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Abstract

Biohydrogen produced from thermophilic hydrogenases is an ideal and clean energy sources. As the bhiggest
tectonic area in the world, Indonesia is potential for thermophile isolation. The aims of this study were to analyze the
bacterial diversity of a microbial mat from hot spring at Wartawan beach, Lampung and to analyze the potency of
microbial mat for hydrogenases, using clone library method. The diversity of 16S rRNA showed that the microbial
mat sample contained 9 phyla of bacteria, and dominated by Cyanobacteria and Proteobacteria. These phyla
indicate that the bacterial community of the microbial mat consisted of phototrophic and heterotrophic groups. In
addition, a microbial mat of Wartawan beach environment might be influenced by marine environment and
hydrothermal vent which was indicated by detection of both associated bacteria. The diversity of hydrogenase
genes using NiFe hydrogenase (NiFe) and FeFe hydrogenase (FeFe) genes showed that Cyanobacteria was
specifically related to NiFe, while Firmicutes was associated with FeFe. Proteobacteria and Bacteroidetes, however,
were detected for both genes. The detected hydrogenase genes indicate that the microbial mat from hot spring at
Wartawan beach is a promising source for hydrogenases isolation and further applications for biohydrogen

production as a renewable energy.
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1. Introduction

The hyper-consumption of fossil fuel and global
warming have led to the global effort of replacing fossil
energy with renewable sources. As anideal and clean
energy carrier, hydrogen (H,) is one of the future energy
resource due to high conversion, recyclable and non-
polluting (Karadag, Makinen, Efimova, & Puhakka,
2009). Recently, hydrogen is commercially produced
from water or hydrocarbon using high energy and
unsustainable processes (Das & Veziroglu, 2008).
Biohydrogen, however, has attracted many research
interests because of low cost and inexhaustible (Show,
Lee, Tay, Lin, & Chang, 2012). In addition, the biological
process of hydrogen production could use carbon and
energy sources from organic pollutants (Li & Fang,
2007). This process is catalyzed by special group of
enzymes called hydrogenases which catalyze the
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reversible oxidation of molecular hydrogen following
the reaction of H, <= 2H" + 2e" (Kim & Kim, 2011).

Hydrogenases are divided into three major classes
based on the metal cofactors at the active sites,
namely Fe-hydrogenase (FeFe), NiFe hydrogenase
(NiFe) and the metal free hydrogenase (Fe) (Vignais,
Billoud, & Meyer, 2001). The FeFe is known produced
by anaerobic bacteria and a few of green algae (Boyd,
Spear, & Peters, 2009), while NiFe is found in
hyperthermophilic archaea and microorganisms that
use hydrogen (Eberly & Ely, 2008). Hydrogenases
can be produced by both mesophiles and
thermophiles, however thermophilic hydrogenases are
more promising sources. Thermophilic bacteria
produced more H,, utilized variety organic waste and
produce fewer fermentations by products compared
to mesophiles (Karadag et al., 2009).
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The isolation and studies of microbial hydrogenases
diversity have been well studied from several
environments, including from saline mat (Boyd et al.,
2009), hot spring (Karadag et al., 2009; Minnan et
al., 2005), marine and fresh waters (Barz et al., 2010;
Kothari, Potrafka, & Garcia-Pichel, 2012),
anaerobically-digested sludge (Quéméneur et al.,
2011), acidophilic sludge (Fang, Zhang, & Li, 2006),
acidophilic ethanol-H2-coproducing system (Xing, Ren,
& Rittmann, 2008). Those microorganisms include
anaerobes (Clostridia, Methylotrophs, methanogenic
bacteria, Rumen bacteria, archaea), facultative
anaerobes (Escherichia and Enterobacter), aerobes
(Alcaligenes and Bacillus), photosynthetic bacteria,
and Cyanobacteria (Nandi & Sengupta, 1998). Study
on the hydrogenase diversity in Indonesian
environment, however is still limited. A study on FeFe
hydrogenase was reported from seaweed associated
with hot springs of Kalianda, Lampung (Xu et al., 2013).

