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Abstract

The Ikogosi Warm Spring is a unique ecological niche in Western Nigeria
with an average temperature and pH of 38°C and 5.8 respectively. It mixes
with an adjacent cold spring (28°C & pH 7.6), about 100 meters from source,
yielding a confluence body of water of 32°C and pH 7.7. To explore the bac-
terial community structure of this uncommon environment and to scan for
potentially useful bacteria, metagenomes extracted directly from five samples
(source and mid-point of warm spring; source and midpoint of cold spring,
and the confluence) were analyzed. Using the MiSeq Illumina next generation
sequencing protocols, the V3-V4 region of the 16S rRNA gene pool was se-
quenced and analyzed by QIIME (Quantitative Insights into Microbial Ecol-
ogy) and R software. At least 11% (47,446) of all the sequences were unknown
to any of the databases employed. Bacterial diversity and abundance at the
source of both springs were extremely low, accounting for less than 0.07% of
the total sequence reads at the confluence, 100 m downstream. In contrast to
the highly diversified mesophilic confluence community where 21 different
phyla were identified, only 4 and 5 phyla were recovered from the source-point
of the warm spring and cold spring respectively. The most prevalent phyla in
all samples were members of the versatile Proteobacteria (35% - 50% relative
abundance), and the hardy Firmicutes (33% - 40%). Operational taxonomic
units (OTUs) obtained from all the samples averaged at 1414. Temperature
and pH were equally significant predictors of genomic diversity and richness,
with the warm and cold spring sources having less than 5 bacteria phyla.
Exiguobacterium sp. (a potential plastic degrader) and other deep rooted
bacteria were found in the warm spring while the cold spring outflow
contained among others such asRubrobacter sp. and Chloroflexi sp. (which is
close to the phylogenetic root of the domain Bacteria). Many taxonomically
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unresolved sequences could indicate the presence of potentially novel bacteria
in this unique body of water and underscores the need to systematically mine
these rare genetic reservoirs for biotechnological applications. Moreover,
such tropical hydrothermal ecosystems could contain some unknown primi-
tive bacteria at the origins of life.
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1. Introduction

Ikogosi Warm Spring is one of the natural touristic hot spots in South Western
Nigeria. It is located about 2 km west of Ikogosi town on longitude 4°56.46'E
and latitude 7°36.88'N [1]. The warm spring flows down a hilly landscape beau-
tified by tall ever-green trees which form a restful canopy for visitors. In a capti-
vating turn, it mixes with a cold spring, originating from a distant independent
source to form one merged flowing stream [2] [3] whose banks and sediments
appear dark and moist. Tourists’ activities are normally restricted to the peak of
the confluence of the springs. At the midpoint of the warm spring, the villagers
fetch water for cooking and drinking purpose. Anthropogenic impact at both
sources of the spring, and at the midpoint of the cold spring is relatively low.
This interesting ecological niche is an important tourist attraction of the coun-
try, tucked away in the serene and rustic town of Ikogosi. The area has numer-
ous touristic values stretching from historical monuments, traditions and the
people, to other forms of tourist features. The spring has been known for its
continuous flow for very many years and is a major source of portable water for
over 30,000 residents of Ikogosi-Ekiti town [4].

Natural environments often harbor more diversity of microorganisms, than
has been identified or characterized [5]. In recent years, the use of amplicon se-
quencing and full metagenomics, culture independent approaches for studying
microbial community structure from environmental niches allows for the identi-
fication of both cultivable and presently unculturablebacteria [6] [7] [8]. In ad-
dition, metagenomics studies eliminate the culture bias by directly recovering
bacterial groups in their naturally occurring relative abundance; shedding light
into the functional dynamics and complex biochemical processes of an envi-
ronment. Documenting the microbial diversity of very old and unique niches is
important to understanding the phylogenetic grouping of extant lineages. The
widely held notion that spring water sources are portable without any tests needs
to be examined. The Ikogosi streams present a good model for tracking the po-
tential sources, bacterial diversity and richness of microorganisms found down-
stream. Thermal springs have been known to contain bacteria of unique physi-

ology and attributes such as the Thermus aquaticus whose economic and scien-
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tific benefits and applications are enormous [9] [10].

There are no reports of a systematic study of the microbiomes of the impor-
tant spring in western Nigeria. A study in 2005 [11], used conventional culture
techniques to screen soil samples from around the warm spring for protease-
producing bacteria and presumptively found only four phylotypes. Although this
study found very scanty bacteria diversity at the source of the aquatic niche, it
identified phylotypes such as—the Fusobacterium which were not detected in
the culture-limited study of the sediment. Usually, the sediment of springs and
rivers contain a much higher diversity and many logs more abundant bacteria
than the water phase [12] [13] [14] [15]. As a first step towards exploring this
important niche for eventual harnessing of potentially useful bacteria; this brief
study employs 16S rRNA amplicon sequencing of metagenomic DNA to profile
bacteria composition of the niches. The difficulty of cultural potentially inter-
esting mesophilic and psychrophilic oligotrophs in natural environments can be
surmounted after culture-independent methods are used to profile the exact
types of organisms present. This research is the first to employ next generation
sequencing of a conserved chronometric gene (amplicon metagenomic ap-
proach) to define the bacteria community structure in this marvel of na-

ture—Ikogosi springs.
2. Materials and Methods

2.1. Sample Collection

Water samples from the spring (Figure 1) were collected using sterile vials, from

the point of outflow (Source) of the warm spring (S1), the midpoint of the warm
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Figure 1. Map of study area and its surrounding environment in Ekiti, South Western Nigeria.
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spring (S2), the midpoint of the cold spring (S4), designated point of outflow
(Source) of the cold spring (S5) and from the confluence of both springs (S3).
This was done by lowering sterile bottles to the bottom of the relatively shallow
spring with the aid of a gloved hand. Samples were then transported to the la-

boratory and stored at 4°C until analyzed.

