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Abstract Climate and geography can influence biological
soil crust (BSC) community composition, but local
heterogeneity in variables such as soil characteristics or
microclimate gradients can also impact cryptogamic
diversity. Heavy metals and nutrient imbalances in ser-
pentine soils are known to influence the distributions of
higher plants, but cryptogamic species appear to be
more tolerant of substrate. The aim of this study was to
compare the cryptogamic composition of serpentine and
non-serpentine soils by using integrative taxonomy,
which combines morphological and DNA barcoding
data, to determine how soil characteristics in combina-
tion with rainfall can influence BSC community com-
position. Samples from serpentine and non-serpentine
soils were enumerated and total genomic DNA was
isolated from the soil samples. Analyses of the 16S
rRNA gene and ITS sequences were done using the
quantitative insights into microbial ecology (QIIME)
workflow to determine which eukaryotic microorgan-
isms were present in the samples. Sixty genera from the
Cyanophyceae (38), Chlorophyceae (10), Bacillario-
phyceae (6), Eustigmatophyceae (4), Trebouxiophyceae
(1) and Xanthophyceae (1) classes were detected with
this approach. Results confirm that algae and
cyanobacteria are tolerant of most substrates and can
even colonize environments with high levels of heavy
metal and nutrient imbalances, if moisture is present.
Genera such as Acaryochloris, Annamia, Brasilonema,

Chrocosphaera, Halomicronema, Planktothricoides, Ru-
bidibacter, and Toxopsis are reported for the first time
for South African soil.

Keywords Algae Æ Cyanobacteria Æ Metagenomics Æ
Microbial diversity Æ Serpentine geoecology

Introduction

Climate and geography can influence biological soil
crust (BSC) community composition, but local hetero-
geneity in variables such as soil characteristics or
microclimate gradients can also impact cryptogamic
diversity (Belnap 2006). BSCs can be tolerant of harsh
environments such as extreme temperatures, drought
(Belnap 2006) and heavy metals (Orlekowsky et al.
2013). BSCs are also found on serpentine soils (Venter
et al. 2015), that are usually rich in magnesium and poor
in calcium, with low nutrient and high heavy metal
concentrations (Alexander et al. 2007; Rajakaruna et al.
2009). Cyanobacteria and algae make up a large com-
ponent of BSCs and Venter et al. (2015) found typical
cyanobacteria and soil algae such as Leptolyngbya, Mi-
crocoleus, Phormidium, Chlamydomonas, Chlorococcum
and Hantzchia in serpentine as well as non-serpentine
soils but algae such as Chroococcus sp., Scytonema
ocellatum, Nostoc linckia, Chlorotetraedron sp., Hor-
motilopsis gelatinosa, Klebsormidium flaccidum, Pleuro-
coccus sp. and Tetracystis elliptica were only found on
serpentine soils. A study by Pessoa-Filho et al. (2015)
showed differences in bacterial community structures
between non-serpentine and serpentine sites, but con-
cluded that the presence of different plant communities
may have influenced the structure and functioning of the
bacterial communities. It seems that algae and
cyanobacteria are able to survive the nutrient deficient
nature and distinct chemistry of ultramafic habitats if
moisture is available (Cabala et al. 2011; Orlekowsky
et al. 2013). Büdel et al. (2009) investigated BSC diver-
sity in southern Africa from the Namibian-Angola
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border in the north, down to the Cape Peninsula in the
south, and concluded that the frequency of precipitation
plays an important role in the diversity of BSCs. The
aim of this study was to compare the composition of
BSCs on serpentine and non-serpentine soils to deter-
mine how soil characteristics and rainfall can influence
BSC community composition by using integrative tax-
onomy, which combines morphological and DNA bar-
coding data. Barcoding does not replace traditional
taxonomy, but complements morphological taxon
delineation (Pires and Marinoni 2010) to provide a more
detailed and comprehensive understanding of species
diversity (Smith et al. 2008). This paper will focus on the
cyanobacterial and algal component of the BSCs.

