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Abstract: The Makgadikgadi Salt Pans are the remnants of a mega paleo-lake system in the central
Kalahari, Botswana. Today, the Makgadikgadi Basin is an arid to semi-arid area receiving water
of meteoric origin during the short, wet season. Large microbial mats, which support primary
production, are formed due to desiccation during the dry season. This study aimed to characterise the
microbial diversity of the microbial mats and the underlying sediment. The focus was the Ntwetwe
Pan, located west of the Makgadikgadi Basin. Metagenomic analyses demonstrated that the mats
consisted of a high relative abundance of Cyanobacteriota (synonym Cyanobacteria) (20.50–41.47%),
Pseudomonadota (synonym Proteobacteria) (15.71 to 32.18%), and Actinomycetota (synonym Acti-
nobacteria) (8.53–32.56%). In the underlying sediments, Pseudomonadota, Actinomycetota, and
Euryarchaeota represented over 70% of the community. Localised fluctuations in water content and
pH did not significantly affect the microbial diversity of the sediment or the mats.

Keywords: salt pans; metagenomics; microbial mats; Makgadikgadi Basin

1. Introduction

Salt pans are ubiquitous in arid and semi-arid environments where evaporation
exceeds precipitation [1,2]. They are formed in closed basins and, in most cases, are the
remnants of ancient paleo-lakes. The Makgadikgadi Salt Pans in the Central Kalahari
Desert are the remnant of a mega paleo-lake formed in the Early Pleistocene from the
southwest propagation of the East Africa Rift [3,4]. The drying out of the mega paleo-
lake left a system of salt pans within the Makgadikgadi Basin, with the largest being the
Sua (in the east), Ntwetwe (in the west), and Nxai (in the northwest) pans [5,6]. The
Makgadikgadi Pans receive a mean annual rainfall of 300 mm, with seasonal rivers forming
during the wet season (December to March) [7,8]. The area is characterised by strong
seasonal and daily temperature fluctuations, with a maximum temperature of 48 ◦C in the
summer and a minimum of 3 ◦C in the winter [9]. The long dry season (April to October)
results in evaporation and deposition of evaporite minerals, mainly containing NaCl [7,9].
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The immediate sub-surface of the Ntwetwe Pan is composed of silcretes and calcretes,
characteristic of arid environment diagenetic processes [10].

Salt pans are generally nutrient-rich and highly productive when in flood due to the
high temperatures and intense light, which drives phototrophic metabolism [11]. Using
microbial culturing techniques, bacteria, such as Cyanobacteriota and Bacilliota (synonym
Firmicutes), archaea [12], and microscopic eukarya, including yeasts and fungi [13], have
been isolated from the Makgadikgadi Salt Pans. To our knowledge, there have been no
published diversity analyses of the Makgadikgadi Salt Pans; however, in other salt pan
environments, studies have shown that microbial diversity decreases with salinity, which
is associated with an increase in the proportion of archaea (e.g., [14,15]).

Upon desiccation during the dry season, microbial mats form on the surface. Photosyn-
thetic mats usually have an upper layer dominated by Cyanobacteriota, which play a key
role in primary production and nitrogen fixation. As a by-product, they produce polymeric
substances (Extracellular Polymeric Substances (EPS)), which bind sediment and minerals,
providing physical protection and resistance to desiccation [16,17]. The diversity of the mi-
crobial mats is influenced by environmental stressors, such as salinity, seasonal desiccation,
and high solar irradiance [18]. Thomas et al. [19] reported that salt-cyanobacteriota crusts
north of the Ntwetwe Pan play a significant role in soil CO2 efflux.

In this study, we used a metagenomic approach to provide preliminary insight into
the microbial diversity within the Makgadikgadi Salt Pans. The focus of the study was
the microbial mats and sediment of the Ntwetwe Pan. To our knowledge, this is the first
taxonomic analysis of the microbial mats from the Ntwetwe Pan.

2. Materials and Methods
2.1. Site Description and Sampling

Sediment and mat materials were collected from a region of the Ntwetwe Pan that
was dominated by surface mats (20◦35.506′ S, 25◦31.331′ E) (Figure 1) in January 2020.
The mats were thick crusts (maximum 5 mm thick) (Figure 2A–D) and could be easily
sampled and separated from the underlying pavement (please see [3], for description). The
mats (n = 9) and underlying sediment (n = 9) (1–10 cm in depth) were sampled using a
trowel that was sterilised between sampling with AzoTM wipes. A surface sediment sample
(with no microbial mat) dominated by halite crystals was also collected (it was located
approximately 1 m from the microbial mats). Upon collection, the samples were wrapped
in pre-combusted (450 ◦C for 6 h) aluminium foil and stored at 4 ◦C before being shipped
to the Open University, UK (the samples were stored at 4 ◦C for 7 d). On arrival at the
laboratory, the sample materials were sub-sampled and stored for 14 d at −20 ◦C for DNA
extraction (approximately 3 g of sediment and 1 g of microbial mat) and 4 ◦C (approximately
10 g of sediment and 1 g of microbial mat) for further sedimentological characterisation.