2.2. DNA Extraction

Water samples were vigorously shaken to resuspend bacterial cells. Then 1.5 ml
of each sample was aliquot into 10 microcentrifuge tubes and spun at 15,000
rpm for 10 minutes (to pellet the cells). The supernatants were carefully de-
canted, and the steps were repeated 10 times with the same tubes resulting in
pelleted bacteria from a total of 15 ml of water sample per tube. The bacteria
pellets were subsequently pooled into one tube by adding 100 microliters of ste-
rile Phosphate buffered saline (PBS) to the first tube, re-suspending the cells and
transferring the entire content into the next tube. Process was repeated 9 times,
ultimately harvesting all the cells in 150 ml of water into one microcentrifuge
tube. Genomic DNA in the spooled cells was then extracted using AccuPrep®
Genomic DNA Extraction Kit (Bioneer Corporation, Korea) following the man-

ufacturer’s instruction.

2.3. Library Construction, Amplification and Sequencing

The single index Mi-Seq protocols were employed to sequence the V3-V4 region

of the 16S rDNA gene of the samples from Ikogosi Warm Spring.

2.4. DNA Concentration and Purity

In order to assess the quality of the extracted DNA samples for PCR analysis, the
DNA concentration and purity of each sample was measured using the Nano-
drop 2000c spectrophotometer (Thermo Fisher Scientific, MA, USA). Extracted
samples were also run on a 1% agarose gel (1x TAE) at 90 V for 45 mins to vi-

sually verify the integrity of the samples.

2.5. Initial Amplification of Extracted Bacterial DNA

To confirm that the extracted DNA can be sequenced by amplification; the bac-
terial 16S rDNA, a chronometer gene found in all bacteria (Figure 2) was amplified
using the universal primer 1492 Reverse (5GGTTACCTTGTTACGACTT-3)
and 27 Forward (5-AGAGTTTGATCCTGGCTCAG-3’). The primers pair flank
the V1-V9 region of the 16S rDNA gene, yielding an amplicon of about 1500
base pairs (Figure 2). Reaction mixtures (1x Promega master mix, 50 ng DNA
template, 0.5 uM of each primer) were incubated for 4 mins at 94°C for denatu-
ration, followed by 35 cycles consisting of 1 min at 94°C, annealing for 30 s at
45°C, and extension for 2 mins at 72°C. Four (4 ul) microliters of PCR product
was run using gel electrophoresis in a 1% agarose (w/v) gel at 90 V for 45 mi-

nutes.

DOI: 10.4236/aim.2020.104012

148 Advances in Microbiology


https://doi.org/10.4236/aim.2020.104012

D. Fasesan et al.

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 bp

Bvill = B v | w lvs.va-w-vs-vg.

unspecific applications
VARIABLE REGIONS: group or species-specific applications

Figure 2. 16S rRNA gene showing the V1-V9 varaibale regions and conserved regions.
The 515F/806R primer pair amplifies within the V3-V4 region.

2.6. Preparation of Extracted Metagenomic DNA for Sequencing

The DNA samples were first quantified using the Qubit 2.0 fluorometer accord-
ing to manufacturer’s instructions (Thermo-Fisher Scientific Inc., MA, USA)
and subsequently diluted as needed to 5 ng/ul according to the Illumina se-
quencing protocol. The Illumina recommended—primer pair—515F and 806R
[16], which binds bacterial/archeal regions 515F
(5°-AATGATACGGCGACCACCGAGATCTACACTATGGTAATTGTGTGCC
AGCMGCCGCGGTAA-3’) and
806R (5°-CAAGCAGAAGACGGCATACGAGAT AGTCAGTCAG CC
GGACTACHVGGGTWTCTAAT-3") were used to target the V3-V4 region of
the 16S rDNA sequence (Figure 2). The PCR cocktail contained 515F/806R
primers at 0.2 uM each and 5-Prime hot-start master mix (5 PRIME Inc. MD,
USA), 5 ng DNA template plus molecular grade water to produce a 25 pl total
reaction volume. The thermocycler conditions used were 94°C for 3 minutes, 35
cycles of 94°C for 45 seconds, 50°C for 1 minute, and 72°C for 90 seconds, fol-
lowed by a final elongation for 10 minutes at 72°C.

Four (4 pl) microliters of the amplified products (approximately 300 bp) were
run on a 1.5% agarose gel (0.5% TAE) at 70 V for 45 minutes to validate the am-
plicon size using a 100 bp ladder.

