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Abstract: Extreme halophiles offer the advantage to save on the costs of sterilization and water for
biohydrogen production from lignocellulosic waste after the pretreatment process with their ability
to withstand extreme salt concentrations. This study identifies the dominant hydrogen-producing
genera and species among the acclimatized, extremely halotolerant microbial communities taken
from two salt-damaged soil locations in Khon Kaen and one location from the salt evaporation
pond in Samut Sakhon, Thailand. The microbial communities” V3-V4 regions of 16sTRNA were
analyzed using high-throughput amplicon sequencing. A total of 345 operational taxonomic units
were obtained and the high-throughput sequencing confirmed that Firmicutes was the dominant
phyla of the three communities. Halanaerobium fermentans and Halanaerobacter lacunarum were the
dominant hydrogen-producing species of the communities. Spatial proximity was not found to
be a determining factor for similarities between these extremely halophilic microbial communities.
Through the study of the microbial communities, strategies can be developed to increase biohydrogen
molar yield.
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1. Introduction

As fossil fuel reserves worldwide continue to diminish, research on alternative fuels is
becoming more critical than ever. One promising alternative fuel is hydrogen, which has
the highest 141 MJ] /kg heating value and near-zero end-use emissions [1]. While hydrogen
can be produced through electrolysis, gasification, thermochemical cycles, photoelectrolysis
and reforming [2], hydrogen production by dark fermentation offers the advantage of lower
energy processes compared to other biotechnological methods.

Mixed cultures have several advantages over pure cultures for biohydrogen produc-
tion through dark fermentation. They do not need aseptic conditions and can adjust to
more varieties of raw materials [2]. Mixed cultures offer synergistic metabolic flexibility
to eliminate feedback inhibition and increased utilization of substrates, compared to pure
cultures for hydrogen production [3]. The raw materials for the substrate include ligno-
cellulosic biomass, which is available as highly generated waste in many industries [4].
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However, before the fermentation process, lignocellulosic biomass must be pretreated due
to the rigid structures of cellulose, hemicellulose and lignin, where the fermentable sugars
are ingrained. Chemical pretreatment methods often employ strong acids or alkalis, so
the fermentable sugars in lignocellulose become readily available for fermentation. The
pretreated lignocellulose biomass must be usually neutralized and washed prior to fermen-
tation, as most of the dark fermentation bacteria prefer neutral pH and could not tolerate a
high salt concentration.

By using halophilic bacteria in dark fermentation, water consumption to dilute the acid
or alkali pretreated lignocellulosic biomass can be reduced, as the bacteria can withstand
extreme salt conditions of more than 15% NaCl. Employing extremely halophilic bacteria
mixed cultures to produce biohydrogen also offers more advantages, as salinity levels
above 15% can limit sulfate reduction from hydrogen and methanogenesis [5]; thus, less
hydrogen is consumed by methanogenic archaea and bacteria during the fermentation
process and sterilization costs could also be significantly reduced.

While biohydrogen production by moderately halophilic microbial communities or
species have been reported in several studies, such as the production of biohydrogen
from glycerol by Halanaerobium saccharolyticum at the salt concentration of 150 g/L [6],
by Vibrionaceae mixed culture at the salt concentration of 75 g/L NaCl [7] and by H.
hydrogeniformans at 7% (wt/vol) NaCl [8], very few reports can be found on biohydrogen
production by the extremely halophilic microbial community. The extreme halophiles live
at 20-30% (3.4-5.1 M) NaCl, compared to moderate halophiles, which grow most rapidly at
5-20% (0.85-3.4 M) NaCl [9]. Studies on microbial communities in biohydrogen production
are mostly focused on microbial dynamic at different stages of the fermentation process
in a reactor [10-12] and, to date, studies on extremely halophilic biohydrogen producing
microbial communities have never been reported.

Many of these studies on microbial communities were conducted with polymerase
chain reaction-denaturing gradient gel electrophoresis (DGGE). While PCR-DGGE can pro-
vide qualitative information on the microbial community, it has the limitation of separating
relatively short DNA fragments (~500 bp) [13] and minor constituents of the commu-
nity may not be identified [14]. High-throughput sequencing offers the solution to this
problem, as the method provides quantitative analysis and higher coverage, so the minor
constituents of the community can be identified.

