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Abstract: Three strains of Euglena mutabilis were isolated from sediments in acidic inland water
systems (pH = 3.4–4.7), in Southwestern Japan—acid mine drainage in Sensui (Fukuoka), cold
sulfidic spring in Bougatsuru (Oita), and a temporal pool in the Ebinokogen volcanic area (Miyazaki).
All strains grew well in acidic media at pH 3.07. Phylogenetic analysis among these three strains
showed high similarities to plastid SSU and nuclear SSU rRNA gene sequences (99.86% and 99.76%,
respectively). They were closely related to the cultured isolates from other highly acidic habitats
(pH = 2.0–5.9). Concentration of sulfate, aluminum, calcium, and iron had 7–70 fold of differences
among the three studied habitats. Our results imply that the rRNA genes of E. mutabilis have
compensated for their low genetic diversity by adapting to a wide pH range, as well as various water
chemistry of habitats.

Keywords: acid mine drainage; benthic Euglena; volcanic spring

1. Introduction

The flagellate Euglena mutabilis Schmitz is distributed in highly acidic inland water
systems, such as coal or metal mine drainages [1,2], volcanic streams [3], and peat mire [4,5].
Mine drainage with biofilms of E. mutabilis is usually characterized by a low pH and high
concentrations of heavy metals and sulfate. Nevertheless, E. mutabilis can tolerate extreme
environmental conditions [6].

The lower pH limit of E. mutabilis habitats was reported to be 1.5 in coal mining sites
in England [7], 1.5–2.2 in the Rio Tinto drains in Southern Spain [8], and 3.1 in a coal
mining site in Indiana [2]. The upper pH limit of E. mutabilis habitats was reported to
be 4.6–4.7 [2,6]. Bray et al. [9] reported that E. mutabilis could be found in circumneutral
environments (pH = 5.5–6.5) in the Southern Island of New Zealand, although its dom-
inance within the algal community was low. Thus, the main habitats of E. mutabilis are
acidic inland water systems with pH ranging from 1.5–4.7, and in algal communities under
circumneutral environments.

The distribution of E. mutabilis populations is very limited, as highly acidic inland
water systems show an isolated distribution. As mentioned above, the wide pH range of E.
mutabilis habitats suggests that the species adapted from extremely acidic to circumneutral
environments. The flagellate’s population in each present habitat could have been geneti-
cally selected from the parent population with a high genetic diversity, and the selected
population might have then adapted to the respective acidity of the habitat. Thus, the
genetic properties of E. mutabilis could vary depending on the pH of the habitat. Therefore,
we hypothesized that E. mutabilis strains isolated from different acidities of inland water
habitats are genetically different.
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There are some reports on the phylogenetic analysis of E. mutabilis strains; however,
the information is not sufficient to discuss the relationship between their biogeographic
distribution and genetic diversity. The habitat conditions in acidic land water systems in
Japan have already been reported [10,11]; however, phylogenetic information is still lacking.
Our brief report documents the phylogenetic analysis of benthic Euglena populations
isolated from acidic land water systems, under pH values ranging from 3.4 to 4.7, in
Southwestern Japan. These strains of the benthic Euglena sp. were identified as the Euglena
mutabilis Schmitz, based on their morphological characteristics. The first objective of the
present study was to identify the benthic Euglena strains by phylogenetic analysis of plastid
SSU and nuclear SSU rRNA genes. We then discuss the genetic similarity of the strains
with reference to the chemical parameters of the habitats.

2. Materials and Methods
2.1. Study Sites

We selected three study sites—habitats of the benthic Euglena sp. on Kyushu Island in
Southwestern Japan. A strain of benthic Euglena sp. was isolated from coal mine drainage
in Sensui, Kurate, Fukuoka (33.78264◦ N, 130.65363◦ E, 16 m a.s.l.: Sensui drainage strain).
The benthic Euglena sp. colonized and formed biofilms on the surface of the sediments and
in streams flowing out of the abandoned coal mine. This population showed no visible
accompanying species, and the Euglena cells aggregated and formed biofilms with a high
population density. The biofilm was distributed from the mouth of the effluent (abandoned
entrance to coal mining pit) to ca. 64.1 m downstream from the mouth.