2.7. Library Construction—PCR Amplification with Barcoded
Primers

The extracted metagenomic DNA samples from the Ikogosi Springs were ampli-
fied with a special barcoded reverse primer 806R and a regular 515F. The reverse
primer was tagged with unique 6 base pair barcode represented as (XXXXXX)
for each individual sample. The sequence of the primer pair employed was 515F
(5°-AATGATACGGCGACCACCGAGATCTACAC TATGGTAATT GT
GTGCCAGCMGCCGCGGTAA-3’) and 806R barcoded primer
(5-CAAGCAGAAGACGGCATACGAGAT XXXXXX AGTCAGTCAG CC
GGACTACHVGGGTWTCTAAT-3’). The PCR conditions are as described
above. The amplicons were again checked on a 1.5% agarose gel (0.5X TAE) us-
ing gel electrophoresis. Thereafter they were purified to remove unused nucleo-
tides, primers and unwanted primer dimers using the AgencourtAMPure XP
bead (Beckman Coulter, Inc., CA, USA) which contains magnetic beads to puri-
fy DNA. Barcoded PCR amplicons were then eluted using 10 mM Tris pH 8.5. A

final validation and quantification of the barcoded V3-V4 amplicons was done
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using the Bioanalyzer-Agilent 2200 Tapestation system (Agilent Technologies
Inc., CA, USA) to verify the 385 bp fragments which include the adapters and
barcode from the primers. The average size of all the samples was used to calcu-
late the concentration of DNA in nM. Aliquots of the barcoded products were
diluted as needed to a uniform concentration of 4 nM and confirmed fluorome-
trically as described above.

All samples were pooled in one single tube where each sample contained a
distinguishable tag unique barcode) attached to its PCR amplicon. Twenty mi-
croliters (20 pl) from each sample was pooled into one single tube and the final
concentration verified using the Qubit 2.0 fluorimeter to be 4nM before pro-

ceeding with sequencing steps.

2.8. Denaturation of DNA Samples Prior to Sequencing

Five microliters (5 pl) of the pooled barcoded DNA samples was denatured us-
ing a 1:1 ratio of 0.2N NaOH and immediately kept on ice to ensure DNA
strands remain separated. The denatured DNA sample was further diluted to 4
pM using the HT1 buffer from Illumina. Using similar procedure, the PhiX con-
trol DNA library supplied by Illumina, manufacturers of the MiSeq sequencing
platform (Illumina Inc., CA, USA) was denatured. Subsequently the pooled sample
library and the PhiX control were combined to produce a 15% PhiX spike and
subjected to heat/cold denaturation before being loaded on the Illumina MiSeq
sequencing cartridge (Illumina Inc., CA, USA). To produce a 15% spike of PhiX,
90 ul of the denatured PhiX was combined with 510 pl of the denatured, pooled
DNA samples.

Prior to loading the cartridge onto the platform, custom Read 1
(5-TATGGTAATT GT GTGCCAGCMGCCGCGGTAA-3’), Read 2
(5-AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT-3’) and index primer
(5-ATTAGAWACCCBDGTAGTCC GG CTGACTGACT-3’) were added to the
MiSeq cartridge. These primers are expected to amplify the forward and reverse
reads (approximately 250 bp) along with the index barcode (6 bp) from each
barcoded DNA sample. The sequencing cartridge was then loaded unto the se-

quencer.

2.9. Processing of Sequence Data Using QIIME Software

The vast sequencing depth of this next generation sequencing method allows for
an extensive capture of the microbiome structure in one sequencing run. The fi-
nal sequencing run produced three main files, which included a fastqz forward
read and reverse read file for the sequences of interest along with an index file
with the unique barcode for each sample. The forward and reverse reads were
paired using the join_paired_ends.py script in QIIME (Quantitative Insights in
Microbial Ecology) [17]. Joined paired end reads were then quality filtered using
the q30 standard where the probability of an incorrect base call is 99.9%. Se-

quences that do not fit these criteria were removed. A second quality control step
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(identify_chimeric_seqs.py) was done which identifies and removes chimeric
sequences. The operational taxonomic unit (OTU) table in “biom” format was
then generated by picking OTUs that were aligned against the Greengenes data-
base for 16S rDNA and also un-aligned sequence OTUs using the script (pic-
k_reference_otus.py). Additional analysis of the OTU tables using alpha and be-
ta diversity measures along with a taxonomy summary indicating the relative
abundances for each sample was produced using bubble charts, histograms and

stacked bar charts from the phinch.org website [18].

2.10. Statistical Analysis

To test the statistical significance of the observed relative abundancies and di-
versity measures of each finding, one-way ANOVAs were used at the 95% con-
fidence limit. To assess the correlation of the relative abundancies of the differ-
ent bacterial taxa with measured abiotic factors, the Pearson correlation coeffi-

cient was used.

2.11. Metagenomic Data Repository

All sequence data used in this study has been deposited into NCBI Sequence
Read Archive with SRA numbers SAMNO07728064-SAMNO07728068 under the
project name Ikogosi Warm Spring Bacterial Metagenomes with accession num-
ber PRINA412736 (ID 412736).

3. Results
3.1. Physical Characteristics

Table 1 shows the physical characteristics of the spring at different locations
where water samples were collected for analysis. The hottest temperature was
recorded at the point of outflow of the hot spring. The spring is slightly acidic to
neutral with pH ranging from 5.60 - 7.78. The confluence of the spring was do-
cumented to have the highest pH value while the point of outflow of the warm
spring had the lowest pH. Opacity of the spring also increased towards the con-

fluence of both outflows.