2.2. Geochemical Characterisation

Temperature (uncertainty of 0.5 ◦C) was measured in-situ using a Mettler Toledo
FiveGo probe. The pH values of the sediment were verified using an Orion 3-Star Thermo
Scientific benchtop pH meter (uncertainty of 0.01 pH units) at room temperature. For this,
5 g of sediment was suspended in Milli-Q water in a 1:2.5 ratio and shaken in a rotary
shaker at approximately 120 rpm. After 2 h, the samples were removed from the shaker
and analysed.

In addition, the bulk density and water content of the underlying sediment sample
were calculated. For this, the wet sediment’s total surface area (mm) and total mass (g)
were measured. The sediment sample was freeze-dried for 48 h, and then the dried weight
and surface area were re-measured. The sediment-water content on a dry mass basis (g
water/g of dry sediment) [20] and bulk density were calculated as detailed in Equations (1)
and (2).
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Sediment water content(g/g) =
mass of wet sediment − mass of dry sediment

mass of dry sediment
(1)

Bulk density =
mass of dry sediment

total volume of sediment
(2)

Total Organic Carbon (TOC) and Total Nitrogen (TN) were measured with an Elementar–
VarioMax (using services offered by the British Geological Survey (BGS), Wallingford (UK)).
Before analysis, the samples were acidified with hydrochloric acid to remove any carbonate.
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showing the main affluent to the Makgadikgadi Pans and relevant geomorphic features. Ma—

Makalamabedi Basin; G.R.—Gidikwe ridge; M.D.—Mababe Depression. (D) Satellite image of the 
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Google Earth, Image Landsat/Copernicus, US Department of State Geographer, 2021. 

Figure 1. (A) Location of the Makgadikgadi salt pans in southern Africa. The red box outlines
the area shown in (C) (modified from [6]). (B) Schematic view of the main basins in northern
Botswana, showing the main affluent to the Makgadikgadi Pans and relevant geomorphic features.
Ma—Makalamabedi Basin; G.R.—Gidikwe ridge; M.D.—Mababe Depression. (D) Satellite image of
the Makgadikgadi Pans showing the sampling site (yellow) in the northern Ntwetwe Pan. Source
Google Earth, Image Landsat/Copernicus, US Department of State Geographer, 2021.

2.3. Micromorphology

Images of the microbial mats were prepared using Transmission Electron Microscopy
(TEM) and Field Emission Gun Scanning Electron Microscopy (FEG-SEM) with an X-
ray Energy Dispersive Spectroscopy detector (EDS, Oxford Instruments, Abingdon, UK).
For TEM, the sample preparation protocol was adapted from a previously described
protocol [21]. The resulting block was sectioned (100 nm thick) using a diamond saw and
collected on a copper grid coated with a pioloform support film, which was stained to
enhance contrast in 3% uranyl acetate (30 min) and Reynolds lead citrate (10 min). The
sections were imaged with a JEM 1400 (Jeol, Tokyo, Japan) at an acceleration voltage of
80 kV [22].

For FEG-SEM, the samples were fixed in 2.5% glutaraldehyde with 0.1 M sodium
cacodylate buffer (pH 7.4), dyed with osmium, and dehydrated using the critical point
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drying method [23]. The samples were mounted on an aluminium stub using a carbon
adhesive disc, coated with 20 nm carbon in a Safematic carbon coater (Labtech, Heathfield,
UK). All Secondary Electron (SE) images were acquired at an accelerating voltage of 20 kV
on a FEG-SEM (Zeiss Supra 55VP, Oberkochen, Germany). The EDS data were analysed
using Oxford Instruments Aztec software (version 6.0). The elemental abundances deriving
from the spectra were normalised to 100 wt %. The replicates were averaged for each
particle studied, with at least five average particles per sample.
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Figure 2. (A) The sampling site located in the Ntwetwe Pan. The red arrows show the microbial mats
and the black arrow shows the sediment. (B–D) demonstrate the variation between the water content
of the samples and are representative of samples MMA, MMB and MMC, respectively.

2.4. Mineralogical Composition

X-ray Diffraction (XRD) analysis was carried out to determine the dominant mineral
phases in the sediment samples. Approximately 0.5 g of sample was crushed into a
fine powder using a mortar and pestle. Samples were analysed using a Siemens D5000
instrument (New York, NY, USA) with a 0.04 degrees per step, 1 s per step from 5 to 100
(2-theta degrees). The radiation source was a Cu tube producing Cu k-alpha radiation at
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a wavelength of 1.5406 Å. The data generated were analysed using the QualX software
(version 2.0) in combination with the bulk chemistry of the sample to identify crystalline
phases [24].

2.5. Metagenomic Analysis

DNA was extracted from 0.5 g of sample material using the FastDNA® SPIN Kit for
Soil (MP Biomedicals, Solon, OH, USA), per the manufacturer’s instructions. The DNA was
eluted using 100 µL of elution buffer. Purified DNA extracts were quantified with a Qubit®

2.0 Fluorometer (Life Technologies Corporation, Carlsbad, CA, USA) using the Quant-iT
dsDNA BR assay kit and following the manufacturer’s instructions. The Nextera DNA
library preparation kit (Illumina, San Diego, CA, USA) was used for library preparation.
Metagenome sequencing was performed with the MiSeq2500 platform (Illumina, San Diego,
CA, USA) using the service provided by IGA Technology (Udine, Italy).