The other two strains of benthic Euglena sp. were isolated from biofilms on aquatic
sediments in a volcanic area. One of them was isolated from a volcanic cold spring in the
Bougatsuru mire, Oita, Northern Kyushu Island (33.09602◦ N, 131.25940◦ E, 1238 m a.s.l.:
Bougatsuru spring strain). This Euglena population was established on the sediment at
the orifice of the spring (out of ground water), with fibrous cyanobacterial mats. The
other Euglena population was collected from a temporal pool in the Ebinokogen volcanic
area of the Kirishima Volcanoes, Miyazaki, Southern Kyushu (31.94864◦ N, 130.85560◦ E,
1243 m a.s.l.: Ebinokogen pool strain). The pool was surrounded by a flow of lava and
stored a thousand liters of water at a temperature of ca. 16 ◦C, which was likely to be
affected by the present volcanic activity there. The vegetation in the pool includes Sphagnum
cuspidatum Hoffm. and the pool community is categorized as the mire type. The collected
population of benthic Euglena was established in the sediment of the pool along with
fibrous cyanobacteria.

2.2. Determination of Environmental Variables

Field measurements (pH, electrical conductivity, and water temperature) and water
collection were conducted at the orifice of the abandoned coal mine in Sensui (Sensui
drainage) on 26 April 2019, at the spring out of the ground water in Bougatsuru (Bougatsuru
spring) on 28 November 2019, and at the surface of the pool in Ebinokogen (Ebinokogen
pool) on 17 May 2019.

In the Sensui drainage and the Bougatsuru spring, electrical conductivity (EC) and pH
were measured in situ using EC (D-54, Horiba, Kyoto, Japan) and pH (D-52, Horiba, Kyoto,
Japan) meters, respectively. The total organic carbon (TOC) concentration was determined
in the laboratory for a non-filtered water sample, using a TOC analyzer (TOC-VCSH,
Shimazu, Kyoto, Japan). Water samples were filtered using a 0.20 µm-pore-sized cellulose
acetate membrane filter (Advantec Toyo), and major cations (NH4

+, Na+, K+, Mg2+, and
Ca2+) and anions (Cl-, NO3

-, PO4
3-, and SO4

2-) were analyzed by ion chromatography
(DX-120 and ICS-6000, Thermo Scientific Dionex, Thermo Fisher Scientific, Tokyo, Japan).
Dissolved metals (Al, As, Fe, Mn, Pb, and Zn) were analyzed by ICP–AES/OES (ICPE-9800,
Shimazu, Kyoto, Japan).

In the Ebinokogen pool, electrical conductivity (EC) and pH were measured in situ,
using a portable water quality meter (LAQUA WQ-330, Horiba, Kyoto, Japan). Water
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samples were filtered with a 0.45 µm-pore-sized membrane filter (Advantec, Tokyo), and
the major anions (Cl-, and SO4

2−) were analyzed by ion chromatography (DX-100, Thermo
Scientific Dionex, Thermo Fisher Scientific, Tokyo, Japan). Major cations (Na+, K+, Mg2+,
and Ca2+) and dissolved metals (Al and Fe) were analyzed using ICP-AES (Model 5100,
Agilent Technology, Tokyo).

2.3. Collection and Isolation of the Euglena Population

Sediment samples (containing benthic Euglena sp.) collected from the surface of
sediments in the Sensui drainage on 26 April 2019, from the Bougatsuru spring on 28
November 2019, and the Ebinokogen pool on 17 May 2019, were used for isolation of
the benthic Euglena sp. The samples contained both water and suspended sediment
materials, from which the Euglena-containing biofilm community was carefully selected.
Bottles with biofilms and sediments collected from mine drainage or volcanic springs were
stirred lightly, and the sediment was allowed to precipitate. Euglena containing the biofilm
community in the resulting supernatant was used for further culturing.