Table 1. Physical characteristics of Ikogosi Warm Springs.

Dess?;zlgon Location Tem(pneé;ture pH Opacity*
S1 Point of Outflow of Warm Spring 38 5.80 -
S2 Midpoint of Warm Spring 38 7.30 +
S3 Confluence Warm and Cold Springs 32 7.78 ++
S4 Midpoint of Cold Spring 28 7.60 -
S5 Designated Point of Outflow of Cold 28 720 N

Spring

(=) Clear (+) low turbidity (++) moderate turbidity.
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3.2. Bacteria Richness and Diversity

Table 2 presents the distribution and prevalence of various bacteria taxa in spe-
cific niches of the study sites. Out of the 417,723 genomic reads, relatively few-
genomic reads were found at the point of outflow of both cold and warm
springs. Sequence reads ranged from as low as 36 genomes in S1 (the source of
the warm spring) to a peak count of over 180,000 in the mesophilic confluent
portion of the two springs. In general, sequence reads correlated with taxonomic
diversity, and even though there were overlaps in the occurrence of species in all
sampling sites, there were remarkable differences between the cold and warm
spring taxonomic identity. A rarefied Chaol alpha diversity plot was generated
(Figure 3) with the five sample sources using a max sampling depth of 90,893
sequences. Due to the low number of reads for sample S1 and S5 they were
eliminated from the figure. As expected, the confluent of both springs (S3) had

the highest diversity with greatest numbers of rare and unclassified taxa.

3.3. Relative Abundance of Bacterial Taxa within the Different
Sampling Sites

3.3.1. Warm Spring Source (S1)

Expectedly, only four phyla—Firmicutes (47.2%), Proteobacteria (44.4%), Bac-
teroidetes (5.5%) and Fusobacteria (2.7%) were detected at source (S1) (Figure
4(a)). Bacillus sp. and other taxa within the Bacillaceae family were the most
dominant within the Firmicutes phylum but with a very low number of reads
compared to the midpoint of both springs and the confluence. Majority of the
Proteobacteria taxa included Enterobacteraceae and Haemophilus sp. from the
Gammaproteobacteria (23%). Only the two other Proteobacteria classes (Beta-
proteobacteria (5%) and Alphaproteobacteria (5.5%)) were detected (Figure 5).
There was one taxon recorded for Bacteroidetes— Prevotella sp. while the only
taxa from the Fusobacterium phylum included a Fusobacterium sp. The S1 warm

chao1: Sample ID
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Figure 3. Chao 1 Alpha rarefaction curve showing samples S2, S3 & S4
with a max sampling depth of 90893 sequences. S1 and S5 samples were
eliminated due to the low number of reads obtained 36 and 91 respective-
ly. Sample S3 had the greatest richness and diversity.
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Table 2. The relative distribution of the various bacteria taxa (down to the genus level) in addition to the richness and diversity
(Chao 1) from each sampling site of the Ikogosi Warm Springs where S1—source of warm spring, S2—midpoint of warm spring,
S3—confluence of warm and cold spring, S4—midpoint of cold spring and S5—outflow source of cold spring.

S1 S2 S3 S4 S5
Total number of Reads 36 90,893 180,828 145,875 91
Chaol diversity index 34 467 1160 757 36
No of Phylum detected 4 8 21 16 5
No of Class detected 7 14 35 30 8
No of Order detected 11 30 64 49 12
No of Family detected 15 48 92 76 16
No of Genus detected 17 71 152 116 19
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Figure 4. Relative abundance of bacterial taxa recovered from 16S rDNA sequences of the 5 samples taken at different points of
the Ikogosi spring at the (a) phylum level (b) class level and (c) order level. S1—source of warm spring, S2—midpoint of warm
spring, S3—confluence of warm and coldspring, S4—midpoint of cold spring and S5—outflow source of cold spring.

spring source also had a few unclassified and rare bacteria within the Firmicutes
phylum, however, at low read numbers that includes Peptostreptococcaceae fami-

ly, Veillonella sp. and Planomicrobium sp.

3.3.2. Midpoint of Warm Spring (S2)

A total of eight phyla were recovered from the midpoint of the warm spring, which
included the top four—Proteobacteria (60.1%), Firmicutes (39.8%), Cyanobacteria
(0.015%) and Bacteroidetes (0.014%). Most of the Alpha and Betaproteobacteria

members relative abundance were low (Figure 5) while the Gammaproteobacteria

DOI: 10.4236/aim.2020.104012

153 Advances in Microbiology


https://doi.org/10.4236/aim.2020.104012

D. Fasesan et al.

80%
70%
60%
50%
40%
30%
20%

10% ‘

v~ =

S1 S2 S3 sS4 S5

m Alphaproteobacteria Betaproteobacteria

Deltaproteobacteria Gammaproteobacteria

Figure 5. Relative abundance of the different classes of Proteobacteria within each sample
site—S1 (warm spring outflow), S2 (midpoint of warm spring), S3 (confluence of warm
and cold spring), S4 (cold spring midpoint), S5 (outflow of cold spring).