Following the previously reported biohydrogen production experiments through dark
fermentation [15,16], in this study, the acclimatized, extremely halotolerant communities
used in the experiments were analyzed to compare and identify the dominant hydrogen-
producing species via high-throughput sequencing. The study aims to provide a better
understanding of the microbial communities, so that the optimum biohydrogen molar
yield can be produced in high salinity conditions.

2. Materials and Methods
2.1. Sample Collection

The microbial communities originated from the soil from two locations with high-
salinity soil in Khon Kaen and one site from the salt evaporation pond in Samut Sakhon,
Thailand. After removing the surface layer, the soil was collected in polyethylene bags and
kept in cool condition. Approximately 100 g of the soil from each location were added to
enrichment media in 500 mL main cultivation vials at 26% (w/w) NaCl condition and were
periodically maintained for three years with the method described elsewhere [15], before
the samples from individual vials were taken for high-throughput sequencing. Soil for
cultivation vials Al and A2 was collected from salt-damaged soil in Khon Kaen. While soil
for cultivation vial A1 was taken from the shore part, soil for cultivation vial A2 was taken
from approximately 10 m apart, into drier land. Soil for cultivation vial B was collected
from the commercial salt evaporation pond of Samut Sakhon.
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2.2. DNA Extraction and Amplicon Sequencing

Extraction of total genome DNA of the samples was performed using the sodium
dodecyl sulfate (SDS) method. The extracted DNA purity and concentration were observed
on 1% agarose gels. The DNA was then diluted with sterile water to reach the concentration
of 1 ng/L. Amplicon sequencing for samples taken from cultivation vials A1, A2 and B
was performed on IonS5™XL (Thermo Fisher Scientific, Waltham, MA, USA), at Novogene
Company Limited, Hong Kong. PCR amplification of V3-V4 regions of the 16s rRNA was
performed using primers 341F and the 806 R. Phusion High-Fidelity PCR Master Mix (New
England Biolabs, Ipswich, MA, USA) was used to carry out all the PCR reactions.

2.3. Data Analysis

To collect clean reads with high quality from raw sequencing data, specific filtering con-
ditions with Quantitative Insights Into Microbial Ecology (QIIME) quality-controlled pro-
cess was employed. The reads were then compared against the Genome Online Database
(GOLD) using the UCHIME [17] algorithm to identify chimera sequences. After the re-
moval of chimera sequences, effective reads were attained. These reads were then analyzed
by the UPARSE software and sequences with more than 97% similarity were then allotted
to the corresponding operational taxonomic units (OTUs).

For each OTU, a specimen sequence was evaluated for further annotation and the
mothur software [18] was employed to match up each of the sequences with the SSU rRNA
database of the SILVA database [19]. The threshold 0.8-1 was applied for annotation of the
genera at each taxonomic rank. MUSCLE [20] was used to compare all the OTUs phylo-
genetic relationships of the representative sequences. The OTUs abundance information
was normalized by a standard of sequence number corresponding to the sample having
the fewest sequences. Theses output normalized data were used to analyze the alpha
diversity indices, which were determined with QIIME (Version 1.7.0). Krona [21] was used
to visualize the genera annotations. Since the previous annotations were limited to genera,
the sequences of the most abundant OTUs were then finally compared, using Basic Local
Alignment Search Tool (BLAST) analysis, with highly similar sequences in the National
Center for Biotechnology Information (NCBI)’s GenBank [22], to understand better the
species related to these OTUs.

Alpha diversity indices were calculated with QIIME (Version 1.7.0). The Simpson
community diversity index was calculated with the following equation:

D,=1-Y p? (1)

where p; is the proportion of the community provided by OTU i.
The Shannon-Wiener community diversity index was calculated with the following

equation:
S

H = - (pilogapi) )

i=1

where s is the number of OTUs.
The abundance-based coverage estimator (ACE) community richness index is defined as

Srare + Fl
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where S;p,,,.4 is the number of abundant OTUs with more than rare threshold individuals,
when the entire of the samples are combined. Sy is the number of rare OTUs having
equal or less than rare threshold individuals of the combined samples. Cy is the estimator
of sample abundance coverage, F; is the singletons’ frequency and y?,ce is the rare OTUs
estimated coefficient of variation. Assuming the rare threshold is 10 [23], the estimated
coefficient of variation is determined by
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The Chaol bias-corrected community richness index is calculated with the following
equation:
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The Good’s coverage estimator was used to measure the index of sequencing depth
and is defined by

chaol = S, + )

31
1- N (6)

where N is the sum of abundances for all OTUs and F; is the number of singleton-OTUs.

