota were found to be the dominant
phylum, with a relative abundance of 42.79 — 53.70% [7].
Another study covering several soda lakes in the Tibetan
Plateau of China showed that the microbial communities
were dominated by Pseudomonadota (28.89%), Bacteroi-
dota (15.67%), and Bacillota (15.64%) [8]. Although the
abundances may differ from one study to another, similar
observations were made in this study where Pseudomon-
adota were shown to dominate Buhera soda pan micro-
bial community.

Pseudomonadota are the most taxonomically and mor-
phologically diverse bacterial phylum [43], and most of
its members are flagellated and motile [44]. Pseudomon-
adota play several important roles in the environment
such as carbon fixation through both photoautotrophy
and chemolithoautotrophy, sulfur oxidation, nitrogen
fixation and organic matter decomposition, thus promot-
ing nutrient cycling within ecosystems [44]. Judging by
the many roles played by Pseudomonadota in different
ecosystems, their dominance in Buhera soda pans may
suggest that this ecosystem is characterized by high levels
of microbial activity. The presence of the photosynthetic
bacterial phylum Cyanobacteriota, which constituted
4 % of the soda pan microbiome, as well as phyla like
Chloroflexota, which contains several anoxygenic pho-
tosynthetic genera [45], may point to the importance of
photosynthesis as a mechanism of carbon acquisition in
this ecosystem. Photosynthesis in soda pans is typically
supported by the presence of large quantities of carbon-
ate and bicarbonate ions that act as a source of carbon
dioxide [1]. The Buhera soda pans were shown to pos-
sess large quantities of carbonate and bicarbonate ions,
a likely source of carbon for the autotrophs detected.
Photosynthetic bacteria play an important role in carbon
fixation and organic matter synthesis within the soda pan
microbial ecosystem.
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The Buhera soda pans were shown to be dominated
by the following bacterial classes: Alphaproteobacteria
(18%), Clostridia (16%), Gammaproteobacteria (16%),
Bacilli (8%), Actinomycetia (8%), Anaerolineae (4%),
Deltaproteobacteria (4%) and Planctomycetia (3%),
Additional File 4. Two of the most abundant classes
in the Buhera soda pans, Clostridia (mostly anaero-
bic) and Bacilli (mostly obligate or facultative aerobic),
both belonging to phylum Bacillota, together constitute
24% of the entire Buhera soda pan bacterial community.
Bacillota are a phylum of mostly gram-positive bacteria
that tend to form endospores under stressful conditions,
enabling their survival under extreme habitats such as
soda pans [46—48]. Thus, their abundance in the Buhera
soda pans may be partly explained by their ability to sur-
vive under the harsh conditions of the soda pans.

Haloalkaliphilic taxa are present in the Buhera soda pans

Of particular interest to this study is the discovery of the
generally haloalkaliphilic order Oceanospirillales (phy-
lum — Pseudomonadota, class — Gammaproteobacteria)
in the Buhera soda pans, albeit at a modest prevalence
of 1% of the entire microbial community, affirming the
Buhera soda pans as a viable saline-alkaline microbial
habitat. Oceanospirillales are an order of morphologi-
cally diverse bacteria, being either rod-shaped, curved or
spiral, that are generally hydrolytic and perform aerobic
biodegradation of a variety of organic compounds, and
are either halotolerant or halophilic, having a specific
requirement for elevated salt levels to sustain normal
growth, and are commonly associated with marine or
saline-alkaline environments such as soda pans and lakes
[49]. The Oceanospirillales were shown to be important
in the biodegradation of hydrocarbons during the Deep
Horizon oil spill, highlighting the potential of this group
of bacteria for use in the bioremediation of oil spills and
other hydrocarbon pollutants under saline and alkaline
conditions [50]. Although this order contains many dif-
ferent bacterial families, the two families that were most
prevalent in the Buhera soda pans are Oceanospirillaceae
(68% of Oceanospirillales found in the Buhera soda pans),
and Halomonadaceae (23% of Oceanospirillales), collec-
tively accounting for 91% of all the Oceanospirillales in
the soda pans (Figure 3). Genera belonging to the Ocean-
ospirillaceae family identified in the Buhera soda pans
include Nitrincola (69%), Marinobacterium (15%), Neptu-
nomonas (4%), Marinomonas (4%), Thalassolituus (0.8%),
Bacterioplanes (0.6%) and Bermanella (0.4%). Nitrincola,
the most abundant genus under order Oceanospirillales
in the Buhera soda pans, is a genus of rod-shaped, Gram-
negative, alkaliphilic, halotolerant and chemoorganohet-
erotrophic bacteria that have a specific requirement for
salt for growth and are commonly isolated in soda pans
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Fig. 3 Krona charts showing the distribution of the haloalkaliphilic bacterial order Oceanospirillales and genus Halomonas in the Buhera soda pans.
The Krona charts were created using Krona open-source software in excel [53].