As the biggest tectonic area in the world, Indonesia
has various areas with elevated temperature, which
are the source of thermophiles. The hot environments
are spread in many locations, not only in the land but
also coastal environments including deep sea area.
Some of these areas are located at Tambrana, Central
Sulawesi (Zilda, Kusumarini, & Chasanah, 2008),
Poso, Central Sulawesi (Zilda, Patantis, & Chasanah,
2009), Padang Cermin and Kalianda, Lampung and
Banyu Wedang, Bali (Zilda et al., 2012). These hot
environments are characterized by a mat layer, made
up from microbial mat communities. The microbial mat
are formed of cohesive microbial accumulations in the
sediment or water surface (Guerrero, Piqueras, &
Berlanga, 2002) and dominated by bacteria and
archaea (Schieber et al., 2007). Research on the
microbial mat have attracted attention since it is
potential as thermophilic sources and has good
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biotechnological prospects (Ward, Ferris, Nold, &
Bateson, 1998). Therefore, the aims of this study were
to analyze the bacterial diversity of a microbial mat
from hot spring at Wartawan beach, Lampung using
clone library technique and the potency of the
microbial mat as hydrogenases source by detecting
the hydrogenase genes.

2. Material and Methods

2.1. Sample Collection

A solid microbial mat sample was collected from
Wartawan beach hot spring, Lampung, Sumatera,
Indonesia (5.83'63" S, 105.62'89" E) in July 2011
(Figure 1). The microbial mat was collected, put in
the sterile bottle and transported at room temperature
before stored at -20°C. The environmental conditions
were recorded, including temperature, salinity, and pH.

2.2. Genomic DNA Extraction and Genes
Amplification

Genomic DNA extraction was conducted using
Fast DNA Spin Kit for Soil (MP Bio, USA) according
to the manufacturer’s instruction. Universal primer was
used for amplification of 16S rRNA gene, forward: 52
AGAGTTTGATCMTGGCTCAG32 and reverse primer
52 AAGGAGGTGATCCANCCRCA3 (Xu et al., 2013)
and FeFe (FeFe-272F: 5-GCHGA YMTBACHAT
WATGGARGA-3 and FeFe-427R: 5-GCNGCYT
CCATDACDCCDCCNGT-3), NiFe (HoxH-f GTATYTGY
GGYATTTGTCCTGT and HoxH-r GGCATTTG
TCCTRCTGYATGTGT) for hydrogenase genes (Barz
et al., 2010; Schmidt, Drake, & Horn, 2010).

The PCR mixture (50 uL) was composed of 0.40
uL primer, 25 uL of Taq polymerase Mix (Tiangen Ltd.,

®)

Figure 1. Location of sample collection (http://maps.google.co.id) (a) and hot spring at Wartawan beach (b)


http://maps.google.co.id)
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China), and 2 uL of template genomic DNA. The PCR
reaction for 16S rRNA consisted of initial denaturation
at 95 °C for 5 minutes and 30 cycles of denaturation
at 95 °C for 1 minute, annealing at 55 °C for 0.5 minute,
elongation at 72 °C for 1.5 minutes and final elongation
at 72 °C for 10 minutes. While for hydrogenase, the
PCR reactions consisted of initial denaturation at
95 °C for 5 minutes and 40 cycles of denaturation at
95 °C for 0.5 minutes, annealing at 50 °C for 0.5
minutes, elongation at 72 °C for 1.5 minutes and final
elongation was at 72 °C for 10 minutes.

2.3. Clone Library Construction

PCR products of 16S rRNA and hydrogeanse genes
were purified using a Nucleo Spin Extract Il kit (Tiangen
Ltd., China) and ligated into P easy-T1 cloning kit
(Trans Gene Biotech, China). The ligated vectors then
were transformed into Escherichia coli DH5a cells
competent. The positive clones were analyzed using
primers M13F (50 - GTAAAACGACGGCCAGT-30) and
M13R (50-CAGGAAACAGCTATGAC-30) and
sequenced at Jin Sirui, China.

2.4. The a Diversity Analysis

The similarity of each clone sequence of 16S rRNA
(800 bp fragment) was analyzed using the CodonCode
Aligner software (CodonCode Corporation,
Massachusetts, USA) (Xu et al., 2013). The similarity
of sequences above 95% were determined as one
phenotype (OTU). While for hydrogenase gene (FeFe
and NiFe) the sequences were firstly translated into
amino acid with DNASTAR Megalign software
(DNASTAR Inc., Madison, USA) (Xu et al., 2013) before
analyzing through CodonCode Aligner with parameter
similarity of 99%. The a diversity parameters including
equitability (J), simpson (1-D) and Shanon (H) were
calculated using Past Statistical Software v3.08
(Hammer et al., 2001). The coverage (C) was
determined according to Good (1953) with equation C
= (1 - (number of OTUs/ total clones) x 100%.