Faith’s phylogenetic diversity (PD) metric [24] was used to calculate the phylogenetic
diversity index.

Rarefaction curves were constructed by taking a certain random amount of sequencing
data from the samples and the number of species they typify. The calculation of unweighted
and weighted UniFrac distance for beta diversity analysis was performed by QIIME
software (Version 2.15.3).

3. Results
3.1. Microbial Community Amplicon Sequencing

Samples Al, A2 and B generated a mean length of 428 base pairs (bp), effective
sequences between 95,803 and 140,178 reads and a total of 355,135 raw reads (Figure 1).
A total of 345 OTUs were obtained based on the 97% threshold. Sample B had 76 OTUs,
the lowest of all three samples. Sample Al had 114 OTUs. The highest number of OTUs,
155, belonged to A2 and the average of the three samples was 115 OTUs. The total OTUs
corresponded to Bacteria (99.516%) with Firmicutes (99.349%) and Proteobacteria (0.166%) as
the most abundant bacterial phyla.
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Figure 1. Analysis of annotation and OTUs number of each sample. Total reads are related to the number of effective reads,
while taxon reads are related to annotated reads. Unique reads refer to the number of reads with a frequency of 1 and only

occur in one sample.
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The observed species number of Table 1 is further explained by the rarefaction curves
(Figure 2). Rarefaction curves provide a means to compare observed richness from un-
equally sampled communities by measuring observed OTUs at a certain depth of se-
quencing [25]. Throughout the sequence, the highest species number was observed in A2,
followed by Al and B. The flatter trendline towards the second half of the rarefaction curves
suggested that the number of sequences have represented the microbial communities.

Table 1. Alpha diversity indices.

Sample  Observed

. Shannon- Good’s PD Whole
Name Species Simpson Wiener ACE Chaol Coverage Tree
Al 109 0.189 0.777 117.204  118.231 1.000 13.401
A2 155 0.791 3.152 156.894  155.652 1.000 14.512
B 68 0.228 0.904 96.987 99.667 1.000 6.243
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Figure 2. Rarefaction curves of the three extremely halophilic microbial samples displaying the
observed species number compared to the observed OTUs at a certain depth of sequencing.

The three samples shared 55 common OTUs (Figure 3), while 34 common OTUs were
shared between Al and A2, but were not present in B. Between B and Al, there were only
three shared common OTUs that were not shared with A2 and only five common OTUs
were shared between B and A2 and not with Al. A2 has 61 unique OTUs, while 17 and 5
unique OTUs were found in Al and B, respectively.

The distribution histogram of relative abundance (Figure 4) from the ten most abun-
dant species in different taxonomic ranks indicates that the Firmicutes phylum dominated
all the samples. Krona analysis (Figure 5) showed that 98% of Al and 97% of B comprised
Halanaerobium. In contrast, A2 only had 37% of Halanaerobium, while having 61% of Ha-
lanaerobacter genus. The other 2-3% of the three samples includes the genera of Acidisoma,
Acinetobacter, Alcanivorax, Alistipes, Buchnera, Bacillus, Clostridium sensu stricto 1, Entero-
coccus, Faecalibacterium, Halanaerobaculum, Hydrogenispora, Ignatzschineria, Lachnospiraceae
XPB1014 group, Lactobacillus, Marinobacter, Methylotenera, Marmoricola, Paenibacillus, Propini-
bacterium, Parvibaculum, Pseudomonas, Ruminococcaceae UCG 002, Ruminococcaceae UCG-005,
Ruminococcaceae UCG-014, Ruminococcaceae NK4A214 group, Salinimicrobium, Sporosarcina,
Streptococcus, Sphingomonas, Subdoligranulum, Stenotrophomonas and Sarcina.
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Al

Figure 3. Venn diagram of the three extremely halophilic microbial samples. The number of the
OTUs is shown inside the diagram. A total of 17, 5 and 61 unique OTUs were found in Al, B and A2,
respectively, and 55 OTUs were shared among the three samples.
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Figure 4. The relative abundance of the three extremely halophilic microbial samples associated with ten different phyla,
showing the dominance of Firmicutes in all of the samples.
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Figure 5. Krona analysis displaying the most abundant genera of the three extremely halophilic microbial samples. The
names of the extremely halophilic microbial samples (A1, A2 and B) are written below each Krona figure.