Sequences were uploaded to MG-RAST for sequencing analyses [25]. Low-quality
sequencing was removed using DyanicTrim. The lowest phred score counted as a high-
quality base was 15, and sequences were trimmed to contain at most five bases below the
above-specified quality. The sequencing error of the metagenomic shotgun data was esti-
mated using DRISEE [26]. The redundancy of the reads was assessed using the Nonpareil
tool from the Enveomics suite [27]. This was carried out to calculate the average coverage
and predict the number of sequences required to achieve complete coverage. MEGAHIT
(version 1.2.9) performed de novo assembly with default parameters to obtain contigs
(min 3000 bp) [28]. Potential rRNA gene sequences were identified by BLAST similarity
searches against the M5rna database, which integrates SILVA [29], Greengenes [30], and
the Ribosomal Database Project (RDP) [31]. The sequencing data was deposited to NCBI
Sequence Read Archive (SRA) under the accession numbers SRR27256811-SRR27256830.

2.6. Statistical Analysis

All statistical analysis of metadata and metagenomic data was performed on R studio,
version 1.4.1717, using Vegan [32], BiodiversityR [33], and Grid [34]. Data were visualised
using ggplot2 [35], except the diversity bar charts that were visualised in MS Excel. Shan-
non, Simpson and Sørensen indices were calculated using Vegan to measure α-diversity.
Correlations were calculated using Pearson’s method. The differences in community compo-
sition and environmental conditions were visualised using Principal Component Analysis
(PCA). Variable, fixed, and NMDS distances were calculated using the Bray–Curtis method.
P-values were calculated using Welch’s t-test, and only correlations with p-values < 0.01
were considered.

3. Results
3.1. Geochemistry

As shown in Figure 2A–D, the mats varied in colour due to their water content. This
was reflected in the underlying sediment; for example, the mean water content was 0.251%
for USA compared to 0.157% in USC, as shown in Figure 3. XRD analysis showed that the
sediment samples were dominated by quartz (ranging between 53.50–100%) and calcite
(0.00–40.40%) and confirmed the results presented in Franchi et al., 2022. The TOC and TN
ranged between 0.45–1.50% and 0.02–0.13%, respectively (Table 1). In general, the TOC
was significantly higher in the mats than in the underlying sediment, with no significant
difference with the TN (Table 1). There was no significant difference between the pH of the
sediment and the mats, with values ranging between pH 9.48 and 10.40.
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Figure 3. The water content (%) of the underlying sediment. The values reported are the means
of three independent measurements, and the standard error associated with these determinations
is shown.

Table 1. Geochemical characterisation of the microbial mats and sediments from the Ntwetwe Pan.

Sample Name Water Content (g/g) pH TOC (%) TN (%) C/N

Microbial Mats

MMA1 N/A 9.80 2.19 0.29 7.55

MMA2 N/A 9.76 1.06 0.09 11.7

MMA3 N/A 10.1 0.83 0.06 13.8

MMB1 N/A 9.63 0.93 0.08 11.6

MMB2 N/A 9.76 1.29 0.13 9.92

MMB3 N/A 9.73 1.27 0.14 9.07

MMC1 N/A 9.92 0.84 0.06 14.01

MMC2 N/A 10.01 N/A N/A N/A

MMC3 N/A 10.15 3.45 0.37 9.32

Underlying Sediment

USA1 0.264 9.87 0.71 0.06 11.8

USA2 0.227 9.97 1.35 0.12 11.2

USA3 0.261 9.51 0.45 0.02 22.5

USB1 0.218 9.31 0.74 0.06 12.3

USB2 0.139 9.43 0.86 0.05 17.2

USB3 0.179 9.72 1.50 0.13 11.5

USC1 0.151 9.98 0.74 0.04 18.5

USC2 0.132 9.90 BDL BDL N/A

USC3 0.188 10.0 0.77 0.06 12.83

Control

Surface sediment 0.4103 10.28 0.18 BDL N/A
BDL—Below the Detection Limits (0.1 for TOC, 0.01 for N). N/A: Not applicable for water content in thin biofilm
microbial mats.
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3.2. Microbial Mat Structure

The microbial mats were tightly compacted and composed of filamentous and coccid-
shaped cells located on a silica and calcite-dominated mineral substrate (Figure 4A). TEM
analyses suggested that the microbial cells were located within a carbon-rich matrix pro-
duced by EPS (Figure 4B), with cyanobacterial cells surrounded by a mucilaginous sheath,
as shown by the arrow in Figure 4C.
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Figure 4. Electron microscopy observations of the microbial mats using a SEM with EDS (A) and
TEM (B). Potential Extracellular Polysaccharide Substrate was observed using TEM (demonstrated
by the arrow in (C)).