and lakes [51, 52]. Meanwhile, the most dominant genus
belonging to the haloalkaliphilic family Halomonadaceae
was found to be Halomonas, which constituted 80% of
members of this family in the Buhera soda pans (Fig. 3).
Halomonas is a genus of halotolerant or halophilic,
Gram-negative, rod-shaped bacteria that generate energy
mostly through aerobic respiration and are commonly
found in salty environments such as soda pans, soda
lakes and marine waters [54]. Species belonging to this
genus found in Buhera soda pans include, in order of
abundance, Halomonas socia (5%), H. chromatireducens
(5%), H. beimenensis (3%), H. meridiana (3%), H tianxi-
uensis (3%), H. sulfidivorans (2%), and H. aestuarii (2%).
Over a third (37%) of bacteria belonging to genus Halo-
monas found in Buhera soda pans could not be classified
at species level. Similarly, unclassified organisms were
observed at all taxonomic levels in the Buhera soda pans.
However, the proportion of unclassified microorganisms
was found to be low at higher taxonomic levels and rela-
tively higher at lower taxonomic levels. For instance, all
organisms in this study were classified at domain level
and only 0.002% could not be classified at phylum level.
However, the proportion of unclassified microorgan-
isms jumped to approximately 9% at class, 10% at genus
and 20% at species level. The discovery of unclassified
microbes points to the potential existence of previously

undescribed microorganisms in the Buhera soda pans,
highlighting the importance of this ecosystem as a habi-
tat for novel microbiota. Future research efforts will be
directed towards the discovery and possible characterisa-
tion of such novel microbes, and an evaluation of their
biotechnological potential.

Vibrio and other haloalkaliphilic genera dominate

the Buhera soda pans

Sequences belonging to over 1500 bacterial genera were
detected in the Buhera soda pans, highlighting this habi-
tat as an extremely rich and diverse microbial habitat.
The vast majority of these genera were present in low
relative abundances of less than 0.5% each, but collec-
tively they constituted 60.9% of assigned reads. On the
contrary, only 24 genera had a relative abundance of at
least 0.5 % each, accounting for a combined total of 29.1%
of assigned reads. Despite their often-extreme physico-
chemical conditions such as alkaline pH and high salinity,
soda pans and lakes have been shown to harbour highly
diverse microbial communities composed of different
taxonomic groups and capable of mediating a wide range
of biochemical transformations [9, 10]. Additionally, 10%
of the reads could not be assigned to a genus, possibly
suggesting the presence of novel bacterial genera in the
Buhera soda pans.
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Buhera Soda Pan Bacterial Genus Distribution
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Fig. 4 Distribution of microbial genera in the Buhera soda pans. The stacked bar plot was created using the ggplot2 package in R [29].

The most abundant bacterial genus in the Buhera soda
pans was shown to be Vibrio, which accounted for 6% of
all bacterial reads analysed (Figure 4). Other abundant
genera detected include Candidatus Brevefilum (3%),
Clostridium (3%), Acetoanaerobium (2%), Thioalkalivi-
brio (1%), Marinilactibacillus (1%), Erythrobacter (1%)
and Alkaliphilus (1%).