2.5. Phylogenetic Analysis

The 16S rRNA sequences with similarity of 95%
were determined to the same phylotype and translated
to the bacteria species using the Basic Local
Alignment Search Tool (BLAST) in GenBank. While,
the amino acid hydrogenase gene sequences with
99% similarity were identified using Protein BLAST.
Phylogenetic trees of 16S rRNA and hydrogenases
were constructed using the Molecular Evolutionary
Genetics Analysis package (MEGA version 7.0)
(Kumar, Stecher, & Tamura, 2016) using Test
Maximum Parsimony tree method. Bootstraps of

1,000 were performed to assign the confidence levels
to the nodes of the trees.

3. Results and Discussion

3.1. The Environmental Conditions of Sampling
Location

The environmental conditions measurement on
temperature, pH and salinity of hot spring at Wartawan
beach were 98°C, 4 and 5 °/_ respectively. Lampung
is known as hot spring spots, for instane, in Kalianda,
Padang Cermin (Zilda et al., 2012) and Wartawan
beach. The presence of hot springs is mainly
associated with volcano activity in the area (Kruse,
1999). In the case of Lampung region, these hot
springs might be related to the presence of the active
volcano Anak Krakatau in Lampung erupted in 1888.
Compared to other hot springs (Table 1), the
temperature and salinity of hot spring at Wartawan
beach were similar with Padang Cermin, while the pH
was similar to Tambrana hot spring. The similarity and
difference between environment characteristics of
these hot spring might be related with their location
and water influenced. The hot spring observed in the
study is located in the Wartawan beach and influenced
by tidal process, while the hot spring at Padang Cermin
and Tambrana are not affected by tidal. In addition,
as stated by Kurse, the characteristics of hot spring
were influenced by rock permeability, composition,
structure and the availability of surface water and
materials (Kruse, 1999). Further, the environment
factors (temperature, pH, hydrogen, oxygen and
geological) determine the diversity communities of
microorganisms (Chen et al., 2017; Lau, Aitchison, &
Pointing, 2009) and their potential application
(Karadag et al., 2009).

3.2. The audiversity of Bacteriaand Hydrogenase
Genes

Assessment on the diversity of bacteria in a
microbial mat of hot spring at Wartwan beach was
conducted by analyzing the 16S rRNA gene. Whereas
the potency of hydrogenase producers was determined
by detecting the FeFe and NiFe hydrogenase genes.
A total of 118, 49 and 48 clones were analyzed for
Bacteria (16S rRNA) and FeFe and NiFe genes
respectively. Using Codon Code Aligner software, the
number of OTUs were 53 for 16S rRNA, 19 for FeFe
and 9 for NiFe (Table 2). The coverage of genes
diversity was from 55.08 to 81%. The coverage
illustrates the level of sample adequacy in the
analysis. The coverage between 51 to 80% would be
representative to indicate the diversity of microbesin
the communities (Lemos, Fulthorpe, Triplett, &
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Table 1. The environmental conditions of hot spring at Wartawan beach, Lampung and other locations

Locations Temperature (°C) pH Salinity (%o) References
Wartawan beach, Lampung 98 4 5 This study
Padang Cermin, Lampung 97 6.9 4-5 Zilda et al. (2012)
Kalianda, Lampung 58.5 - 68.5 6.0-6.5 4 Xu et al. (2013)
Banyu Wedang, Bali 44.8 8.1 4 Zilda et al. (2012)
Tambrana, Central Sulawesi 50 4.9 20 Zilda et al. (2008)

Table 2. The a diversity of 16S rRNA and hydrogenase genes from a microbial mat of hot spring at Wartawan

beach, Lampung

Gene LI 6 OTUs Coverage (%) J 1-D H’
clones
16S rRNA 118 53 55.08 0.85 0.94 3.38
FeFe 49 19 61.22 0.78 0.81 2.29
NiFe 48 9 81.25 0.68 0.67 1.48

Roesch, 2011). However, the diversity obtained in this
study could be increased by increasing the number
of the clones being analyzed. There are some issues
that should be considered when analyzing the diversity
from clone library, such as PCR primer selection,
screening process, OTUs determining (Lau et al.,
2009). The equitability (J) and Simpson’s indices (1-
D) of the 16S rRNA and FeFe showed that the species
were equally distributed in the communities, whereas
in the NiFe had a domination in one or a few species.
A low number of equitability and Simpson’s indicated
that the population was dominated by one or a few
individuals (Morris et al., 2014). Both 16S and FeFe
genes had a higher diversity index which was showed
by high number of Shanon’s (3.38 and 2.29
respectively).