Methods

Sampling sites

Serpentine outcrops in the Barberton Greenstone Belt
occur in mountainous areas and are heterogeneous in
altitude, slope, soil depth and other topographic features
(Williamson and Balkwill 2015). Soil was sampled in
February 2016 at different sampling localities along the
Barberton Greenstone Belt in Mpumalanga, South

Africa (Fig. 1 and Table 1). Samples 1, 3, 5, 7, 9 11, 13
and 15 were collected from serpentinite outcrops and
samples 2, 4, 6, 8, 10, 12, 14, and 16 on sites with non-
serpentinite geology. Mean annual temperatures of the
study area vary between 16.7 and 20.9 �C and mean
annual summer rainfall ranges from 518 to 1194 mm
(Mucina and Rutherford 2006). The Drakensberg
Escarpment divides Mpumalanga province into a west-
erly half consisting mainly of high-altitude grassland
called the Highveld and an eastern half situated in low
altitude subtropical Lowveld, mostly savanna habitat
(Williamson and Balkwill 2015). Sites 1, 2, and 11–16
were sampled along the escarpment and are situated in a
cool (mean annual temperature of 17 �C) mist belt with
a high frequency of fog and precipitation levels
(> 1000 mm per annum), compared to sites 3–10 which
are in subtropical Lowveld (19.7 �C; < 800 mm). At
each site, visible BSC and soil were sampled for identi-
fication and enumeration, as well as metagenomic clas-
sification.

Identification and enumeration

Samples were enriched with GBG11 growth medium
(Krüger 1978) and incubated at 20 �C and a light

Fig. 1 Sample sites in Mpumalanga. White circles are the serpentine sites and the darker circles the non-serpentine sites
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intensity of 35 lmol m�2 s�1 to enhance the identifica-
tion of the algal and cyanobacteria genera present.
Genera were identified microscopically using a Nikon
80i microscope with differential interference contrast, ‘n
60X Plan Apochromatic 1.4 Numerical aperture (NA),
oil violet corrected with a 1.4 NA oil condenser. Liter-
ature used for identification was Ettl et al. (1999), Hin-
dak (2008), Hüber-Pestalozzi (1961), John et al. (2002),
Komárek and Anagnostidis (2005), Taylor et al. (2007)
and Wehr and Sheath (2003).

Ten grams of the crust was diluted up to 100 ml with
distilled water in 250 ml screw top bottles and preserved
with 2% formaldehyde. The suspension was shaken for
1 min and left for 10 min to settle. One milliliter of the
suspension was diluted with 1 ml distilled water and
algal and cyanobacterial cells were then counted with a
Sedgwick rafter chamber. This was repeated for each
sample. The counting was done according to the method
described in Hötzel and Croome (1999).

Chlorophyll-a analysis

A method adapted from Castle (2010) and described in
Orlekowsky et al. (2013) was used to measure chloro-
phyll-a analysis. The crust was lifted to separate it from
the soil below. Three grams of crust was added to 9 ml
methanol solution in a 15 ml screw top bottle; shaken
for 4 h and then filtered through a Whatman GF/C fil-
ter. The supernatant was analysed with a spectropho-
tometer at 652, 665 and 750 nm. The following equation
(described in Henriques et al. 2007) was used to deter-
mine the chlorophyll-a (in micrograms) in the soil: lg
Chl-a g�1 soil = ((16.29 · [A665–A750]) � (8.54 · [
A652–A750]) · v)/(l · V), where v = volume of solvent
used (ml); l = the spectrophotometric cell length (cm)
and V = the sample volume (g).

DNA extraction

DNA extractions from the soil samples were done using
the Power� Soil DNA extraction kit (MO-BIO Labo-
ratories, Carlsbad, CA). The manufacturer’s instruc-
tions were followed with the additional step of a
Proteinase K treatment. DNA was eluted in 100 ll of
the eluent provided by the PowerMax Soil DNA kit.
DNA extracted from the soil samples was quantified
using a NanoDrop Spectrophotometer (ND 1000,
BioRad).

