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Abstract: The genus Pseudoblepharisma is currently comprised of only one species, P. tenue, and one
variant, P. tenue var. viride, both described as free-living ciliates thriving in oxygen depleted freshwater
habitats of Europe. Here we report on this genus being discovered from subtropical freshwaters of
Florida, USA. The Florida strain diverges from the P. tenue by being much larger, as well as having a
far higher density of intracellular symbiotic green algae, resembling P. tenue var. viride. Unlike its
European counterparts, the North American strain was observed to build a lorica, likely useful for
protection and feeding; this has not been previously described for this genus. In contrast to P. tenue,
the Florida strain does not have endosymbiotic purple bacteria. Despite large distances between
sampling zones, the species is a close match at a morphological level to Pseudoblepharisma tenue var.
viride. We provide the first 185 rRNA gene sequence for this species, allowing future investigations
into the biogeography of this genus. As intensive sampling efforts continue to increase, cryptic
microbial species will continue to be recorded from diverse freshwater habitats at a global scale.
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1. Introduction

The cryptic biodiversity of an environment is an important component of microbial
food webs and the ecosystems they help to support [1,2]. Undersampling remains a
persistent issue within microbial ecology [3,4], such that the true diversity of a particular
site or region is difficult to quantify. This results in many species remaining cryptic,
especially when present in low numbers; however, they will also remain cryptic, even when
present in astronomically high numbers, if the habitat is not studied [5]. This is frequently
the case considering the number of unstudied habitats worldwide. Many species described
as restricted to one area often have their biogeographical distribution expanded when
intensive sampling efforts are conducted [6] and may be very common locally despite being
previously unrecorded.

The genus Pseudoblepharisma comprises free-living freshwater ciliates originally docu-
mented from ponds in Europe (Germany) [7]. Blepharisma tenuis was the name used in the
original German description of this genus [7]; however, this was quickly acknowledged
to be incorrect, and it was fully rectified [8]. The genus was further described from the
same geographical area, with descriptions of Pseudoblepharisma tenue presented [9]. This
original work recorded the basic morphology, and it was later recorded (also in Germany)
by Kreutz and Foissner (2006) [10], including the presence of intracellular algae and pink
bacteria which were recognized not to be ingested but likely symbionts [8]. A detailed
description of the German strain of P. tenue has recently been published [11], in which the
use of single-cell genomics has allowed the identification of the symbionts, as well the
determination of the draft genome for the ciliate.
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The ciliate Pseudoblepharisma tenue is the only species thus far described in the genus.
The original observations [8] of P. tenue reported only a dozen endosymbiotic algal cells
within the ciliate; the potential for the ciliate as being an example of an organism with
mixed symbionts (algae and bacteria) was acknowledged due to the presence of ‘pink’
bacteria in the cytoplasm [8]. This combination of symbionts has been confirmed with
the identification of bacteria closely related to the genus Thiodictyon, and eukaryotic algae
closely related to the genus Chlorella thriving within P. tenue [11].

Pseudoblepharisma tenue var. viride is a variant recorded in the literature [10] which has,
thus far, not benefited from a formal description and the possibility that this variant is a
separate species to Pseudoblepharisma tenue must be considered.

Here, we report on the first record for the genus Pseudoblepharisma from North America,
in subtropical fresh waters with this Florida strain most closely resembling Pseudoblephar-
isma tenue var. viride. The Florida strain is distinct morphologically and diverges at the
molecular (185 rRNA gene) level from P. tenue.

2. Materials and Methods
2.1. Study Sites

Indrio Savannahs Preserve: 27°31'36.6” N 80°21'47.7" W.

Habitat: shallow interconnected swampy wetland area in full sunlight, under the
cover of large Nymphaeaceae (lily pads) to 60 cm depth (Figure 1A). Found within the light
(‘fluffy”) organic sediments common in these habitats. Abundances of 10 to 50 cells per
mL were encountered, with higher densities when top layer sediments were subsampled.
All microscopy was conducted on samples from this location, with molecular sequencing
also being undertaken only from this locality. This site was subjected to weekly intensive
sampling for one year [12], with the site being investigated regularly from 2016 to 2021.
The species was commonly found in samples taken from this habitat over this period.
The normal water parameter measurements for this site during productive collections
were: pH 6.2, dissolved oxygen (ODO through optical detection) 22% saturation, salinity
0.09 PSU (practical salinity units), temperature 28 °C.

The species was also found at two other Florida locations.

Blue Cypress Conservation Area: 27°39'48.6"” N 80°38'38.5” W. This site is a shallow
canal with dense Nymphaeaceae (lily pads) leading to a large swamp area. The site is
west ~33 km inland from the Atlantic Ocean. At the time of sampling, the following water
parameters were recorded: pH 7.26, ODO 0.24% saturation, salinity 0.17 PSU, temperature
29 °C.