3.3. Bacterial and Hydrogenase Genes
Compositions

Bacteria structure of the microbial mat from hot
Spring at Wartawan beach, Lampung was comprised
of 9 phyla, including Acidobacteria, Bacteroidetes,
Cyanobacteria, Candidate divisions, Deinococcus-
Thermus, Firmicutes, Planctomycetes, Proteobacteria
and others that not classified yet into phyla (Figure
2). These phylaindicated that the bacterial community
of microbial mat consist of phototrophic and
heterotrophic groups. In addition, Cyanobacteria was
the most abundant group with more than 40% followed

26

by Proteobacteria (16%). Cyanobacteria and
Proteobacteria in many mat microbial community
types were considered as major components
(Guerrero et al., 2002; Lau et al., 2009; Moyer, Dobbs,
& Karl, 1995; Preisner, Fichot, & Norman, 2016). The
presence of Cyanobacteria as a phototrophic plays
role for primary producers to support the mat
communities (Lau et al., 2009). Cyanobacteria use
water as an electron donor in the oxygenic
photosynthesis. Therefore, they could be found in
almost any environment types from terrestrial, fresh
to salt water and extreme conditions (Tamagnini et
al., 2007). While Proteobacteria especially lithotrophic
group is known as iron oxidizers microbial which
support energy to other trophic levels (Fullerton, Hager,
McAllister, & Moyer, 2017) as they reduce high
concentrations of metals that available in the
hydrothermal vent system (Hager, Fullerton,
Butterfield, & Moyer, 2017). Chloroflexi and
Thermotogae phyla are also known inhabited in mat
environments (Amin et al., 2017), however in this study
these phyla were not detected. In addition to the
method used, the differences may be because of
different physical and chemical conditions, as
temperature, pH and physio-chemical parameters
influence the structure of microbial in the thermal spring
(Aminetal., 2017; Chen et al., 2017).

Compared to the bacteria structure, the
hydrogenase genes were less diverse, recorded only
6 and 4 phyla for FeFe hydrogenase and NiFe
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Figure 2. Bacterial and hydrogenase genes compositions of a microbial mat from hot spring at Wartawan
beach, Lampung at the phylum level. Atotal of 118, 49 and 48 clones were analyzed for 16S rRNA
and FeFe and NiFe genes respectively. The number of OTUs were 53 for 16S rRNA and 19 for FeFe

and 9 for NiFe.

respectively (Figure 2). Proteobacteria and Firmicutes
were shared the biggest phyla in FeFe, followed by
Bacteroidetes, Planctomycetes and Candidate
Division. Similarly, the diversity of FeFe hydrogenase
bacteria community in paddy field soil was dominated
by Proteobacteria and Firmicutes (Baba, Asakawa, &
Watanabe, 2016). In addition, FeFe hydrogenase from
saline microbial mat ecosystem in Mexico showed
that Firmicutes was the most abundant group (Boyd
et al., 2009). On the other hand, hydrogenase gene
related to Cyanobacteria dominated in NiFe
hydrogenase followed by NiFe genes related to
Bacteroidetes and Proteobacteria. Cyanobacteria were
known as a NiFe hydrogenase provider (Barz et al.,
2010). They play two different NiFe types: fixing
nitrogen strain that an uptake enzyme and bidirectional
group strains (Tamagnini et al., 2007).