(60%) was elevated and included taxa such as Pseudomonas sp. and Erwinia sp.
In the Firmicutes phylum, this source harbored high numbers of Exiguobacte-
rium sp. which was remarkably not found in any other samples. Other more
prevalent members of the Firmicutes included Bacillus sp., Lysinibacillus sp. and
unclassified taxa of the Bacillaceae family. Prevotella sp. dominated the few taxa
included in the Bacteroidetes phylum. This source also contained numerous un-
classified taxa from the order Streptophyta in the Cyanobacteria phylum. The
midpoint of the warm spring had 13 unique taxa, which along with Exiguobacte-
rium sp. also included Methylobacterium sp. and Jeotgallicoccus sp. (Figure
6(a)). All 14 bacterial taxa within the warm spring source were found within the
midpoint (Figure 6(b)).

3.3.3. Confluent of Both Warm and Cold Springs (S3)

The confluent of both springs consisted of the greatest number of phyla detected
(21). The most prevalent phylum was Proteobacteria (73%), followed by Firmi-
cutes (26.9%), Spirochaetes (0.04%), Bacteroidetes (0.03%) and Acidobacteria
(0.03%). The other phyla such as Actinobacteria, Chloroflexi, Planctomycetes
had relative abundances below 0.01%. The Proteobacteria were again dominated
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(a)

Coxiellaceae 0.0055%

Xanthobacteraceae 0.0022%
Nitrospira sp. 0.0014%

(b)

Top Unique Taxa

Uliginosibacterium 0.083%
Burkholderiales 0.056%

Treponema sp. 0.046%
Acidobacteriaceae 0.02%
Comomonadaceae 0.02%
Sporomusa sp. 0.01%
Paludibacter sp. 0.01%
Azospirillum sp. 0.0085%
Vogella sp. 0.0056%

\_'_l
Top Unique Taxa

Exiguobacterium sp. 3.1%

Methylobacterium sp. 0.0044%

Jeotgallicoccus sp. 0.0022%

Figure 6. (a) Venn diagram depicting the shared bacterial taxa between the midpoint of the warm spring (S2), confluence of the
warm and cold spring (S3) and the outflow of the cold spring (S4). The confluence of the warm and cold spring had the most
unique taxa (68) not shared with the other sample sites. S4 and S3 had 25 and 13 unique taxa respectively. 54 taxa were shared
between S2, S3 and S4. (b) Venn diagrams showing the shared and unique bacterial taxa between the warm spring source (S1) and
its immediate outflow (S2) and the same between the cold spring source (S5) and its immediate outflow (S4).

by the Gammaproteobacteria class (58%) with much lower numbers of Betapro-
teobacteria (15%) (Figure 5). Pseudomonas sp. and taxa from the Enterobacte-
riaceae family dominated the Gammaproteobacteria class (Figure 4(b)) while
Neisseriaceae family and Comamonas sp. were found highest under the Beta-
proteobacteria. The Firmicutes phylum mostly consisted of unclassified Bacilla-
ceae members, Bacillus sp., Paenibacillus sp. and Lysinibacillus sp. The only ge-
nus that was sequenced from the phylum Spirochaetes was Treponema sp. Palu-
dibacter sp. and Chitinophaga sp. were the most prevalent of the Bacteroidetes
phylum while unclassified Acidobacteraceae family dominated the Acidobacteria
phylum. The confluent of both warm and cold springs had the highest number
of unique taxa (68) and included Uliginisobacterium sp., Treponema sp., Spo-
romusa sp. and Vogesella sp. among others (Figure 6(a)).

3.3.4. Midpoint of Cold Spring (S4)
The midpoint of the cold spring had 16 phyla detected which had Proteobacteria
with a relative abundance of 60.5% and Firmicutes with 39.4%, followed by Bac-

teroidetes and Actinobacteria with 0.03% and 0.02% respectively. Gammapro-
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teobacteria consisted of the majority of Proteobacteria relative abundance (60%)
and had very low numbers of Betaproteobacteria and Alphaproteobacteria < 1%.
Unclassified Enterobacteraceae along with Pseudomonas sp. were most preva-
lent within the Gammaproteobacteria class. Burkholderia sp. and Ralstonia sp.
had the highest number of reads for the Betaproteobacteria class while Unclass-
sified Rhodospirillaceae and Sphingomonas sp. was found highest under Alpha-
proteobacteria. A similar abundance of Unclassified Bacillaceae, Bacillus sp. and
Lysinibacillus sp. was observed under the Firmicutes phylum. Taxa within the
Bacteroidetes phylum included Chryseobacterium sp. and Unclassified Chito-
nophagaceae while Corynebacterium sp. was found highest under Actinobacte-
ria. This sample had 25 unique taxa not found in any other sample and included
Unclassified Coxiellaceae, Xanthobacteraceae and Nitrospira sp. (Figure 6(a)).
All bacteria taxa (19) found within the cold spring outflow (S5) were also identi-

fied in this midpoint sample.