3.2. Alpha Diversity Analysis

The alpha diversity indices of the three samples are listed in Table 1. Among the
three samples, the microbial community originated from the drier shore of high-salinity
soil in Khon Kaen (A2) had the highest number of observed species, 155, and the highest
Simpson diversity index, 0.791, as well as the highest Shannon-Wiener diversity index,
3.152. Even though the microbial community originated from the salt evaporation pond of
Samut Sakhon (B) had the fewest observed species, 68, the sample had higher Simpson and
Shannon-Wiener indices than the microbial community originated from the shore of high-

salinity soil in Khon Kaen (A1), which had 109 observed species. Nevertheless, it should be

noted that the difference is only 0.039 points for the Simpson index and 0.127 points for the

Shannon-Wiener index between B and A1, compared to 0.563 points and 2.248 difference
between A2 and B.
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The ACE and Chaol indices show the same trend as the observed species number
among the three samples, with A2 having the highest scores, A1l the second highest and
B the lowest. Using sample coverage, the ACE method estimates the number of species,
while the Chaol richness estimator predicted the A2 sample to own the rarest OTUs [25]
and B the least rare OTUs.

All the samples have a Good’s coverage score of 1, indicating that all the samples
bacterial communities have been acquired at a depth of the current sequence [26]. The PD
whole tree index contributed diversity measurement based on the quantification of the
diversity of the phylogenetic tree branch [27]. While PD whole tree scores of A2 and Al
only differ by 1.111, the PD whole tree score of B was less than half of that of A1, indicating
a lower diversity in B, compared to Al and A2.

3.3. Beta Diversity Analysis

Beta diversity analysis was conducted by comparing the dissimilarity coefficient
among the three samples through the means of unweighted UniFrac and weighted UniFrac
distance matrix (Figure 6). Lower values of the coefficient suggested more resemblance be-
tween the two compared samples. The unweighted UniFrac distance between sample pairs
of the microbial communities ranged between 0.508 and 0.620. Based on the unweighted
UniFrac distance, samples A2 and A1 have the highest resemblance, at 0.508, while the
highest dissimilarity was between sample B and A2, which was 0.620.

h 4

[¢] 0.4 0.8

Beta Diversity

Figure 6. Dissimilarity coefficient heat map among A1, A2 and B samples, based on unweighted
UniFrac (lower values, in brackets) and weighted UniFrac distances (upper values).

Compared to the unweighted UniFrac, the weighted UniFrac distance was much
lower, showing only a slight difference. The weighted UniFrac distance between the
sample pairs was between 0.007 and 0.186. The weighted UniFrac shows the highest
resemblance between sample B and A1, at 0.007 and the highest dissimilarity between A2
and Al, at 0.186.

3.4. OTU Heat map

The OTU heat map (Figure 7) indicates OTU_128 was present in the highest numbers
in A1, A2 and B. While other OTUs appear in high numbers in A2, they are only available
in small quantities in Al and B. OTU_94 and OTU_40 were the next most abundant OTUs
in A2.
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Figure 7. OTU heat map. Blue color represents a low percentage of OTUs; red color represents a high
percentage of OTUs to sample (filter by counts per OTU: 2000).

Phylogenetic identification results (Table 2) revealed that OTU_128 was highly similar
to Halanaerobium fermentans strain R-9, with a similarity of 99.5%. The other OTUs which
were available abundantly in A2 show a high similarity with Halanaerobacter lacunarum
strain TB21, with values between 96.79% and 99.03%. This range of values can be attributed
to the sequence length, with the longest sequence (450 bp) contributing to the highest
similarity.

Table 2. Phylogenetic identification results of the most abundant OTUs (data from [28]).