Purification of the Euglena population was carried out following a modified method
of Zheng and Haraguchi [10]. After the removal of visible contaminants with a needle, the
supernatant containing Euglena was cultured in a Hoagland solution without ammonium
salts, and then transferred to an ammonium sulfate-enriched Hoagland solution (containing
1000 mg L−1 ammonium sulfate; pH = 3.07). Sodium chloride solution (0.9%) was added to
the culture solution (1:1) and centrifuged at 600 rpm for 10 min. After two centrifugations,
a Euglena population without other microscopic visible species was obtained. This Euglena
population was transferred to sterile plastic Petri dishes (4.0 cm diameter, 1.0 cm depth)
containing 20 mL of ammonium sulfate-enriched Hoagland solution. The population
was cultured under illumination with a photosynthetic photon flux density (PPFD) of
185 µmol s−1 m−2 in a growth chamber (25 ◦C), by stirring at 65 rpm for 7 days. Sodium
chloride solution (0.9%) was added to the culture solution (1:1) and centrifuged at 600 rpm
for 10 min, and the precipitated Euglena population was inoculated on a plate of Cramer
and Myers culture medium (CM medium), adjusted to a pH of 5.5 [12]. After 7 days of
culturing on the solid Cramer and Myers medium at 25 ◦C, pure aggregates of Euglena
(strains SEN, BOU, and KIRI) were obtained from the three study sites—the Sensui coal
mine drainage, the Bougatsuru cold spring, and the Ebinokogen mire pool, respectively.
The cultured Euglenoid strains were preliminarily identified based on their cells and
chloroplast morphology, as well as ecological characteristics [2,7,11,13–15]. All benthic
Euglenoid strains were tentatively identified as Euglena mutabilis Schmitz, by using an
upright light microscope (Nikon ECLIPSE 80i, Tokyo, Japan) equipped with a digital
camera (Nikon DS-Ri1, Tokyo, Japan) (Figure 1).

2.4. Phylogenetic Analysis of SSU rRNA Genes

Genomic DNA was extracted from approximately 0.1 g of the cell pellet of each Eu-
glena isolate using the DNeasy PowerSoil Kit (Qiagen), according to the manufacturer’s
instructions. The chloroplast SSU (16S) rRNA gene fragments were amplified by PCR
using a forward primer (Bact27F: AGAGTTTGATCCTGGCTCAG) and a reverse primer
(Uni1490R: GGHTACCTTGTTACGACTT) [16]. The nuclear SSU (18S) rRNA gene frag-
ments were amplified using primers 18S -F’ (AWYTGGTTGATCCTGCCAG) and 18S R
(GATCCTTCCGCAGGTTCACC) [17]. PCR amplification with KOD FX Neo (TOYOBO,
Osaka, Japan) was performed using a Biometra TAdvanced 96 SG (Biometra, Göttingen,
Germany). The PCR amplification conditions were as follows—initial denaturation at 98 ◦C
for 2 min; 35 cycles of denaturation at 98 ◦C for 10 s, annealing at 50 ◦C for 45 s, extension
at 68 ◦C for 90 s, and a final extension at 68 ◦C for 7 min. The PCR products were purified
after gel electrophoresis, cloned into the pTA2 vector, and then transformed into chemically
competent Escherichia coli DH5α (TOYOBO, Osaka, Japan). Inserted DNA of positive
colonies was PCR-amplified with M13-20 and M13 reverse primers, and sequenced using
an ABI3730xl DNA analyzer [18]. The sequences obtained in this study were deposited in
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public databases under the following accession numbers: LC613032-LC613034 (plastid SSU
rRNA gene) and LC613035-LC613037 (nuclear SSU rRNA gene). The obtained sequences
were compared with similar sequences in the DDBJ/EMBL/GenBank non-redundant
database, using the BLAST program, and were aligned with other known rRNA sequences
using the MAFFT v.7.475. Taxonomic affiliation was determined based on a phylogenetic
tree constructed using RAxML v8.2.12 with the GTR GAMMA model [19]. A bootstrap test
of phylogeny was performed using 1000 replicates.

Figure 1. Upright light microscope micrographs of the Euglena mutabilis strains—SEN, BOU, and KIRI. Scale bars indicate
50 µm.