16S rRNA/ITS gene amplification and MiSeq sequenc-
ing

The V3–V4 variable region of the 16S rRNA gene and
nuclear ribosomal internal transcribed spacer (ITS) re-
gions including the 5.8S gene were amplified from 16 soil
DNA extracts using the 16S and ITS metagenomic
sequencing library protocol (Illumina). For 16S and ITS
library preparations, two PCR reactions were completed
on the template DNA. Initially the DNA was amplified
with primers specific to the V3–V4 region of the 16S
rRNA gene (Klindworth et al. 2013) and the ITS1-ITS4
primer pair was used to amplify the intervening 5.8S
rDNA and the adjacent ITS1 and ITS2 regions (White
et al. 1990). Both 16S and ITS primer pairs incorporated
the Illumina overhang adaptor (16S Forward primer
5¢TCGTCGGCAGCGTCAGATGTGTATAAGAGA-
CAGCCTACGGGNGGCWGCAG; 16S reverse pri-
mer 5¢GTCTCGTGGGCTCGGAGATGTGTATAA-
GAGACAGGACTACHVGGGTATCTAATCC; ITS1
primer 5¢TCGTCGGCAGCGTCAGATGTGTATAA-
GAGACAGTCCGTAGGTGAACCTGCGG; and ITS
4 primer 5¢ GTCTCGTGGGCTCGGAGATGTGTA
TAAGAGACAGTCCTCCGCTTATTGATATGC).

Table 1 Information about the sample sites

Site Geology Latitude Longitude Altitude (m) Description Vegetation
(DDD� MM.MMM¢)

1 Serpentinite S 25� 33.604¢ E 30� 47.456¢ 1304.92
2 Granite red soil S 25� 31.667¢ E 30� 51.129¢ 965.85 Kaapsehoop Grassland
3 Serpentinite S 25� 42.014¢ E 31� 04.436¢ 607.08 Noordkaap railway Bushveld
4 Basalt S 25� 40.333¢ E 31� 07.629¢ 608.00 Noordkaap railway Bushveld
5 Serpentinite S 25� 40.021¢ E 31� 02.584¢ 688.00 Mundt’s concession Ecotone
6 Diorite S 25� 46.257¢ E 31� 03.976¢ 948.00 Geological trail Ecotone
7 Serpentinite S 25� 40.961¢ E 31� 04.770¢ 593.54 Noordkaap reserve Bushveld
8 Basalt S 25� 41.077¢ E 31� 04.741¢ 594.15 Noordkaap reserve Bushveld
9 Serpentinite S 25� 36.400¢ E 30� 59.340¢ 746.15 R40 Pass Ecotone
10 Granite S 25� 40.721¢ E 30� 57.709¢ 803.69 R40 Pass Ecotone
11 Serpentinite S 25� 48.544¢ E 30� 57.260¢ 883.38 Sassenheim Ecotone
12 Quartzite S 25� 47.345¢ E 30� 57.313¢ 830.46 Sassenheim Ecotone
13 Serpentinite S 25� 52.355¢ E 30� 30.791¢ 1255.00 Kalkkloof Grassland
14 Quartzite S 25� 51.575¢ E 30� 31.919¢ 1240.00 Kalkkloof Grassland
15 Serpentinite S 25� 49.501¢ E 30� 48.432¢ 1409.00 Nelshoogte Grassland
16 Diorite S 25� 49.901¢ E 30� 48.827¢ 1364.00 Nelshoogte Grassland
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Each PCR reaction contained DNA template
(� 12 ng), 5 ll forward primer (1 lM), 5 ll reverse
primer (1 lM), 12.5 ll 2X Kapa HiFi Hotstart ready
mix (KAPA Biosystems Woburn, MA), and PCR grade
water to a final volume of 25 ll. PCR amplification was
carried out as follows: heated lid 110 �C, 95 �C · 3 min,
25 cycles of 95 �C · 30 s, 55 �C · 30 s, 72 �C · 30 s,
then 72 �C · 5 min and held at 4 �C. Negative control
reactions without any template DNA were carried out
simultaneously.