Closest Relative (NCBI

OTU Number Sequence Length (bp) Accession Number) Similarity
OTU_128 448 H“l”””‘f(rl‘ifli”(’)’;ﬁ‘;rgf)m”s R 99.55%
OTU 94 447 Halanaero?gée; ;g;gic;rum TB21 97.45%
OTU 40 449 Halanaeroé]lgge; ;g;gnlt;rum TB21 97 51%
OTU 49 450 Halanuero(b;;ge; ;;;Zr;z;mm TB21 99.03%
OTU_158 438 H”l"”“em?ﬁ%e;;g;gﬁ‘;mm TB21 96.79%
OTU .9 438 Halanaeroé)lzgt;; ;g;gnlt;rum TB21 96.80%

4. Discussion

Among the three locations from where the soil for cultivation was taken, the soil
for the cultivation vial A2 was noticeably coarser than the soil taken for cultivation vials
Al and B. The soil for cultivation B was the finest among the three. Studies suggest that
soils with coarse textures encourage bacterial richness under moist conditions [29]. This
condition explains the diversity indices and number of OTUs differences among A1, A2 and
B. Spatial proximity was not a determining factor for similarities among these extremely
halophilic microbial communities. The relative abundance of OTUs (Figure 4) indicated
that the three samples were dominated by the Firmicutes phylum. All Firmicutes have rigid
cell walls [30], explaining their ability to survive in very high salt concentrations.

Biohydrogen production experiments among the three microbial communities showed
that the highest biohydrogen molar yield was achieved by Al, followed by B and A2, at
1.15, 1,08 and 0.66 mol H; /mol glucose, respectively [15]. In those experiments, higher
biohydrogen molar yields were achieved by the inocula with a higher abundance of
Halanaerobium, which were A1l and B. While studies on biohydrogen production by pure
cultures of Halanaerobium have been more commonly reported, a study on biohydrogen
production by Halanaerobacter has never been reported to date.

Studies on biohydrogen production by the Halanaerobium genus have been conducted
with H. saccharolyticum [6], H. hydrogeniformans [8], H. salinarius [31] and H. chitinovo-
rans [32], but studies on biohydrogen production by the microbial community, which
was dominated by H. fermentans, have only been reported in the research related to this
study [16]. H. fermentans R-9 was initially isolated from Japanese fermented puffer fish
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ovaries (fugu-no-ko nukazuke) [33] and has also been reported to be a part of other salted and
fermented food microbial communities from other countries, such as pa-daek from Laos [34],
salted fermented seafood from Korea [35] and pla-ra from Thailand [34]. H. fermentans
grows in 5-25% NaCl, pH range between 6 and 9 and temperature range between 15 and
45 °C [33]. H. fermentans may favor the high salinity and pH conditions of those fermented
foods which develop over time, which is similar to the three-year screening process of the
microbial communities performed in this study.

The most abundant OTUs in A2 indicated a high similarity with Halanaerobacter
lacunarum (basonym: Halobacteroides lacunaris) TB21, an obligate halophilic isolated from
the eastern Mediterranean Sea deep-sea hypersaline anoxic brine [36]. Halanaerobacter can
grow in 10-32% NaCl (1.7 M-5.5 M), pH range between 6 and 8.5 and temperature between
25 and 52 °C [31,36,37]. Only very limited studies have been found on the application of
H. lacunarum; among them, there are studies on the lipopolysaccharide production by the
species for immunostimulant activity [36,38]. Fermentation products of H. fermentans and
H. lacunarum include acetate, Hy, CO, and ethanol, while H. fermentans also has the ability
to ferment formate and lactate [31,33].

The previous study has shown that the microbial community B has the ability to fer-
ment L-arabinose, one of the lignocellulose-derived carbohydrates, which is unfermentable
by the pure culture of H. fermentans. The microbial community also produced butyric
acid, which is not a metabolite product of H. fermentans [16,33]. The butyric acid was most
likely produced by genus Clostridium sensu stricto 1, which was present in 0.1% in microbial
community B. The genus was also known to produce hydrogen [39].

Even though the biohydrogen experiments conducted with microbial community
A2, dominated by Halanaerobacter, resulted in lower hydrogen molar yield than commu-
nities dominated by Halanaerobium, the experiments showed the potential application of
these two microbial community members. By studying the microbial communities and
understanding the requirements of their members, strategies can be developed to increase
biohydrogen molar yield, such as fine-tuning the substrate, pH and temperature. A further
metagenomic study might be helpful to obtain more insights into metabolic pathways and
genes attainable in these communities for further enhancement of biohydrogen production
in extremely halophilic conditions.
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