3. Results and Discussion

The length of the plastid SSU rRNA gene products of the three strains was 1401 base
pairs. Phylogenetic analysis of these three strains showed high similarities amongst the
plastid SSU rRNA gene sequences (>99.86%). The closest relative of the plastid SSU rRNA
gene products was E. mutabilis CCAC0131 (accession number KX889696), with similarities
of 99.71%, 99.86%, and 99.86% for SEN, BOU, and KIRI, respectively (Table S1). The
lengths of the nuclear SSU rRNA gene products of the SEN, BOU, and KIRI strains were
2452, 2456, and 2454 bp, respectively. Phylogenetic analysis of these three strains showed
high similarities (greater than 99.76%) for nuclear SSU rRNA gene sequences. One of the
close relatives of the nuclear SSU rRNA gene product was E. mutabilis RT8n7 (accession
number AY082988), with similarities of 98.86%, 98.94%, and 98.94% for SEN, BOU, and
KIRI, respectively (Table S2). Thus, the cultured strains were phylogenetically assigned as
members of E. mutabilis.

The direct geographic distance between the two local populations of E. mutabilis
ranged from 95 to 205 km, and there was no continuum of aquatic systems among the
sites. Nevertheless, we found very high similarity of both plastid SSU and nuclear SSU
rRNA gene sequences among the three geographically isolated populations, in Southwest-
ern Japan. The E. mutabilis strain CCAC0131 (isolated from Worringer Bruch, Cologne,
Germany) is regarded as one of the closest relatives of the plastid SSU and nuclear SSU
rRNA gene sequences of the three strains from Japan. Kim et al. [20] grouped the strain
CCAC0131 together with strain ELC 1 (isolated from Lake Caviahue, Argentina; accession
number EU090196 for nuclear SSU rRNA gene sequence) and strain RT8n7 (isolated from
Rio Tinto, Spain; accession number AY082988 for nuclear SSU rRNA gene sequence), based
on combined nuclear SSU, partial-LSU, plastid SSU, and partial-LSU rRNA gene sequences.
Correspondingly, our phylogenetic analysis suggested that the cultured Japanese strains,
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SEN, BOU, and KIRI formed a distinct clade with CCAC0131 from Germany and ELC1 from
Argentina. This phylogenetic group, including CCAC0131, ELC1, and the three Japanese
strains shared >98% gene similarity with each other, in the plastid SSU and nuclear SSU
rRNA gene trees.

The EC and pH of the habitats of E. mutabilis in Sensui, Bougatsuru, and Ebinokogen
ranged from 24 to 185 mS/m and 3.4–4.7 (Table 1). The pH of the Sensui drainage ranged
from 3.61–4.10 during 3 October 2007 to 26 April 2019 (n = 12), and the pH of the Bougatsuru
spring ranged 4.61–5.30 during 13 July 2006 to 28 November 2018 (n = 19; AH unpublished
data), implying low fluctuation of pH in these two habitats (<0.7 pH unit). Although the
water of the three habitats was acidic, a larger EC range implies a variable ionic strength
among the three habitats. Among chemical variables, SO42−, Ca2+, Al, and Fe showed 7–70
fold of differences among the three studied habitats. Mine drainage water in Sensui was
characterized by high sulfuric acid contamination and consequently, a greater number of
leached elements (e.g., calcium, aluminum, iron, manganese, lead, and zinc) from mineral
materials in the mining pit. Water in the volcanic area was affected by sulfuric acid;
however, the concentration of sulfate was lower than that in the Sensui mine drainage
water. The acidity of the water in the Ebinokogen pool was the highest among the three
habitats, and was characterized by high concentrations of aluminum and iron. Sulfidic
springs in Bougatsuru showed high sulfide concentrations of up to 1.8 mg/L.

Table 1. Quality of stream water at the habitats of Euglena mutabilis in Sensui, Bougatsuru, and Ebinokogen. * analyzed by
AH.