3.3.5. Outflow of Cold Spring (S5)

The outflow of the cold spring had the second lowest number of phyla detected
(5). This source was dominated by Firmicutes (53.8%) and Proteobacteria (42.9%).
Bacteroidetes and Acidobacteria had a relative abundance of 0.03% and 0.01%
respectively. Bacillus sp. and Unclassified Bacillaceae were most prominent
within the Firmicutes phylum. The relative abundance of Betaproteobacteria
(3%) and Alphaproteobacteria (1%) was higher within the sample compared to
the midpoint of the cold spring. Gammaproteobacteria still had the highest rela-
tive abundance however, with 40%. Unclassified Enterobacteraceae family and
Serratia sp. were most abundant within the Gammaproteobacteria while Neisse-
ria sp. and Kaistobacter sp. were the only taxa detected in Betaproteobacteria

and Alphaproteobacteria respectively.

3.4. Potential Sources of Bacterial Taxa from the Ikogosi Spring

Figure 7 area chart shows the # of bacterial reads detected per/100ml of sample
collected. This figure shows the possible source of some key taxa detected, where
similar spikes for Enterobacteriaceae were seen in the cold and warm spring
source which correlated with high numbers in the confluent of both springs;
more evident however from the cold spring source (S5). The figure also shows
that its very likely that the major source of the high numbers of Pseudomonas
sp. was not from either cold or warm spring source but could have originated
from the external environment such as soil sediment along the bed of the
spring or anthropogenic sources. The major source of Bacillus sp., Bacillaceae
and Staphylococcus sp. taxa originated mainly from the cold and warm spring

sources.

3.5. Rare and Unclassified Taxa Detected in the Ikogosi Spring of
Potential Importance

Numerous rare and unclassified bacteria were detected mainly at the midpoint
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Figure 7. Area chart showing the # of bacterial reads obtained for the top bacteria taxa
within the S1—warm spring source, S5—cold spring source and S3—confluent of both
warm and cold spring.

and the confluent of the warm and cold springs. The Exiguobacterium sp. had a
high prevalence at the midpoint of the warm spring but was not found in any
other sample site. Some of these members have the ability to survive in a range
of different temperature and have been isolated from glaciers and hot springs.
Some have also been able to degrade plastics such as polystyrene [19] (Table 3).
The Uliginisobacterium sp. found only in the confluence of the warm and cold
spring contain taxa involved in iron reduction and degradation of aromatic
compounds [20] with potential for use in biodegradation of petroleum products.
Numerous unclassified taxa from Acidobacteria—RB25, Ellin6075, CCU21 order
were found within the midpoint outflows and the confluence of both springs
with many having unknown functions within the ecosystem. A unique unclassi-
fied taxon—Rubrobacteraceae from Actinobacteria was detected in low numbers
in the cold spring outflow and possess members such as Rubrobacter sp. which

are thermophilic and resistant to ionizing radiation [21].

4. Discussion

Springs are formed when groundwater freely emerges from the subsurface of the
Earth in several fractures of rocks, which eventually pools to form a stream-like
flow. The warm spring of Ikogosi has been formed from fractured hard, non-fo-
liated metamorphic rock which may have contributed to the pool of warm
groundwater from great depths to the surface [31]. The near aseptic origin of
spring waters makes them some of the safest drinking water sources and is be-
lieved to also have therapeutic properties [14]. Physical environmental parame-
ters, especially temperature and pH have been known to be important deter-

minants of the diversity of microbial organisms found in the environment [32]
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Table 3. Showing rare and unclassified taxa as # of Reads/100ml recovered in the different sample site locations and their putative

functions and metabolic characteristics from previous research.

Rare/Unclassified Taxa Location # of Reads/100ml Remarks
) . Ability to survive in varied temperatures—hot springs
Exiguobacterium sp. . . . . .
. Midpoint of warm spring 1910 and glaciers. permafrost. YT2 strain involved in
(Firmicutes) . .
biodegradation of polystrene [19]
L i Most members isolated from freshwater sediments.
Uliginosibacterium sp. Confluence of warm and K . . K .
. . 10 Motile species involved in iron reduction, degradation of
(Proteobacteria) cold spring . . X
aromatic compounds, denitrification [20]
Vogesella sp. Confluence of warm and Genus clonsis.ts of approximately 5 species isolated
. . 7 from soil sediment, pond and spring water samples.
(Proteobacteria) cold spring . .
Aerobic and chemoheterotrophic [22]
12 known members including Dyadobactersoli (starch
Dyadob.?cter sp. Midpoint of cold spring 5 degrading), Dyadobacter jjanguensis.(degrafles methyl
(Bacteroidetes) red), Dyadobacter fermentans (associated with Zea
mays) [23]
Methylobacterium sp. o . Gejnus consist of 18.species found 1n aquatic systems,
. Midpoint of warm spring 3 soil and hospital environments. Ability to use methanol,
(Proteobacteria)
formate as a sole carbon source
. . . Low abundance Acidobacteria detected in sludge
RB25 class (Acidobacteria) Cold spring outflow 3 X
treated soil [24]
Cold spring outflow ) Subdivision 4 of Acidobacteria with 2 known
Ellin6075 (Acidobacteria) Confluence of warm 5 isolates— Chloroacidobacterium thermophilum
and cold spring and a Pyrimimonas sp.—thermophilic [25]
Dominant phyla found in cave sediment samples,
ABS-6 class (AD3 phylum) Cold spring outflow 1 close lineages to Chloroflexi and Armatimonadetes
phyla [26]
CCU21 order (Acidobacteria) Conﬂue.nce of warm and ) Detected 'and S.hOWI:l to be r'esistant to silver
cold spring nanoparticles in a river sediment [27]
Closest relative—Franki d) isolated fi
MB-A2-108 (Actinobacteria) Cold spring outflow 1 05€s re. ative . rankia (myracanod) isolated from
deep marine sediments [28]
Moderately thermophilic and have been isolated from
Rubrobacteraceae . . . . N
. . Cold spring outflow 1 hot springs, species tolerate high levels of ionizing
(Actinobacteria) L
radiation— Rubrobacter sp. [21]
. Confluence of warm and Recovered from Obsidian pools in Yellowstone National
OPB56 (Chlorobi) X 1 . .
cold spring park. Detailed phylogeny but function unknown [29]
CO119 (Chloroflexi) Midpoint of warm spring 1 No information found
DH61 order Confluence of warm and . X
K 1 No information found
(Planctomycetes) cold spring
S085 class (Chlorofexi) Cold spring outflow 1 No information found
Candidatus Solibacterusiaticus strain Ellin6067 has a
Candidatus Solibacter Confluence of warm and ) 2 - 5 times larger genome than other Acidobacteria.
(Acidobacteria) cold spring Traits could provide metabolic, defensive and
regulatory advantages [30]
DOI: 10.4236/aim.2020.104012 158 Advances in Microbiology