Analysis of the composition of all bacteria and
hydrogenase genes in one frame showed that 3 phyla
were out group of hydrogenase from 9 phyla of bacteria
that were identified (Figure 3). While two phyla i.e.
Proteobacteria and Bacteroidetes were detected both
FeFe and NiFe hydrogenase. Cyanobacteria was
observed specific for NiFe, while hydrogenase related
to Firmicutes, Planctomycetes and Candidate Division
were unique for FeFe gene. These results slightly
different from the study of FeFe and NiFe hydrogenase
from marine bacteria (Barz et al., 2010). They found

that both genes were found in Proteobacteria, whereas
NiFe detected in Actinobacteria, Bacteroidetes,
Planctomyces. The differences may be due to different
sample being used, thus causing different species
were observed. In addition, a comparative study of
hydrogenases diversity from genomic Clostridia
showed that Clostridia genus (Firmicutes) have both
FeFe and NiFe, although FeFe was more abundant
than NiFe (Calusinska, Happe, Joris, & Wilmotte,
2010).

3.4. Phylogenetic diversity of bacteria and
hydrogenase genes

The phylogenetic tree of bacterial diversity was
constructed from 53 OTUs (Figure 4). The tree shows
that the mat bacteria community was clustered into 9
groups. OTUs member of Cyanobacteria and
Proteobacteria were the dominant taxa with 15 OTUs
each. This result was similar with the numbers of
clones belong to them which were the abundant ones
(Figure 2). Whereas, OTUs from Acidobacteria and
Planktomycetes were the least number.
Cyanobacteria 16S rRNA gene diversity showed that
the microbial mat contained Pseudanabaena sp.,
Leptolyngbya sp., Halomicronema sp., Stanieria
cyanosphaera, Neolyngbya maris-brasilis. These
species were known as members of mat bacterial
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Figure 3. Venn diagram of bacterial and hydrogenase genes compositions of a microbial mat from hot spring

at Wartawan, Lampung at the phylum level.

communities (Fourcans et al., 2006; Jungblut et al.,
2016) except Stanieria cyanosphaera, Neolyngbya
maris-brasilis which from marine benthics (Caires et
al., 2018; Silva & Pienaar, 2000). In addition,
Pseudanabaena sp., Leptolyngbya sp. were found
inhabited in cold temperature (Jungblut et al., 2016),
whereas Halomicronema sp. in hypersaline mat
(Fourcans et al., 2006). These results indicate that
Cyanobacteria could survived not only in hot
temperature but also in various environmental
conditions. Furthermore, despite Pseudanabaena sp.
and Leptolyngbya sp. have not reported yet as a
hydrogenase producer, based on genomic studied
showed that their genome containing hydrogenase
gene (Puggioni, Tempel, & Latifi, 2016).

Within Proteobacteria phylum, the largest class
was Alphaproteobacteria (86.67%) followed by
Deltaproteobacteria (13.33%). Other classes which
were commonly founded in mat environments were
Betaproteobacteria, Gammaproteobacteria,
Epsilonproteobacteria, Zetaproteobacteria (Engel,
Porter, Stern, Quinlan, & Bennett, 2004; Selvarajan,
Sibanda, & Tekere, 2017). In addition,
Zetaproteobacteria was unigue to iron-oxidizing marine
systems (Scott, Breier, Luther Ill, & Emerson, 2015).
Although, the mat from hot spring at Padang Cermin
is also located at the beach, this class was not
detected. The different result may be due to the
chemical compositions of the hot spring and the
method that used. Parvularcula lutaonensis,
Thalassobius aestuarii and Desulfoglaeba sp. were
some of the Proteobacteria members that were
observed. P. lutaonensis, moderately thermotolerant
species was isolated from a coastal hot spring (Arun
et al., 2009). while mesophile T. aestuarii was
obtained from marine sediment (Yi & Chun, 2006).
Desulfoglaeba sp. was recognized as a sulfate-

28

reducing bacterium (SRB) (Davidova, Duncan, Choi,
& Suflita, 2006). This group of bacteria obtain energy
from organic compounds and sulfate by oxidizing and
reducing them respectively. The residue of sulfate will
be used by other organisms for growth (Hao, Chen,
Huang, & Buglass, 1996). These results suggested
that the microbial mat environment was inhabited by
various type of Proteobacteria.