Jonathan Dickinson State Park: 26°59'59.3"” N 80°06/09.3"” W. This ~60 m-wide pond
in full sunlight contained the species in similar abundance to the other Florida sites. At
the time of sampling, the following water parameters were recorded: pH 6.79, ODO 6.9%
saturation, salinity 0.5 PSU, temperature 29 °C.

Both additional freshwater locations have loose sediments below Nymphaeaceae (lily
pads) and overall appear very similar to the main locality. The two locations are ~96 km
apart, but are similar in their microbial consortia, plant, and sediment type. Jonathan
Dickinson State Park is interesting in that it was the site of ordinance practice during WWII,
ecological succession was then allowed to proceed undisturbed, and later the site was
designated a State Park. The pond area sampled here formed in one of the pits created by
the detonation of explosives. The pond and its microbial population has developed likely
undisturbed over the last 75 years since the habitat was formed.
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Figure 1. Florida sampling location and collection device. (A) Indrio Savannahs Preserve. This was
the main sampling location investigated and the Florida habitat of Pseudoblepharisma. (B) Caged
sampler with 500 mL bottle. This collecting apparatus was used for filling 500 mL sample bottles
from all sites investigated. The weighted cage opens to allow the loading of a new bottle. The cork on
a line mechanism allowed for it to be pulled within the site, obtaining a sample at the desired depth.

2.2. Sample Collection

A caged corked bottle sampler (CONBAR ep, Monroeville, NJ, USA) housing an
interchangeable 500 mL glass ‘Boston round” bottle with a 10 m line was used to collect the
water and sediment (Figure 1B). The sampler was deployed on a line into the area of the
waterbody being sampled. Once submerged, the cork stopper was removed by a sharp tug
on the line allowing the bottle to fill with water and sediment at the desired depth [12,13].
The sampler was then retrieved, and the bottle removed and capped for transport to the
lab. Sampling of the sites involved the use of 5 to 15 bottles in order to obtain a wide
representation of the microbial communities present at the site. The device was washed
between collections and was rinsed with 70% ethanol on return to the laboratory. Bottles
were autoclaved before reuse.

2.3. Measurement of Site Metadata

A ProDSS YSI (four port “Digital Professional Series” by Xylem, Yellow Springs, OH,
USA) was used to measure site metadata, equipped with probes to obtain pH, conductivity
(measured in PSU), temperature, and dissolved oxygen data. The size of the YSI sensor
probe was 35 cm. The probe was deployed so that it would lay submerged horizontally
on the sediment substrate. This was close to the zones sampled using the 500 mL bottle
sampler. The probe was allowed to settle for at least 30 s before a reading was taken. The
probe was washed in deionized HO between sites.

2.4. Microscopy

Individual ciliates were picked using a micropipette under a dissecting microscope
for use in PCR, or onto welled slides for examination under higher powered microscopy
(Figure 2). Initial observations were made using a 1 mL Sedgewick-Rafter counting chamber
which allowed observation, enumeration, and photography.
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An Olympus BX-53 microscope was used for detailed observation and for taking
micrographs. An Olympus DP72 camera attached directly to the microscope was used to
record the images of the ciliates, measurements were taken using the Olympus cellSens
software package (version 1.17; Olympus Life Sciences, Center Valley, PA, USA).

2.5. DNA Extraction and Amplification

Although these ciliates were most often found within their natural habitat of sediments,
certain conditions within the 500 mL sample bottles occurred that forced the species up into
the water column. The reasons for this could be many [14], with reaction to oxygen levels
being most likely for this movement. After some time (usually between 48 and 100 h) an
almost pure green layer of cells would be observed near the top of some sample bottles; this
was used for picking for molecular sequencing as the ciliates were more readily sampled
and cleaner than when dwelling within the sediments.

A REDExtract-N-Amp PCR ReadyMix (Sigma-Aldrich, St. Louis, MO, USA) was used
to both extract and amplify the ciliate sample. The method followed that described in the
literature [15]. In a single tube, 100 puL of extraction solution was mixed with 25 uL of
tissue prep solution. The mixture was then added to each of 10 tubes (12.5 uL to each),
containing 1 previously selected, picked, and washed ciliate (as described above) which
was then vortexed for 5 s. The tubes were incubated for 10 min at ambient temperature
and then heated in a dry bath incubator (Fisher Scientific, Hampton, NH, USA) for 3 min at
95 °C. Neutralization Solution (10 uL) was then added to each tube and thoroughly mixed.
Samples were either amplified immediately or stored at —20 °C.