3.3. Microbial Community Composition

In total, 19 metagenomes were generated, obtaining an average of 11,980,303 reads
per metagenome (average read length of 149 ± 8 bp) with the lowest phred score of 15.
The overall taxonomic analysis of the metagenomic reads demonstrated a total of 67 Phyla,
with a cut-off of 70% identity. Of these Phyla, five belonged to Archaea (Crenarchaeota,
Euryarchaeota, Korarchaeota, Nanoarchaeota, and Thaumarchaeota), 26 to Bacteria, and 36
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to Eukarya (seven of which were Fungi: Ascomycota, Basidiomycota, Blastocladiomycota,
Chytridiomycota, Glomeromycota, Microsporidia, and Neocallimastigomycota).

As demonstrated in Figure 5, the most relevant abundant Phylum in the underlying
sediments was Actinomycetota (mean 32.79%, ranging from 26.76 to 39.15%). In the mats,
it was Cyanobacteriota (mean 31.32% ranging from 20.51 to 41.47%), followed by Pseu-
domonadota (mean 22.77% ranging from 15.71 to 32.18%). At the genus level, the most
abundant genera in the mats were Microcoleus (Cyanobacteriota), Rubrobacter (Actinomyce-
tota), Truepera (Deinococcota), Streptomyces (Actinomycetota). Cyanothece (Cyanobacteriota),
Nocardiopsis (Actinomycetota), Halalkalicoccus and Haloterrigena (Euryarchaeota), Conexibac-
ter (Actinomycetota), and Nostoc (Cyanobacteriota). This is compared to the underlying
sediments, where the most abundant genera were Rubrobacter, Truepera, Streptomyces, Halal-
kalicoccus, Conexibacter, Haloterrigena, Gemmatimonas (Gemmatimonadota), Mycobacterium
(Actinomycetota), Natrialba (Euryarchaeota), and Frankia (Actinomycetota). In the surface
sample with no microbial mat, the most abundant genera were the halophilic Archaea
Natrialba, Haloterrigena, Natronomonas, Halalkalicoccus, Halorubrum, Haladaptatus, Haloarcula,
Halorhabdus, Halogeometricum, Haloferax, and Halomicrobium.
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Figure 5. Microbial community composition at the Phylum level of the Microbial Mats (MM),
Underlying Sediments (US) and the surface sediment (SS). The Phylum were assigned based on
conserved genes in the metagenomic sequencing data set.

The abundance of archaea in the underlying sediment was significantly higher than
in the mats. For example, they represented between 1.85 and 4.81% of the mats compared
to between 8.28 and 19.33% of the underlying sediment communities. However, in the
sample with no surface mat, Archaea represented 65.4% of the total microbial community,
with Euryarchaeota the most prevalent Phylum, representing between 60.3 and 65.2% of
the Archaea. Fungi represented only a small fraction of the total microbial community, <1%
of the mats and <3% of the sediment communities. Viral sequences represented <0.07% of
the total sequences and could not be further classified.

Diversity indices, including the Shannon Simpson and Sørensen, indicated that the
mats were less diverse than the underlying sediments (Figure 6A–C, respectively). Environ-
mental factors, including water content, pH, % of C, % of N, and C/N ratio, did not appear
to significantly impact microbial diversity, with no correlation observed between diversity
indices and the environmental factors shown in Table 1. Sorenson’s coefficient showed no
significant difference between the mats and the underlying sediment (Figure 6D). PCoA
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using Bray–Curtis dissimilarities showed that the underlying sediments were more similar
to each other than their corresponding mats.
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4. Discussion

In this study, we investigated the microbial diversity of the Northern Ntwetwe Pan
in the Makgadikgadi Salt Pans, Central Kalahari, Botswana. This area harbours extensive
microbial mats interspersed with rock debris (Figure 2). The mats were not uniformly
distributed throughout the studied area but instead form small regions of approximately
20 cm in diameter (Figure 2); however, there are examples of much larger biofilms reported
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in the other areas of the Makgadikgadi Salt Pan (e.g., [19]). It is important to highlight that
samples were collected during the wet season, and the area received rain overnight; hence,
the water content was arbitrary. However, the rainfall allowed discernment of areas that
dry very quickly (light-toned areas in this study) from areas which stay moist for longer
(darker-toned areas). This pattern was assumed to be stable due to its relationship with
small-scale topography and sediment texture. TOC and TN did not differ among the sites,
nor did their mineral composition, based on the XRD data, confirming previous studies
in similar environments [36–38]. The cells within the microbial mats were embedded
within an organic matrix, which was attributed to the production of EPS. This is common
in microbial mats located in hypersaline environments; the EPS matrix can shield the
cells from environmental stressors, such as desiccation, UV radiation, heavy metals, and
antimicrobial compounds (as discussed in [39]).