https://doi.org/10.4236/aim.2020.104012

D. Fasesan et al.

[33].

The total volume of water samples employed for genomic DNA extraction was
150 ml. In contrast to the conventional techniques which employ membrane fil-
tration followed by lysis and elution of cells and DNA respectively, we employed
a painstaking approach—successive microcentrifugation (pelleting before lysis).
The scope of diversity observed at all taxonomic ranks compared to culture-based
approach was much more, confirming the strength of the techniques and meta-
genomics in revealing genomes of microorganisms that cannot be readily ob-
tained in pure culture [34].

Our 16S rDNA sequencing results show increased richness and diversity of
the cold spring source compared to the warm spring source and where, the con-
fluent of both springs had the most unique bacterial taxa detected. These results
were confirmed in a prior study using cultivation dependent methods where the
highest MPN values for bacteria were detected in the run-off from the confluent
of both springs [14]. Up to 88.64% of total sequence reads were taxonomically
classified, while as much as 11.5% were not matched to any known organism or
sequence in the databases. The majority of the classified sequences shared simi-
larity with the large phyla viz-Proteobacteria, Firmicutes and Bacteroidetes re-
spectively. Proteobacteria and Firmicutes consists of several ubiquitous genera
that can be found in environments with contrasting physiochemical and nutri-
tional conditions, including moderate to elevated temperatures and pH as in the
sites studied. On the other hand, this study found more than thirteen phylotypes
downstream from source—a high diversity—representing fourteen of the thirty
bacteria phyla known. Only members of the phyla Proteobacteria including
Escherichia coli and Aerobacter aerogenes were recovered from a culture-based
study of the ecosystem [14]. This previous study shows the staggering limitation
of cultivation techniques and the need for more studies to improve recovery of
bacteria from similar locations.

Proteobacteria and Firmicutes were the most versatile and prevalent phyla
within all the samples, consisting of eight taxa that formed the core OTUs across
95% of samples (Table 4). They contained but not exhaustively— Bacillus sp.
(Firmicutes), Enterobacteriaceae (Proteobacteria) and Neisseria sp. (Proteobac-
teria). These taxa were found in very low numbers/reads from both spring sources,
but their prevalence increased drastically at the midpoint of both springs and at
the confluence. These very diverse taxa, usually more resilient and copiotrophic
in nature would be expected to have increased numbers as sediment run off and
anthropogenic influence (washing and bathing) which impacts the amount of
organic matter would lead to their higher numbers. The pH and temperature
(Table 1) also became more neutral and ambient respectively, which would also
allow sustained numbers of diverse taxa. It is worthy of note also that the water
at confluence site was the most opaque among all sampled sites, due to heavy
tourist influence (Table 1). Further classification of Proteobacteria in this habi-
tat revealed that there was the presence of Gammaproteobacteria, Betaproteo-

bacteria and Alphaproteobacteria (in order of decreasing abundance) (Figure 5).
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Table 4. Core taxa observed across 95% of all samples.

S1 S2 S3 S4 S5
Bacillaceae (Firmicutes) 5.60% 19.60% 3.70% 16.30% 11%
Enterobacteriaceae
i 16.70% 0.12% 6.80% 30.70% 15.40%

(Proteobacteria)
Bacillus sp. (Firmicutes) 19.40% 9.20% 4.14% 4.30% 22%
Staphylococcus sp.

o 2.8000% 0.0400% 0.0100% 0.0700% 14.3000%
(Firmicutes)
Peptostreptococaceae

T 5.5556% 0.0011% 0.0005% 0.0300% 2.1978%
(Firmicutes)

Neisseria sp. (Proteobacteria) 2.7778% 0.0165% 0.0061% 0.0062% 2.1978%

Haemophilus sp.
. 8.3333% 0.0132% 0.0150% 0.0110% 5.4945%
(Proteobacteria)

Pseudoalteromonadaceae
i 2.7778% 0.0110% 0.0105% 0.0470% 4.3956%
(Proteobacteria)