PCR products were visualised using gel elec-
trophoresis (1X TAE buffer, 1.5% agarose, 100 V).
Successful PCR products were cleaned using AMPure
XP magnetic bead based purification (Beckman Coulter,
IN). The Illumina Nextera XT Index kit (Illumina, San
Diego, CA) with dual 8-base indices were used to allow
for multiplexing. Two indexing primers were used per
sample. Each PCR reaction contained purified DNA
(5 ll), 5 ll index 1 primer, 5 ll index 2 primer, 25 ll 2X
Kapa HiFi Hot Start Ready mix and 10 ll PCR grade
water. PCR reactions were performed on a Bio-Rad
C1000 Thermal Cycler (Bio-Rad, Hercules, CA) Cycling
conditions consisted of one cycle of 95 �C for 3 min,
followed by eight cycles of 95 �C for 30 s, 55 �C for 30 s
and 72 �C for 30 s, followed by a final extension cycle of
72 �C for 5 min.

Prior to library pooling, the indexed libraries were
purified with Ampure XP beads and quantified using the
Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific,
Waltham, MA). Purified amplicons were run on the
Agilent Bioanalyzer (Agilent Technologies, Santa Clara,
CA) for quality analysis prior to sequencing. The sample
pool (2 nM) was denatured with 0.2 N NaOH, then
diluted to 7 pM and combined with 10% (v/v) dena-
tured 20 pM PhiX, prepared following Illumina guide-
lines. Samples were sequenced on the MiSeq sequencing
platform at the NICD sequencing core facility, using a
2 · 300 cycle V3 kit, following standard Illumina
sequencing protocols. The raw sequence reads are
available at the National Center for Biotechnology
Information Short Read Archive (NCBI SRA) (Acces-
sion numbers SRR 617 6964–SRR 617 6995).

Data processing

The FastQC (v0.0.13) tool (Andrews 2010) was used
to determine the quality of the raw reads, after which
Trimmomatic (v0.36) (Bolger et al. 2014) was used to
remove adapters and short (less than 25 nucleotides)
and low quality (quality score lower than 15) reads.
Subsequently, part of the workflow of Shade (2015)
was used for amplicon analysis using QIIME (quan-
titative insights into microbial ecology) (Caporaso
et al. 2010b). Trimmed forward and reverse reads were
merged according to a simple bayesian algorithm
using the paired-end Assembler for DNA sequences
(PANDAseq) module (Masella et al. 2012). All
merged sequences were then combined into a single

FASTA file with QIIME labels, followed by de novo
operational taxonomic unit (OTU)-picking using the
usearch61 application (Edgar 2010). The latter step
clustered sequences into OTUs at 97% sequence
identity to filter noisy reads and correct errors. OTUs
were subsequently identified by using Basic Local
Alignment Search Tool (BLAST) (Altschul et al. 1990)
against a locally created database consisting of
� 215 k cyanobacterial and algal sequences. Prior to
taxonomy assignment, sequences were aligned to the
Greengenes Core reference alignment (DeSantis et al.
2006) using PyNAST (Caporaso et al. 2010a). Bacte-
rial, and hence cyanobacterial, taxonomies were as-
signed to OTUs by matching the accession numbers
from BLAST results against the Greengenes taxonomy
and reference database (McDonald et al. 2012) using
the RDP classifier (v2.2) (Wang et al. 2007). Addi-
tionally, accession numbers from BLAST results were
also matched against a locally created NCBI algal
taxonomy database to assign these taxonomies. The
latter database was compiled using the workflow of
Baker (2016). Taxonomy assignment was then fol-
lowed by visualisation in R (v.3.3.3) using the ggplot2
package (Wickham 2009).