The taxonomic analysis of the microbial communities revealed a ubiquitous distribu-
tion of bacterial Phyla: Actinomycetota, Pseudomonadota, Cyanobacteriota, and Bacilliota.
These Phyla are known to be cosmopolitan and represent a significant component in soil and
sediment microbial communities, especially desert soils [40]. Chloriflexota, Bacteriodota
and Deinococcota were identified in lower abundance in all samples (below 6%). According
to the statistical analysis, these Phyla (along with Cyanobacteriota that were predominantly
only found in the mats and of low abundance in underlying sediments) were responsible
for the major differences between these samples. Ordination analysis showed that these
taxa impacted the correlations between species richness, α-diversity, and environmental
parameters more than the most abundant taxa, Actinomycetota and Pseudomonadota.

At the Phylum levels, the community profile of the microbial mats showed a large
overlap with profiles observed in microbial mats from other hypersaline lakes, for example,
La Brava and Tebenquiche in the Salar de Atacama (Chile) [41], a desiccating pond in the
Cuatro Cienegas Basin (Mexico) [42], saline springs in the Namib Desert (Namibia) [43],
and Shark Bay (Australia) [44]; however, for the Namibian, Chilean and Australian envi-
ronments, these mats were dominated by the same Phyla, but with a greater abundance
of Bacteroidetota, representing a greater abundance of the genus Salinibacter as opposed
to the halophilic members of the Euryarchaeota observed in this study. Microbial mats in
Lake Medoza (Argentina) and Highborne Cay (Bahamas) also contained members of the
Bacilliota and Pseudomonadota but were dominated by Euryarchoaeta and Cyanobacte-
riota, respectively, reflecting the impact that light and geochemical regimes can have on
driving the community composition [45,46].

The α-diversity metrics showed that community diversity did not significantly change
as the water content decreased within the microbial mats, contradicting previously observed
data [47]. This is potentially because water was transient at this site, so the content differs
throughout the year. This was also reflected in the underlying sediment. The Sørensen index
demonstrated that the microbial mat communities were highly similar to their underlying
sediment, and this similarity increased with desiccation (from 0.93 to 0.99). This could seem
paradoxical since lower water content resulted in unsaturated environments. However, the
filamentous nature of the mats could enhance movement and communication, as previously
shown to occur for unsaturated soils [48,49].

The abundance of Archaea was greater (over 65.21%) in areas with no microbial mats.
This is consistent with observations in other salt pan environments, for example, where
Euryarchaeota, particularly Halobacteriales, have been shown to increase with salinity in
saline soils [50]. Furthermore, a previous study of the West Kalahari (Witpan and Omongwa
Pans) showed that Euryarchaeota represented over 65% of the microbial community, with
Gemmatimonadota and spore-forming Bacilliota representing the most abundant bacterial
phyla [51].

5. Conclusions

In conclusion, preliminary metagenomic analyses gave insight into the microbial
diversity of the Makgadikgadi Salt Pans. Seasonal variation in evaporation and desicca-
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tion resulted in the formation of microbial mats, which protect the microbial community
from environmental stresses and influences the diversity of the surface community. The
microbial mats were dominated by the Cyanobacteriota and Pseudomonadota, whereas
Euryarchaeota, dominated the surface sediment, which did not possess surface mats. Fu-
ture work will focus on understanding the functional diversity and ecological roles of the
microorganisms within the Makgadikgadi Salt Pans.

Author Contributions: Conceptualisation, K.O.-F., B.C., S.F., S.P.S., L.L., F.F.; S.F., A.P., B.C., F.F. and
L.L. collected the samples; S.F. performed the wet lab experiments; C.S.-J. measured bulk density
and water content; A.S. provided technical assistance in the laboratory; F.F. provided the geological
context; S.P.S. analysed the XRD data; S.F. and M.C.M. carried out the metagenomic analysis; S.F.
drafted sections of text; K.O.-F. prepared the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: The work was funded by the The Research England’s grant ‘Expanding Excellence in
England’ 124.18.

Data Availability Statement: Raw data were submitted to NCBI under accession numbers SRR27256811-
SRR27256830.

Acknowledgments: This research was carried out under research permit CMLWS 1/17/4 II (28),
granted to FF by the Ministry of Land Management, Water and Sanitation Service. We would like to
thank Matthews Mokoba for support in the field.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Goudie, A.S.; Wells, G.L. The nature, distribution and formation of pans in arid zones. Earth-Sci. Rev. 1995, 38, 1–69. [CrossRef]
2. Shaw, P.A.; Cooke, H.J.; Perry, C.C. Microbialitic silcretes in highly alkaline environments; some observations from Sua Pan,

Botswana. S. Afr. J. Geol. 1991, 93, 803–808.
3. Franchi, F.; Cavalazzi, B.; Evans, M.; Filippidou, S.; Mackay, R.; Malaspina, P.; Mosekiemang, G.; Price, A.; Rossi, V. Late

Pleistocene–Holocene Palaeoenvironmental Evolution of the Makgadikgadi Basin, Central Kalahari, Botswana: New evidence
from shallow sediments and ostracod fauna. Front. Ecol. Evol. 2022, 10, 818417. [CrossRef]

4. Schmidt, G.; Luzzi, E.; Franchi, F.; Selepeng, A.; Hlabano, K.; Salvini, F. Structural influences on groundwater circulation in
talahariadiadi salt pans of Botswana? Implications for martian playa environments. Front. Astron. Space Sci. 2023, 10, 1108386.
[CrossRef]