Firmicutes phylum was recognised as
extremophile group members. They can survive at
extreme temperature, salinity and pH (Canganella &
Wiegel, 2011). In this study, we only found one class
of Firmicutes which was Bacilli. Further, this classis
divided into Bacillus coahuilensis, B. thuringiensis and
Exiguobacterium profundum, E. arabatum species.
B. coahuilensis is a moderate halophilic that can
tolerate 0.5 - 10% NaCl (Cerritos et al., 2008), while
E. profundum, a moderate thermophile which was
isolated from a deep sea hydrothermal, can survive at
12to0 49 °C (Crapart et al., 2007). In the Bacteroidetes
phylum we found Lewinella cohaerens, Ekhidna lutea,
Hymenobacter sp., Flavobacterium sp.,
Rhodothermaceae bacterium. Many Lewinella species
were isolated from marine environments including
marine sediment, sea water and sea snail (Khan,
Fukunaga, Nakagawa, & Harayama, 2007; Lee, 2007,
Oh, Lee, & Cho, 2009). Similarly, E. lutea was
inhabited in sea water (Alain, Tindall, Catala,
Intertaglia, & Lebaron, 2010). These results indicate
that a microbial mat from hot spring at Wartawan beach
environment was influenced by marine environment
and hydrothermal vent. The others phyla were not
discussed because the number of OTUs were small.

The phylogenetic diversity of two type hydrogenase
genes, NiFe (Hox) and FeFe (HydA) were analyzed
in this study. NiFe was grouped into 8 categories.
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Figure 4. Bacterial 16S rRNA gene phylogenetic tree of a microbial mat from hot spring at Wartawan beach,
Lampung using Maximum Parsimony analysis. The tree was generated from 53 OUTs with MEGA
7.0 software using 1000 replicates of bootstrap test. Number that was shown next to the branches
showed the confidence levels to the nodes of the trees.
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Especially Hox gene, grouped 3d, was bidirectional
NAD(P)-linked hydrogenases that consumed or
produced hydrogen. Whereas FeFe was periplasmic
and cytoplasmic enzymes which have role as
hydrogen oxidizing and evolving respectively. This
enzyme was not divided into groups yet (Barz et al.,
2010). Generally, the diversity of NiFe was categorized
into two clades (Figure 5). NiFe Clade | was similar to
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NiFe from Spirulina subsulsa, Coleofasciculus
chthonoplastes and Brevibacterium linens. While
Clade Il was similar to Bacteroides uniformis and
Methylococcaceae bacterium. These clades were not
related with the phylum of each OUT. Although there
are no report stating the cause of the difference
between clades in hox gene, the difference may be
because of the environmental sources of the gene.



G. Patantis et al.,/Squalen Bull. of Mar. and Fish. Postharvest and Biotech. 13 (1) 2018, 23-33

The study of distribution hydrogenases from surface
of marine and fresh water showed that the
hydrogenase of Spirulina subsulsa was obtained from
ocean, while Methylococcaceae group was dominant
in the lake (Barz et al., 2010).

The FeFe gene diversity of a microbial mat from
hot spring at Wartawan beach is shown in Figure 6.
Although the FeFe hydrogenase was not grouped yet,
the diversity of this gene formed several clades. Each
clade, however, was not correlated to their phylum.
For instance, Ignavibacterium album (Bacteroidates)
formed clade with Desulfotomaculum kuznetsovii
(Firmicutes). Based on the genomic and
metagenomics study, Greening et al. proposed three
groups of FeFe gene namely, a fermentative and
bifurcating hydrogenases (group A), an ancestral group
with unknown function (group B) and a putative
sensory hydrogenases (group C). However, these
classifications were only based on phylogenetic tree
with poor bootstrap of the group A and lack of functional
information on the group B and C enzymes (Greening
etal., 2016).

Comparision between the diversity of 16S rRNA
and hydrogenase genes in the species level showed
that no species in the 16S rRNA were presented in
the hydrogenase genes, although at the phylum level
it had a cross-link. The difference might be because
some of the 16S rRNA and hydrogenase amino acid
sequence had low similarity to their closest matches.

4. Conclusion

The bacteria diversity of a microbial mat from hot
spring at Wartawan beach, Lampung showed that the
mat was dominated by Cyanobacteria,
Proteobacteria, Bacteroidetes, and Firmicutes. These
phyla indicate that the bacterial community of microbial
mat consisted of phototrophic and heterotrophic groups
that supported energy to other trophic levels. In
addition, microbial mat from hot spring at Wartawan
beach might be influenced by marine environment and
hydrothermal vent that was indicated by detection of
both associated bacteria. The detected hydrogenase
genes, indicates that microbial mat of Wartawan
beach is promising sources for hydrogenases isolation.
Further study is needed to isolate the hydrogenases
by both cultivation and metagenome methods and
their application for hydrogen production as renewable
energy.
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