The dominant genus in Buhera soda pans, Vibrio (phy-
lum - Pseudomonadota, class — Gammaproteobacteria,
order — Vibrionales, family —Vibrionaceae), is a genus of
Gram-negative, motile, curved, rod-shaped, free-living
bacteria that are ubiquitous in aquatic environments and
have a special affinity for warm and salty marine aquatic
environments [55]. The Vibrio are heterotrophic and gen-
erally halophilic, deriving carbon from the breakdown of
organic compounds and obtaining energy through both
aerobic respiration and fermentation [55-57]. The Vibrio
genus has the largest number of species of all Bacteria
[55], with 152 child taxa recognized to date [58]. At least
56 species belonging to the Vibrio genus were found in
the Buhera soda pans, with the most abundant being
Vibrio metshnikovii (69% of the Vibrio genus), V. cincin-
natiensis (4%), V. parahaemolyticus (2%), V. cholerae
(1%), V. anguillarum (0.7%) and V. vulnificus (0.5%). To
date, 13 species belonging to the Vibrio genus have been
shown to be associated with pathogenicity in humans
[59]. Examples of pathogenic species found in the Buhera
soda pans are V. parahaemolyticus, V. cholera, V. metsh-
nikovii and V. vulnificus.

In addition to Vibrio, several other bacterial genera
that are generally haloalkaliphilic and commonly associ-
ate with saline-alkaline environments were also found in
Buhera soda pans. These include Alkalicella, Alkaliphilus,

Alkalitalea, Thioalkalivibrio, Marinilactibacillus, Mon-
goliitalea, Desulfovibrio and Sulfurospirillum (Figure 4).
The abundance of these haloalkaliphiles highlights the
Buhera soda pans as a viable habitat for haloalkaliphilic
bacteria. Some of these bacterial genera play key func-
tions in the microbial community, a case in point being
the genera Thioalkalivibrio, Desulfovibrio and Sulfuro-
spirilum that participate in the cycling of different sul-
phur compounds under the saline-alkaline conditions
of the soda pans, a hypothesis that can be explained by
the large quantities of sulphates detected in the Buhera
soda pans. A key example, Thioalkalivibrio, is an obligate
genus of chemolithoautotrophic, haloalkaliphilic, sul-
phur-oxidising bacteria commonly inhabiting soda pans
and lakes, among other saline-alkaline environments
[23]. The specific members of the genus Thioalkalivibrio
found in Buhera soda pans include Thioalkalivibrio par-
adoxus (28%), T. nitratireducens (27%), T. sulfidiphilus
(6%) and T. versutus (4%).

At least 6400 bacterial species were shown to be pre-
sent in the Buhera soda pans, affirming this ecosystem as
a rich and diverse microbial habitat. The most abundant
bacterial species was Vibrio metchnikovii, with a relative
abundance of 4% of all bacteria present in the soda pans.
Other abundant species found are Candidatus Brevefi-
lum fermentans (3%), Acetoanaerobium sticklandii (2%),
unclassified Marinolactibacillus sp. 15R (1%), Egicoccus
halophilus (1%), Rhodobaca bogoriensis (0.9%), unclas-
sified Leptolyngbya sp. BL0902 (0.8%) and Nitrincola
iocasae (0.7%). The most prevalent bacterial species in
the Buhera soda pans, Vibrio metshnikovii, is halophilic
and ubiquitous in both marine and freshwater environ-
ments, and has been shown to be pathogenic to aquatic
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animals such as fish and to be partially zoonotic and has
been reportedly isolated from seafood [59, 60].

Distribution of Archaea in the Buhera soda pans

In addition to bacteria, Archaea were also found in
Buhera soda pans, although they constituted only 1%
of the microbes present. The Archaea are a stand-alone
domain of prokaryotic microorganisms that differ signifi-
cantly from the other domain of prokaryotic microorgan-
isms, Bacteria. Archaea are known to inhabit some of the
world’s most extreme environments such as hot springs,
volcanic craters, soda pans and lakes, and salt lakes [61].
While archaea generally tend to inhabit extreme environ-
ments, the relative abundance of domain Archaea in soda
pans and lakes differs significantly from as low as 0.3%
[12, 62] to as high as 92% [63]. The presence of Archaea
in Buhera soda pans, albeit at a low prevalence, demon-
strates their ability to survive under stressful conditions.
The Archaea were dominated by the archaeal phylum
Euryarchaeota, which accounted for 93% of the total
Archaea present (Additional File 5).