5. Eckardt, F.D.; Bryant, R.G.; McCulloch, G.; Spiro, B.; Wood, W.W. The hydrochemistry of a semi-arid pan basin case study: Sua
Pan, Makgadikgadi, Botswana. Appl. Geochem. 2008, 23, 1563–1580. [CrossRef]

6. Franchi, F.; MacKay, R.; Selepeng, A.T.; Barbieri, R. Layered mound, inverted channels and polygonal fractures from the
Makgadikgadi pan (Botswana): Possible analogues for Martian aqueous morphologies. Planet. Space Sci. 2020, 192, 105048.
[CrossRef]

7. Ringrose, S.; Huntsman-Mapila, P.; Basira Kampunzu, A.; Downey, W.; Coetzee, S.; Vink, B.; Matheson, W.; Vanderpost, C.
Sedimentological and geochemical evidence for palaeo-environmental change in the Makgadikgadi subbasin, in relation to the
MOZ rift depression, Botswana. Palaeogeogr. Palaeoclimatol. Palaeoecol. 2005, 217, 265–287. [CrossRef]

8. Burrough, S.L.; Thomas, D.S.G.; Bailey, R.M. Mega-Lake in the Kalahari: A Late Pleistocene record of the Palaeolake Makgadikgadi
system. Quat. Sci. Rev. 2009, 28, 1392–1411. [CrossRef]

9. Ringrose, S.; Harris, C.; Huntsman-Mapila, P.; Vink, B.W.; Diskins, S.; Vanderpost, C.; Matheson, W. Origins of strandline
duricrusts around the Makgadikgadi Pans (Botswana Kalahari) as deduced from their chemical and isotope composition.
Sediment. Geol. 2009, 219, 262–279. [CrossRef]

10. Nash, D.J.; Shaw, P.A.; Thomas, D.S.G. Duricrust development and valley evolution: Process–landform links in the kalahari. Earth
Surf. Process. Landf. 1994, 19, 299–317. [CrossRef]

11. Thomas, A.D.; Dougill, A.J.; Elliott, D.R.; Mairs, H. Seasonal differences in soil CO2 efflux and carbon storage in Ntwetwe Pan,
Makgadikgadi Basin, Botswana. Geoderma 2014, 219–220, 72–81. [CrossRef]

12. Gareeb, A.P.; Setati, M.E. Assessment of alkaliphilic haloarchaeal diversity in Sua pan evaporator ponds in Botswana. Afr. J.
Biotechnol. 2009, 8, 259–267.

13. Lebogang, L.; Taylor, J.E.; Mubyana-John, T. A preliminary study of the fungi associated with saltpans in Botswana and their
anti-microbial properties. Bioremediation Biodivers. Bioavailab. 2009, 3, 61–71.

14. Benlloch, S.; López-López, A.; Casamayor, E.O.; Øvreås, L.; Goddard, V.; Daae, F.L.; Smerdon, G.; Massana, R.; Joint, I.;
Thingstad, F.; et al. Prokaryotic genetic diversity throughout the salinity gradient of a coastal solar saltern. Environ. Microbiol.
2002, 4, 349–360. [CrossRef] [PubMed]

https://doi.org/10.1016/0012-8252(94)00066-6
https://doi.org/10.3389/fevo.2022.818417
https://doi.org/10.3389/fspas.2023.1108386
https://doi.org/10.1016/j.apgeochem.2007.12.033
https://doi.org/10.1016/j.pss.2020.105048
https://doi.org/10.1016/j.palaeo.2004.11.024
https://doi.org/10.1016/j.quascirev.2009.02.007
https://doi.org/10.1016/j.sedgeo.2009.05.021
https://doi.org/10.1002/esp.3290190403
https://doi.org/10.1016/j.geoderma.2013.12.028
https://doi.org/10.1046/j.1462-2920.2002.00306.x
https://www.ncbi.nlm.nih.gov/pubmed/12071980


Microorganisms 2024, 12, 147 12 of 13

15. Vera-Gargallo, B.; Chowdhury, T.R.; Brown, J.; Fansler, S.J.; Durán-Viseras, A.; Sánchez-Porro, C.; Bailey, V.L.; Jansson, J.K.;
Ventosa, A. Spatial distribution of prokaryotic communities in hypersaline soils. Sci. Rep. 2019, 9, 1769. [CrossRef] [PubMed]

16. Perillo, V.L.; Maisano, L.; Martinez, A.M.; Quijada, I.E.; Cuadrado, D.G. Microbial mat contribution to the formation of an
evaporitic environment in a temperate-latitude ecosystem. J. Hydrol. 2019, 575, 105–114. [CrossRef]

17. Stolz, J.F. Structure of microbial mats and biofilms. In Microbial Sediments; Springer: Berlin/Heidelberg, Germany, 2000; pp. 1–8.
18. Stal, L.J. Cyanobacterial mats and stromatolites. In The Ecology of Cyanobacteria II. Their Diversity in Space and Time; Whitton, B.A.,