The warm and cold spring sources had the lowest richness and diversity with
only 4 and 5 phyla detected respectively. This is expected as these spring sources
originate from below the earth’s surface as they are heated and filtered through
rocks. Even though the richness of bacteria was low in the spring sources, Bacil-
lus sp., other Bacillaceae family, Staphylococcus sp. and Enterobacteraceae fami-
ly were consistently identified that increased in numbers substantially after the
outflows (Figure 7) and may be a fingerprint for these spring sources. The cold
spring was slightly more diverse and contained one rare/unclassified member of
the Chloroflexi phylum—GCAO004 order, only found again in the midpoint of
the cold spring. This ancient branch of the bacterial tree is normally thermo-
philic and found in hot springs and hydrothermal vents but was found in higher
numbers in the colder regions [35]. They are also likely to adapt to changes in
the physiochemical environment and are considered more primitive bacteria.
It is likely that as the temperature dropped the prevalence of these obligate
thermophilic organisms diminished as they were no longer found along the
spring.

The phylum Bacteroidetes was also observed in all the sampled sites, which
makes them ubiquitous but subject to varying richness within the spring. Mem-
bers of this phylum have been reported across a diverse range of fresh water and
marine habitats, including temperate rivers [36] and saline hot springs [37]. Our
data are congruent with those of recent studies of hot springs and freshwater
bodies where the dominant presence of Proteobacteria was demonstrated [38]
[39]. Only one genus of Bacteriodetes was found in both warm and cold spring
sources— Prevotella sp. at very low prevalence. These organisms which can form
biofilms normally form an association with humans or other animals and could
indicate use of these spring sources for recreational use [40].

Worthy of note is that the phylum Fusobacteria, a group of gram-negative
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non spore formers, were found but not exclusively in the Ikogosi Warm Spring.
This bacterial phylum was also reported as part of the prokaryotic biodiversity of
a Malaysian circumneutral hot springs [41].

Other minor phylotypes identified at the confluence of the spring were Spiro-
chaetes (2.5%), Actinobacteria (2.1%) and Acidobacteria (2.1%). In addition, the
order Pseudomonadales consisting of the genera Pseudomonas were the most
abundant in this site, pathogenic genera of the order Enterobacteriales such as
Enterobacter (2.6%), Citrobacter (0.7%) and Serratia (0.7%) were found in the
confluence of the spring. The presence of Enterobacter, Serratia and Pseudomo-
nas spp. had also been reported in a previous study from the spring [11] [14].
However, the presence of other genera reported in this study— Lysinibacillus,
Paenibacillus, Comamonas and Erwinia species were recorded for the first time
in association with the spring. Numerous unclassified taxa within the diverse
Acidobacteria phylum were detected in the cold spring source and cold spring
midpoint which have many potentially beneficial taxa (Table 3). Most remarka-
bly, the Exiguobacterium sp. found exclusively in the midpoint of the cold spring
at a very high prevalence and from the phylum Firmicutes has been detected in
very ancient ice and water sources such as permafrost and hot springs where
they have the ability to survive in varied temperatures. Members have also been
shown to degrade plastics [19]. This group of organisms would hold a lot of
promise for bioremediation efforts, but it is still unexplainable why it is not
found along other sections of the spring.

Nonetheless, a larger prokaryotic community was observed at the midpoint of
the cold spring than the designated point of outflow of the cold spring. The in-
crease in OTUs at the midpoint of the spring (S4) in comparison to the outflow
of the cold spring (S5) might be due to its shallow sandy bed which is populated
by tiny eukaryotes such as tadpoles and flies. The designated source of the cold
spring is also hardly ever visited by tourists hence the low water turbidity.

There was overall a large presence of taxonomically unassigned sequences ob-
served mostly across midpoint of each spring and the confluence of both springs.
This suggests that there are novel prokaryotic populations and possibly
gene-pool in this unique spring. Studies dedicated to improving the cultivability
of microbes are critically needed to explore and harness the potential biotech-

nological and industrial value of such bioresources.

5. Conclusion

This study presents a considerable diversity of microbial communities at the
confluence of the in the Springs of Ikogosi, sharply contrasting the sparse diver-
sity of only 4 phyla recovered by culture methods in previous reports. Nonethe-
less, the very low bacterial richness and diversity at the source of the warm and
cold springs, dominated by Firmicutes (Bacillus sp. and Staphylococcus sp.) and
Proteobacteria (Enterobacteraceae family) phyla was suggestive of an impressive

microbiological quality of the groundwater sources of the Spring in Ikogosi. The
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hike in bacteria abundance and diversity at the confluence indicates the possible
origin of the organisms to be the geo-ecological surroundings receiving the
spring outflow. Our report emphasizes the power of culture independent ampli-
con metagenomics, in providing insights into microbial genetic diversity, com-
munity composition, distribution and abundance in natural habitats. A closeup
analysis shows a more diverse bacterial community in samples collected from
the cold spring which also overlapped with some taxa present in the warm
spring environment. Finally, we reported several unassigned/unclassified se-
quences in this study, which could be new bacteria. It is acknowledged that cul-
turing these unclassified organisms is critical to advancing knowledge of their
origins and potential applications in Bioeconomy. To the best of our under-
standing, this study is the first to present a report using a culture independent
technique to explore the prokaryotic community of the Ikogosi Warm Springs in

Nigeria.
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