Location Sensui Bougatsuru Ebinokogen
coal mine drainage cold spring mire pool

33.78264◦ N 33.09602◦ N 31.94864
130.65363◦ E 131.25940◦ E 130.85560

16 m a.s.l. 1238 m a.s.l. 1243 m a.s.l.
(26 April 2019) (28 November 2019) (17 May 2019)

Water temperature ◦C 22.5 10.2 16.2
pH 4.10 4.78 3.41
EC mS/m 185 24.5 81.7
Cl− mg/L 38.1 14.3 57.0
NO3

− mg/L 1.2 1.2 not determined
PO4

3− mg/L 0.0 0.0 0.0
SO4

2− mg/L 1375.0 170.1 210.0
Na+ mg/L 31.2 11.8 24.1
NH4

+ mg/L 2.9 1.8 0.0
K+ mg/L 3.0 1.5 5.4
Mg2+ mg/L 11.3 6.8 12.3
Ca2+ mg/L 131.3 19.5 32.8
Al mg/L 20.9 0.3 9.86
As mg/L 0.2 0.1 1.5 *
Fe mg/L 56.2 2.8 25.9

The water quality of the three habitats of E. mutabilis in this study was different;
however, the genetic similarity among these three strains was extremely high. This suggests
that these three strains originated from a common ancestral lineage and diverted to these
different habitats. Furthermore, plastid SSU and nuclear SSU rRNA gene sequences of
these three strains were highly similar to the E. mutabilis strains distributed globally. The
pH values of Lake Caviahue (strain ELC1) and Rio Tinto (strain RT8n7) were lesser than
3.0, and 2.0, respectively [21,22], whereas the pH of surface soil of Worringer Bruch (strain
CCAC0131) was 5.9 [23]. Although the pH data in Worringer Bruch was of surface soil,
the value shows less effect of sulfuric acid contamination after oxidation of pyrite. E.
mutabilis strain PM1 (JF694007) shared a high level of similarity with the nuclear SSU rRNA
genes of the three strains and was isolated from an abandoned copper mine drainage (pH
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2.5) in Parys, Wales [24]. Furthermore, environmental clone B89 (KX501172), with which
the plastid SSU rRNA genes of the cultured strains in this study shared a high level of
similarities, was PCR-amplified from an acid mine drainage sediment (pH 2.77–2.96) at
Scalp Level Run, Cambria County, Pennsylvania, USA [25]. The lower red eye (LRE) clones
in Figure 1 were obtained from acidic coal mine drainage (pH 2.5–4.5) in Somerset County,
Pennsylvania, USA [26]. The pH of the habitats of the three Japanese strains was higher
(pH = 3.4–4.7) than that of the Euglena habitats described above. Taken together, the pH
conditions in close relation with the phylogenetic group represented in Figure 2, ranged
from 2.0 to 5.9. This implies that the genetic diversity of E. mutabilis was very low, even
within the populations colonizing a wide pH range. Thus, our hypothesis that ‘E. mutabilis
strains isolated from inland water habitats of different acidities are genetically different,’
was rejected. The physiological mechanism of pH regulation in E. mutabilis should be
clarified in future research.

Figure 2. Phylogenetic tree of plastid SSU rRNA genes (a) and nuclear SSU rRNA genes (b) to show the phylogenetic
position of the strains SEN, BOU, and KIRI in the context of the Euglenoids group. The sequences in bold were obtained in
this study. Bootstrap values are expressed as percentages of 1000 trials. The values at the nodes represent scores greater
than 50%. The Euglena mutabilis group with a high similarity (greater than 98%) are shaded, in which all available sequences
from NCBI database were included.

4. Conclusions

Phylogenetic analysis among three strains of E. mutabilis isolated from sediments in
acidic inland water systems (pH = 3.4–4.7) in Southwestern Japan showed high similarities
to plastid SSU and nuclear SSU rRNA gene sequences. They were closely related to the
cultured isolates from other highly acidic habitats (pH = 2.0–5.9). Concentration of SO4

2−

had extremely wide range of values that ranged from 170–1375 mg/L, among the studied
three habitats in Japan. Aluminum, calcium, and iron also had 7–70 fold of differences
among the three habitats. Our results imply that the rRNA genes of E. mutabilis have
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compensated for their low genetic diversity by adapting to a wide pH range, as well as
various water chemistries of habitats.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13111570/s1, Table S1: Different nucleotides in plastid SSU rRNA gene sequence from
strains of Euglena mutabilis. Table S2: Different nucleotides in nuclear SSU rRNA gene sequence
from strains of Euglena mutabilis. Number of position of sequence includes missing nucleotides.
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