Ed.; Springer: Dordrecht, The Netherlands, 2012; pp. 65–125.
19. Thomas, A.D.; Dougill, A.J. Spatial and temporal distribution of cyanobacterial soil crusts in the Kalahari: Implications for soil

surface properties. Geomorphology 2007, 85, 17–29. [CrossRef]
20. Holliday, V.T. Methods of soil analysis, part 1, physical and mineralogical methods (2nd edition), A. Klute, Ed., 1986, American

Society of Agronomy, Agronomy Monographs 9(1), Madison, Wisconsin, 1188 pp., $60.00. Geoarchaeology 1990, 5, 87–89. [CrossRef]
21. McCutcheon, J.; Southam, G. Advanced biofilm staining techniques for TEM and SEM in geomicrobiology: Implications for

visualizing EPS architecture, mineral nucleation, and microfossil generation. Chem. Geol. 2018, 498, 115–127. [CrossRef]
22. Olsson-Francis, K.; de la Torre, R.; Cockell, C.S. Isolation of novel extreme-tolerant cyanobacteria from a rock-dwelling microbial

community by using exposure to low Earth orbit. Appl. Environ. Microbiol. 2010, 76, 2115–2121. [CrossRef]
23. Bray, D. Critical Point Drying of Biological Specimens for Scanning Electron Microscopy. In Supercritical Fluid Methods and

Protocols; Methods In BiotechnologyTM; Williams, J.R., Clifford, A.A., Eds.; Humana Press: Totowa, NJ, USA, 2000; pp. 235–243.
24. Altomare, A.; Cuocci, C.; Giacovazzo, C.; Moliterni, A.; Rizzi, R. QUALX: A computer program for qualitative analysis using

powder diffraction data. J. Appl. Cryst. 2008, 41, 815–817. [CrossRef]
25. Li, D.; Luo, R.; Liu, C.-M.; Leung, C.-M.; Ting, H.-F.; Sadakane, K.; Yamashita, H.; Lam, T.-W. MEGAHIT v1.0: A fast and scalable

metagenome assembler driven by advanced methodologies and community practices. Methods 2016, 102, 3–11. [CrossRef]
26. Keegan, K.P.; Trimble, W.L.; Wilkening, J.; Wilke, A.; Harrison, T.; D’Souza, M.; Meyer, F. A Platform-Independent Method for

Detecting Errors in Metagenomic Sequencing Data: DRISEE. PLoS Comput. Biol. 2012, 8, e1002541. [CrossRef] [PubMed]
27. Rodriguez-R, L.M.; Konstantinidis, K.T. Nonpareil: A redundancy-based approach to assess the level of coverage in metagenomic

datasets. Bioinformatics 2014, 30, 629–635. [CrossRef]
28. Li, D.; Liu, C.M.; Luo, R.; Sadakane, K.; Lam, T.W. MEGAHIT: An ultra-fast single-node solution for large and complex

metagenomics assembly via succinct de Bruijn graph. Bioinformatics 2015, 31, 1674–1676. [CrossRef] [PubMed]
29. Pruesse, E.; Quast, C.; Knittel, K.; Fuchs, B.M.; Ludwig, L.; Peplies, J.; Glöckner, J. SILVA: A comprehensive online resource

for quality checked and aligned ribosomal RNA sequence data compatible with ARB. Nucleic Acids Res. 2007, 35, 7188–7196.
[CrossRef] [PubMed]

30. DeSantis, T.; Hugenholtz, P.; Larsen, N.; Rojas, M.; Brodie, E.L.; Keller, K.; Huber, T.; Dalevi, D.; Hu, P.; Andersen, G.L. Greengenes,
a chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl. Environ. Microbiol. 2006, 72, 5069–5072.
[CrossRef]

31. Cole, J.R.; Wang, Q.; Cardenas, E.; Fish, J.; Chai, B.; Farris, R.J.; Kulam-Syed-Mohideen, A.S.; McGarrell, D.M.; Marsh, T.;
Garrity, G.M.; et al. The Ribosomal Database Project: Improved alignments and new tools for rRNA analysis. Nucleic Acids Res.
2009, 37, D141–D145. [CrossRef]

32. Oksanen, J.; Kindt, R.; Legendre, P.; O’Hara, B.; Simpson, G.L.; Solymos, P.; Stevens, M.H.H.; Wagner, H. Vegan: Community
Ecology Package. 2008. Available online: http://vegan.r-forge.r-project.org/ (accessed on 3 March 2022).

33. Kindt, R.; Coe, R. Tree Diversity Analysis: A Manual and Software for Common Statistical Methods for Ecological and Biodiversity Studies;
World Agroforestry Centre (ICRAF): Nairobi, Kenya, 2005.

34. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2020. Available online: https://www.R-project.org/ (accessed on 3 March 2022).