The most prevalent archaeal phylum in Buhera soda
pans, the Euryarchaeota, is a diverse archaeal phylum
that hosts various groups of extremophiles such as meth-
anogens, heat-loving thermophiles and salt-loving halo-
bacteria, and commonly inhabit hot springs, volcanic
craters, deep-sea geothermal vents, and soda pans and
lakes [64]. The dominant genus in the archaeal phylum
Euryarchaeota found in the Buhera soda pans include
Methanobacterium (44% of Euryarchaeota), represented
by the species M. lacus, M. congolense, M. paludis, M.
Sformicicum and M. subterraneum. Other notable genera
present are Methanosarcina (6%), Methanothermobacter
(9%), Methanothrix (5%) and Methanobrevibacter (3%).
Of note is the presence of archaea belonging to the genus
Natronomonas in soda pans, as shown by the presence of
the species Natronomonas pharaonis, N. salina, N. hal-
ophila and N. moolapensis. Although Archaea are pre-
dominantly unculturable, with most of their properties
confirmed by DNA sequence analysis, some haloalka-
liphilic members of the Natronomonas genus have been
previously isolated. A case in point is the isolation of
Natronomonas pharaonis, a polyextremophilic archaeon
with an optimum pH for growth of 8.5 that is capable of
surviving up to pH 11 [65].

Microbial community analysis and diversity estimation

To determine species abundance and assess the adequacy
of sampling and sequencing, rarefaction analysis of the
sample at the species level was performed using the MG-
RAST pipeline [36], and the resulting rarefaction curve
is shown in Additional File 6 (Additional Material). The
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rarefaction curve is a plot of the total number of distinct
species annotations in a sample as a function of the num-
ber of sequences sampled. A steep slope on the left indi-
cates that a large proportion of the species in the sampled
environment has yet to be discovered. However, if the
curve flattens to the right, it suggests the adequacy of
the sample size, and more intensive sampling is unlikely
to yield a significant number of new species. Rarefaction
curves are an indicator of species abundance. The curve
obtained in this study (Additional File 6) clearly shows
that sufficient sequencing was performed, and near-spe-
cies saturation was achieved. No reasonable prospects
exist for finding a significant number of new species by
sequencing more reads than were sampled in this study.

Alpha diversity analysis, performed using a number
of different estimators revealed that the Buhera soda
pan microbial community is highly diverse, with a high
Species Richness of 6446 (Table 2).

While Species Richness is a commonly used diver-
sity measure, it does not show the level of diversity in
a habitat, and occasionally underestimates the actual
number of species present in an environment, espe-
cially when there is a high prevalence of rare members
of the community [36]. Such rare members are often
missed in computations of species richness, produc-
ing lower estimates of species richness in a sample. This
study produced a large number of rare members of the
microbial community, creating a need to correct the
observed Species Richness estimate in order to account
for rare members that may have been missed. Conse-
quently, the two richness indices, Chaol and ACE, were
used to make this correction, producing more realistic
estimates of the number of species present [66]. Both
ACE and Chaol produced relatively higher estimates
of species richness. The Shannon Index, also known as
Shannon Entropy, provides a measure of species even-
ness in a sample, the Simpson index is a measure of the
probability that two randomly chosen individuals pre-
sent in a sample at the same time belongs to the same

Table 2 Microbial diversity measures for the Buhera soda pan
microbial community. All computations were performed in
base R

Diversity Index Value
Richness 6446
Shannon 3.81
Simpson (D) 0.04
Simpson’s complement (1-D) 0.96
Pielou 1.27
ACE 6518
CHAO1 6534




Mangoma et al. BMC Microbiology ~ (2024) 24:510 Page 11 of 15

KEGG Annotation of Buhera Soda Pan Microbial Community
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species, whereas the Pielou evenness index measures
how evenly distributed different species are in a sample
[67]. A modified Simpson index, called Simpson’s com-
plement, provides a more direct measure of diversity
and ranges from 0 (no diversity) to 1 (maximum possi-
ble diversity). In summary, all indices used in this study
showed that the Buhera soda pan microbial community
is very rich and highly diverse, an observation that is
supported by literature affirming the fact that soda
pans and lakes are highly productive and are capable of
harbouring diverse microbiomes [9-11].