Soil analyses

Analyses were done in accordance with the standards set
out by the Agricultural Laboratory Association of
Southern Africa (ALASA) and the International Soil
Analytical Exchange (ISE), Wageningen, The Nether-
lands, control schemes. Exchangeable Ca, Mg, K and
Na were estimated by 1 M ammonium acetate (pH 7)
extraction, P was estimated by P-Bray 1 extraction, pH
was estimated via 1:2.5 extraction and EC (conductivity)
was determined with a saturated extraction. These
methods followed NSSSA (1990). All heavy metals,
including Co, Cr, Fe, Mn and Ni as well as % N and S
were estimated by EPA method 3050b (US EPA 1996).

Data analyses

CANOCO (v 4.5) software was used to perform
Principal Component Analysis (PCA) on the nutrient
and chemical variables of the different sites (Ter Braak
and Smilauer 1998). The differences between the da-
tasets were determined with Statistica (v 13.2) soft-
ware. The Kolmogorov–Smirnov and Lilliefors test
for normality was used to determine whether the da-
tasets were distributed parametrically. The data did
not meet the assumptions of normality in the distri-
bution of all variables and therefore the Kruskal–
Wallis ANOVA was used (non-parametric data) for
comparing multiple independent samples to determine
differences between the sampling sites. Spearman’s
rank correlation coefficient was used to find any sig-
nificant correlations.
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Results

Approximately 1.5 million reads were obtained with
sequencing of 16S and ITS fragments isolated from the
sixteen samples. Sequenced reads had lengths of between
35 and 301 bp, with an average GC content of 54.6%.
The mean sequence quality (Phred score) was 33.46,
indicating 99.95% base call accuracy. After trimming, a
total of 97.9% clean read pairs remained for down-
stream analyses. Following PANDAseq and de novo
OTU picking, a total of 532412 combined merged se-
quences resulted in 151354 clusters, i.e. OTUs, with a
specified sequence identity threshold of 97%. According
to BLAST results, 126050 (83.3%) of OTUs could be
identified from the local cyanobacterial and algal se-
quence database.

Sequencing revealed the presence of cyanobacteria
and four algal classes (Bacillariophyceae, Chloro-
phyceae, Eustigmatophyceae and Trebouxiophyceae) in
all sample groups (NSD, NSW, SD, SW). Cyanobacte-
ria and algae were more abundant in the wetter regions
(Figs. 2, 3). Thirty-four genera representing the
cyanobacteria occurred in all the samples that were se-
quenced but only 9 occurred in all the sample groups.
From highest to lowest abundance, these included
Phormidium, Leptolyngbya, Planktothricoides, Nostoc,
Oscillatoria, Dolichospermum, Scytonema, Arthronema
and Calothrix. Pinnularia was the only genus identified
within the Bacillariophyceae, while the Chlorophyceae
were represented by four genera, namely Bracteacoccus,
Chlamydomonas, Chlorella, and Chlorococcum, of which
the latter genus was only found in non-serpentine soil at
very low frequencies (n < 10 per sample group).

Fig. 2 Stacked bar plots illustrating the absolute abundance of the
classified cyanobacteria genera (excluding low abundance genera)
present in each sample group. Sample groups: NSD non-serpentine
soil from dry region, NSW non-serpentine soil from wet region, SD
serpentine soil from dry region, SW serpentine soil from wet region

Fig. 3 Stacked bar plots illustrating the absolute abundance of the
classified eukaryotic genera (excluding low abundance genera)
present in each sample group. Sample groups: NSD non-serpentine
soil from dry region, NSW non-serpentine soil from wet region, SD
serpentine soil from dry region, SW serpentine soil from wet region

Fig. 4 Results of the enumeration of samples grouped in the
following categories: NSD non-serpentine soil from dry region,
NSW non-serpentine soil from wet region, SD serpentine soil from
dry region, SW serpentine soil from wet region. Results are given in
cells per gram soil

Fig. 5 Comparison of cyanobacteria (cells/g soil) in NSD non-
serpentine soil from dry region, NSW non-serpentine soil from wet
region, SD serpentine soil from dry region, SW serpentine soil from
wet region. Results are given in cells per gram soil
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Eustigmatophyceae was represented by three genera,
namely Monodopsis, Nannochloropsis, and Vischeria.
Nannochloropsis, was abundant in all sample groups and
was also observed in all the sites. The other genera from
the Eustigmatophyceae occurred at low frequencies
(n < 20).