35. Wickham, H. ggplot2: Elegant Graphics for Data Analysis; Springer International Publishing: New York, NY, USA, 2016.
36. Wu, K.; Xu, W.; Yang, W. Effects of precipitation changes on soil bacterial community composition and diversity in the Junggar

desert of Xinjiang, China. PeerJ 2020, 8, e8433. [CrossRef]
37. Bay, S.K.; Waite, D.W.; Dong, X.; Gillor, O.; Chown, S.L.; Hugenholtz, P.; Greening, C. Chemosynthetic and photosynthetic bacteria

contribute differentially to primary production across a steep desert aridity gradient. ISME J. 2021, 15, 3339–3356. [CrossRef]
38. Naidoo, Y.; Valverde, A.; Pierneef, R.E.; Cowan, D.A. Differences in Precipitation Regime Shape Microbial Community Composi-

tion and Functional Potential in Namib Desert Soils. Microb. Ecol. 2022, 83, 689–701. [CrossRef]
39. Costa, O.Y.A.; Raaijmakers, J.M.; Kuramae, E.E. Microbial extracellular polymeric substances: Ecological function and impact on

soil aggregation. Front. Microbiol. 2018, 9, 1636. [CrossRef] [PubMed]
40. Osborne, P.; Hall, L.J.; Kronfeld-Schor, N.; Thybert, D.; Haerty, W. A rather dry subject; investigating the study of arid-associated

microbial communities. Environ. Microbiome 2020, 15, 20. [CrossRef]
41. Kurth, D.; Elias, D.; Rasuk, M.C.; Contreras, M.; Farías, M.E. Carbon fixation and rhodopsin systems in microbial mats from

hypersaline lakes Brava and Tebenquiche, Salar de Atacama, Chile. PLoS ONE 2021, 16, e0246656. [CrossRef] [PubMed]
42. Bonilla-Rosso, G.; Peimbert, M.; Alcaraz, L.D.; Hernández, I.; Eguiarte, L.E.; Olmedo-Alvarez, G.; Souza, V. Comparative

metagenomics of two microbial mats at Cuatro Ciénegas Basin II: Community structure and composition in oligotrophic
environments. Astrobiology 2012, 12, 659–673. [CrossRef] [PubMed]

https://doi.org/10.1038/s41598-018-38339-z
https://www.ncbi.nlm.nih.gov/pubmed/30741985
https://doi.org/10.1016/j.jhydrol.2019.05.027
https://doi.org/10.1016/j.geomorph.2006.03.029
https://doi.org/10.1002/gea.3340050110
https://doi.org/10.1016/j.chemgeo.2018.09.016
https://doi.org/10.1128/AEM.02547-09
https://doi.org/10.1107/S0021889808016956
https://doi.org/10.1016/j.ymeth.2016.02.020
https://doi.org/10.1371/journal.pcbi.1002541
https://www.ncbi.nlm.nih.gov/pubmed/22685393
https://doi.org/10.1093/bioinformatics/btt584
https://doi.org/10.1093/bioinformatics/btv033
https://www.ncbi.nlm.nih.gov/pubmed/25609793
https://doi.org/10.1093/nar/gkm864
https://www.ncbi.nlm.nih.gov/pubmed/17947321
https://doi.org/10.1128/AEM.03006-05
https://doi.org/10.1093/nar/gkn879
http://vegan.r-forge.r-project.org/
https://www.R-project.org/
https://doi.org/10.7717/peerj.8433
https://doi.org/10.1038/s41396-021-01001-0
https://doi.org/10.1007/s00248-021-01785-w
https://doi.org/10.3389/fmicb.2018.01636
https://www.ncbi.nlm.nih.gov/pubmed/30083145
https://doi.org/10.1186/s40793-020-00367-6
https://doi.org/10.1371/journal.pone.0246656
https://www.ncbi.nlm.nih.gov/pubmed/33561170
https://doi.org/10.1089/ast.2011.0724
https://www.ncbi.nlm.nih.gov/pubmed/22920516


Microorganisms 2024, 12, 147 13 of 13

43. Martínez-Alvarez, L.; Ramond, J.P.; Vikram, S.; León-Sobrino, C.; Maggs- Kölling Cowen, D.A. With a pinch of salt: Metagenomic
insights into Namib Desert salt pan microbial mats and halites reveal functionally adapted and competitive communities. Environ.
Microbiol. 2023, 89, e00629-23. [CrossRef]

44. Ruvindy, R.; White, R., III; Neilan, B.; Burns, B.P. Unravelling core microbial metabolisms in the hypersaline microbial mats of
Shark Bay using high-throughput metagenomics. ISME J. 2016, 10, 183–196. [CrossRef]

45. Mobberley, J.M.; Lindemann, S.R.; Bernstein, H.C.; Moran, J.J.; Renslow, R.S.; Babauta, J.; Hu, D.; Beyenal, H.; Nelson, W.C.
Organismal and spatial partitioning of energy and macronutrient transformations within a hypersaline mat. FEMS Microbiol. Ecol.
2017, 93, fix028. [CrossRef]

46. Rascovan, N.; Maldonado, J.; Vazquez, M.P.; Eugenia Farías, M. Metagenomic study of red biofilms from Diamante Lake reveals
ancient arsenic bioenergetics in haloarchaea. ISME J. 2016, 10, 299–309. [CrossRef]
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