Read-based functional profiling of the Buhera soda pan
microbial community

KEGG analysis of the functional profile of the micro-
bial community of Buhera soda pan revealed that most
(69.48%) of the annotated functional genes were associ-
ated with microbial metabolic processes such as amino
acid biosynthesis and metabolism, carbohydrate and
energy metabolism, lipid metabolism, nucleotide metab-
olism, secondary metabolite biosynthesis, cofactor and
vitamin metabolism, and xenobiotic biodegradation and
metabolism (Figure 5A).

KEGG analysis also revealed an abundance of path-
ways responsible for genetic (10.60%) and environmental
information processing (11.05%). Genetic information
processing involves all processes related to the organi-
zation and replication of DNA, gene expression and its
regulation, while environmental information processing
involves pathways responsible for transmembrane trans-
port and signal transduction. Transmembrane transport
systems are key to the adaptation of haloalkaliphiles
under saline-alkaline conditions, as such systems ensure
efficient translocation of sodium and chloride, protons
and hydroxyl ions in and out of cells as microbial cells
respond to the alkaline pH and the presence of salt and in
the environment [68]. In general, haloalkaliphiles pump
sodium out of their cells in order to maintain an opti-
mum intracellular solute potential. Genes for pathways
associated with human disease were also detected, albeit
at a low prevalence of 1.63%. These genes were most
likely located in the few pathogenic bacteria and viruses
detected in the soda pans.

All five classes of carbohydrate-active (CAZy) mod-
ules were detected within the Buhera soda pan bacte-
rial functional gene pool, with glycosyl hydrolases (GHs)
being the most abundant (47.3%), followed by glyco-
syltransferases (27.3%). These two classes of enzymes
accounted for three-quarters (74.6%) of the CAZy genes
detected in the microbial community (Figure 5(B)). Gly-
cosyl hydrolases are enzymes that break glycosidic bonds
in carbohydrates and include important enzymes such
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as amylases, cellulases and xylanases, while glycosyl-
transferases transfer monosaccharide units to carbohy-
drates during carbohydrate synthesis. Haloalkaliphilic
amylases, cellulases and xylanases, among other CAZy
enzymes, have potential for application in industrial
processes such as detergent making, the biotreatment of
saline-alkaline industrial effluent, starch saccharification,
and the dehairing of animal skins during leather tanning,
among other industrial applications [2, 5, 69-71]. Thus,
the abundance of genes encoding carbohydrate-synthe-
sizing and carbohydrate-hydrolyzing enzymes in Buhera
soda pans demonstrates the potential of this extreme
habitat to serve as a source of useful microbial enzymes
with unique properties and potential for application
in bioprocessing. More work needs to be done towards
the recovery, characterisation and application of these
enzymes. Apart from their apparent biotechnological
potential, CAZy enzymes are also important in the ability
of microorganisms to utilize and metabolise a wide range
of carbohydrates and other carbon sources in their natu-
ral environment, allowing better colonisation of habitats
and establishment of stable microbial communities.

Conclusion

This study investigated the physicochemical properties
and microbial diversity of Buhera soda pans. The soda
pans were shown to be highly alkaline and moderately
saline, and to be of the carbonate type. The soda pans
pan microbial community was shown to be highly diverse
and rich, with Bacteria being the dominant domain. Bac-
teria belonging to phylum Pseudomonadota and Bacil-
lota were the most abundant. Several members of the
predominantly haloalkaliphilic order Oceanospirillales
were detected in Buhera soda pans, represented by key
halophilic/haloalkaliphilic genera such as Nitrincola,
Marinobacterium, Marinomonas, Halomonas, Halotalea
and Salinicola. Vibrio was the most abundant genus,
accompanied by other genera such as Candidatus Breve-
filum, Clostridium, Acetoanaerobium, Thioalkalivibrio,
Marinilactibacillus and Alkaliphilus. A large portion of
the Buhera soda pan microbial community could not be
classified beyond certain taxonomic levels, signifying the
potential of the Buhera soda pans as a habitat for novel
microbiota. The soda pan microbial community was
shown to be metabolically diverse, with the capacity to
execute a wide array of important geochemical transfor-
mations. The microbiome was shown to harbour signifi-
cant carbohydrate-metabolising potential, and thus could
be explored for the presence of potentially useful glycosi-
dases and other carbohydrate-active enzymes.
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