Absolute abundance is the number of times that se-
quences of these genera were detected in the sample
(Figs. 2, 3). Genera that occurred less than ten times in
all samples and groups were excluded due to this low
abundance.

According to sequence analyses, diversity of algae
and cyanobacteria was higher in the region with higher
rainfall than the region with low rainfall. However,
enumeration of the samples did not find any statistically
significant difference (P > 0.05) between the sample
groups as shown in Fig. 4. Cyanobacterial concentra-
tions were slightly higher in all samples. A cyanobacte-
rial concentration of 343000 cells/g soil was observed in
the drier serpentine soil sampled near the Northern Cape
railway (site 3). A box plot of the number of
cyanobacterial cells per gram soil comparing the wet and
dry regions clearly showed that cyanobacteria were more
abundant in the drier serpentine soil (Fig. 5). The
highest number of Bacillariophyceae (52400 cells/g soil)
was observed in the serpentine soil near Nelshoogte (site
15) and the most Chlorophyceae (10333 cells/g soil) was
observed at Kalkkloof sampled from quartzite (site 14):
both sites are situated along the wetter escarpment
(Fig. 1).

Table 2 provides a complete list of all genera detected
sixty in total, in the enriched media, through enumera-
tion as well as molecular analyses for all sites. These
include thirty-nine cyanobacteria genera; 10 from the
Chlorophyceae; 6 from the Bacillariophyceae; 4 from the
Eustigmatophyceae and one from the Trebouxio-
phyceae. Nostoc, Oscillatoria, Phormidium, Planktothri-
coides, Leptolyngbya, from the Cyanophyceae;
Achnanthidium and Pinnularia from the Bacillario-

phyceae; Chlamydomonas, Chlorella, Bracteacoccus from
the Chlorophyceae; and Nannochloropsis from Eustig-
matophyceae occurred in most of the sites. The non-
serpentine site (site 2) situated in the region with higher
annual rainfall had the highest diversity of algae and
cyanobacteria (34). The algal biomass (chlorophyll-
a concentration is 0.21 lg g�1 soil; Table 2) of this BSC
was very low and all these genera were detected through
sequencing and were not observed during the enumera-
tion of this sample. Although the algal component was
limited, the thick crust (9 mm; Table 2) had a diverse
fungal component (3000 different fungal spores/g soil),
as well as amoeboid cells (4750 cells/g soil) and ciliates
(250 cells/g soil). ITS analyses detected 26 fungal genera
in this crust with the Dothideomycetes well-represented.
This is the first time that cyanobacteria genera such as
Brasilonema and Toxopsis from the Nostocales; Plank-
tothricoides from the Oscillatoriales; andHalomicronema
from the Synechococcales, were reported for South
African soil. Other first-time genera include Chro-
cosphaera (site 13) and Rubidibacter (site 16) from
Chroococcales as well as Acaryochloris (site 7, 8, and 13)
and Annamia (site 11) from Synechococcales. Toxopsis is
a close relative of Tolypothrix and was found in a cave in
Greece by Lamprinou et al. (2012), who also described
it. Chlorophyll-a contents of most BSCs grown on ser-
pentine soils were higher than those grown on non-ser-
pentine soils in the same area except those grown on
quartzite in Sassenheim (Table 2). Crust chlorophyll
content can vary greatly due to the variety of organisms
involved. Specifically, the presence of mosses and lichens
can increase the chlorophyll content. According to Bü-
del et al. (2009), a well-developed cyanobacteria crust is
about 4 mm thick, with a high biomass and dark dis-
coloration, with filamentous cyanobacteria such as
Phormidium and Nostoc present. Spearman Rank Order
did not detect a correlation between crust thickness and
chlorophyll-a (r = 0.05) but there were significant cor-
relations between crust thickness and cyanobacteria

Table 3 Nutrient status and particle size distribution of soil

Sites pH (H2O) EG (mS m�1) Nutrient status Particle size distribution Clay

%N %S %C > 2 mm (%) Sand (% < 2 mm) Silt

1 6.05 24 0.0544 0.0024 0.7254 10.5 61.6 30.6 7.8
2 6.59 13 0.0471 0.0056 0.9603 1.7 52.2 16.1 31.7
3 6.50 34 0.1380 0.0017 1.7266 22.4 72.2 22.7 5.0
4 6.75 53 0.2224 0.0318 2.4300 15.1 62.9 28.9 8.1
5 6.22 21 0.3523 0.0297 4.4400 17.6 40.2 38.7 21.1
6 6.15 25 0.2665 0.0304 4.4400 25.8 46.6 35.7 17.7
7 6.20 61 0.3369 0.0530 3.7903 31.7 53.8 36.0 10.1
8 6.40 49 0.4183 0.0415 5.8200 12.4 73.2 16.0 10.8
9 6.38 46 0.5420 0.0315 6.4900 11.7 51.5 32.4 16.1
10 6.78 20 0.0695 0.0111 1.7470 14.3 78.7 9.9 11.5
11 6.20 51 0.2519 0.0311 3.9129 25.6 42.0 43.9 14.0
12 6.42 13 0.0846 0.0034 1.4099 16.1 82.9 7.7 9.4
13 6.08 22 0.4923 0.0505 6.3800 26.5 75.8 18.6 5.6
14 5.83 17 0.1602 0.0213 2.5950 0.3 66.5 17.2 16.3
15 6.33 22 0.2652 0.0328 4.1400 22.7 74.6 17.0 8.4
16 6.28 14 0.2137 0.0264 2.8810 13.2 54.5 29.3 16.2
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diversity (r = 0.77) and total diversity (r = 0.78) at
P < 0.05.

The pH values of the sites were all near neutral or
slightly acidic (Table 3) with the EC in most serpentine
sites higher than in the non-serpentine sites. Table 4
shows that the serpentine soils had high magnesium and

low calcium concentrations as well as higher concen-
trations of metals such as chromium, manganese, iron,
cobalt and nickel. However, the non-serpentine site (4)
near the Noordkaap railway had very high total mag-
nesium levels of 25800 mg kg�1. The Ca/Mg ratios in
the wetter serpentine soils differed significantly from the
non-serpentine soil in the drier regions (P = 0.03).
A PCA of the total metal concentration and the sites
showed a clear separation of the serpentine and non-
serpentine soils (Fig. 6). The first 2 axes of the PCA
explain 97.4% of the total variance. The P values
(P > 0.05) confirmed that there was no significant dif-
ference between the metal concentrations of the different
sites. There was also no significant difference in the
nutrient levels in the soils from the different sites
(P > 0.05). Magnesium levels between serpentine and
non-serpentine soils differed significantly in the wetter
regions, but not in the drier regions (P = 0.018). Prin-
cipal component analysis (PCA) of the soil characteris-
tics and nutrient levels (Fig. 7; Table 5) grouped the
non-serpentine soils together with the exception of site 4
(Basalt site in the Noordkaap reserve). The first 2 axes of
the PCA of the soil characteristics and the sampling sites
explained 99.3% of the total variance (Fig. 7).

Table 4 Some of the metals present in soil samples measured in
mg kg�1

Sites Mg Ca Ca/Mg Cr Mn Fe Co Ni

1 11000 828 0.08 229 910 64200 63 198
2 1200 477 0.38 84 140 28200 10 34
3 39800 26200 0.66 1600 930 38700 43 387
4 25800 6900 0.27 710 1040 35800 39 308
5 23900 2100 0.09 1450 1570 69500 153 1874
6 7660 3300 0.42 670 760 41800 39 144
7 25300 8400 0.33 1100 1000 48900 66 793
8 4300 5400 1.26 200 870 26000 22 102
9 31100 3600 0.12 2400 2070 86000 172 1866
10 1980 2400 1.23 30 200 12800 8 17
11 33000 2700 0.08 1300 1170 63700 113 1297
12 3210 2400 0.75 74 256 18200 13 25
13 42700 4300 0.10 1200 1040 63000 104 1837
14 2900 1100 0.39 49 300 26000 16 32
15 50000 960 0.02 3500 2100 73600 185 2530
16 1280 1200 0.96 877 730 53800 62 211

Fig. 6 Principal component analyses of some of the metals and sample sites of serpentine and non-serpentine soil

Axes 1 2 3 4 Total variance

Eigenvalues 0.802 0.173 0.025 0.000 1.000

Cumulative percentage 

variance of species data 

80.2 97.4 100.0 100.0
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Discussion

Use of both genotypic and phenotypic methods in-
creases the chances of detecting the presence of a genus
in a sample, as culture-based methods can promote the
growth of some genera and suppress the growth of
others (Dojani et al. 2014). With this approach, 60
genera were detected, with genera such as Acaryochloris,
Annamia, Brasilonema, Chrocosphaera, Halomicronema,
Planktothricoides, Rubidibacter, and Toxopsis reported
for the first time for South African soil. Results con-

firmed that algae and cyanobacteria are tolerant of most
substrates and can even colonize environments with high
levels of heavy metals and other nutrient imbalances, if
moisture is present. Pessoa-Filho et al. (2015) found that
even high nickel concentrations in serpentine soils did
not affect enzyme activities of the microbial population.
This study confirms the results of other studies (Or-
lekowsky et al. 2013; Schulz et al. 2016), demonstrating
that edaphic factors do not play an important part in the
growth of algae and cyanobacteria in extreme environ-
ments. However, edaphic factors may still play a role in

Fig. 7 Principal component analyses of the nutrients present in serpentine and non-serpentine soils

Axes 1 2 3 4 Total variance

Eigenvalues 0.895 0.098 0.004 0.002 1.000

Cumulative percentage 
variance of species data 

89.5 99.3 99.7 99.9

Table 5 Nutrients present in soil samples measured in mg l�1

Sites Cl Mg Ca Na NO2 NO3 F P K SO4

1 11.8 438 33 8.57 0.13 2.3 0.61 23.7 22.13 19.6
2 1.98 50 19 7.76 0.12 9.0 0.03 16.5 36.9 16.7
3 1.00 1590 1050 7.44 0.26 6.8 0.12 14.7 15.5 3.9
4 6.10 1030 276 7.85 0.31 34.2 0.15 15.1 19.6 35.2
5 1.79 957 82 7.08 0.25 26.7 0.06 19.6 20.0 24.3
6 3.38 306 130 8.43 0.20 25.9 0.05 21.5 61.0 13.2
7 2.55 1013 337 8.16 0.39 60.8 0.11 25.7 48.5 17.3
8 3.32 172 216. 7.21 0.55 33.5 0.09 22.7 178.2 9.2
9 2.41 1245 143 7.79 2.04 21.7 0.23 28.1 33.4 25.1
10 1.73 79 97 8.10 0.61 3.4 0.15 17.7 34.3 7.0
11 18.50 1322 106 7.85 0.29 156.3 0.02 19.4 52.5 27.6
12 1.49 128 96 8.03 0.16 7.7 0.07 18.4 40.4 8.2
13 5.15 1707 173 6.91 0.08 0.04 0.12 23.5 21.4 7.1
14 3.37 116 45 7.56 0.10 1.4 0.05 19.4 22.5 35.2
15 0.69 2000 39 6.80 0.29 5.7 0.14 17.9 16.3 4.8
16 1.05 51 49 6.70 0.22 1.5 0.08 21.9 29.0 10.7
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the composition of the BSC. An interesting observation
was the highest algal diversity, but low biomass was
found in the red granite soil in Kaapsehoop, a non-
serpentine site located in the fog belt. Molecular analy-
ses also detected more genera in the mist belt sites than
in the drier Lowveld areas. In contrast with the diversity,
high numbers of cyanobacterial cells per gram soil,
especially in Phormidium, were observed in the serpen-
tine sites in the drier Lowveld region.
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