To amplify the 185 rRNA gene the primers ‘Euk-82F (GAA ACT GCG AAT GGC TC)
and ‘EukB’ (TGA TCC TTC TGC AGG TTC ACC TAC) were used [16,17]. A master mix was
prepared by combining 52 uL of sterile DI H,O, 100 uL REDExtract-N-Amp PCR reaction
mix, and 4 pL of each primer (10 uM) in a sterile tube. Master mix (16 puL) was pipetted
into each PCR tube to which 4 uL of the individual DNA extract (described above) was
added. The PCR protocol was as follows: 9 cycles of denaturation (94 °C, 40 s), annealing
(55 °C, for 40 s), extension (72 °C, 2 min) followed by 45 cycles of denaturation (92 °C, 40 s),
annealing (55 °C, for 40 s), extension (72 °C, 2 min 30 s), then a final incubation step (72 °C,
6 min).

PCR products were visualized on a 1% agarose gel and purified using a GenCatch Pu-
rification Kit (Epoch Life Sciences, Houston, TX, USA) following manufacturer’s directions.
Sanger sequencing of the amplicon was performed by MCLab (South San Francisco, CA,
USA). A sequence for the 185 rRNA gene from a single cell was obtained and deposited
into GenBank FL1 MK543441 (1597 bp).

2.6. Phylogenetic Analysis

The newly sequenced SSU rDNA of Pseudoblepharisma tenue, 46 Heterotrich ciliate
sequences for the genera Spirostomum, Anigsteinia, and Blepharisma obtained from Genbank
(Accession numbers are included in Figure 3), and Pseudoblepharisma tenue MGO1 (18S
sequence provided by pers coms. Mufioz-Gomez, from their draft genome deposited in
NCBI GenBank under the BioProject PRINA664598 [11]) were used to infer the phylogenetic
relationships of Pseudoblepharisma. Two species of Blepharisma were used for the outgroup—
B. halophilum and B. japonicum. Evolutionary analyses were conducted in MEGA-X (version
10.0.5) [18]. The sequences were aligned using the MUSCLE program and manually edited
to achieve a better alignment. The evolutionary history was inferred by using the maximum
likelihood method and the Tamura-Nei model [19]. The tree with the highest log likelihood
(—6176.12) is shown. The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates) are shown next to the branches [20]. Initial
tree(s) for the heuristic search were obtained automatically by applying neighbor join
and BioN]J algorithms to a matrix of pairwise distances estimated using the maximum
composite likelihood (MCL) approach, and then selecting the topology with superior log
likelihood value. The tree is drawn to scale, with branch lengths measured in the number of
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substitutions per site. This analysis involved 48 nucleotide sequences. There was a total of
1800 positions in the final dataset. The tree was edited for publication using the Interactive
Tree of Life iTOL) v5 [21].

3. Results

An approximately 400 um freshwater ciliate that builds a protective case, or lorica, and
contains dense green symbiotic algae was discovered at three Florida sites (Table 1, Figure 2).
The cell had a long adoral zone of membranelles (AZM), and a single, oval macronucleus
with a single micronucleus. The ciliate was highly contractile, and this ability—along with
the symbiotic algae—initially pointed to the identification of a ciliate in the genus Spiros-
tomum. The ciliate species Spirostomum semivirescens is highly contractile, densely packed
with symbiotic green algae, and is known to build a protective coating [6,22]. Further
taxonomic investigation allowed the identification of the Florida ciliate as being a species
within the rarely recorded genus Pseudoblepharisma, such as the species Pseudoblepharisma
tenue var. viride [10] due to the cell size and overall shape, along with the presence of dense
symbiotic green algae (Figure 2).

Table 1. Diagnostic features of the Florida Pseudoblepharisma tenue var. viride representative. Measure-
ments were done on 30 freshly collected individual cells.

Pseudoblepharisma tenue var. viride

Location Florida
Cell length (pm) 310480 (mean 410)
Cell width (um) 38-50 (mean 40)
Macronucleus 1 (um) ~30
Micronucleus 1 (um) ~6
Contractile vacuole Present
Color Green
Symbiotic algae Present
Purple bacteria Absent
Molecular sequence MK543441
Case-building Present

The ciliate has an oval shaped nuclear apparatus similar to Spirostomum teres [23],
with an AZM up to one-half to one-third of the ciliate’s body length (Figure 2). The single
terminal contractile vacuole is clear and can somewhat deform the cell. No cysts were
observed from the Florida strain.

Non-pigmented rod-shaped bacteria with a length of ~8 um were observed when a
cell lysed (Figure 2A), suggesting their presence within the cytoplasm (Figure 2B). The
bacteria were not identified; however, no purple-pigmented bacteria were observed within
the Florida strain cells.

The cell was densely packed with hundreds of symbiotic algae cells similar in appear-
ance to that observed in Spirostomum semivirescens from Europe [6]. Targeted molecular
sequencing of the algal symbiont was not undertaken.

This Florida ciliate was always found in rich organic sediment along with other green
ciliates (such as Frontonia, Prorodon spp.). The ciliate is mixotrophic in that it filter-feeds on
bacteria from the water while hidden in its lorica, and it also likely receives nutrients from
its algal symbionts, a relationship well documented in ciliates [1,24]. The lorica was readily
observed in 1 mL counting chambers when the ciliates were left undisturbed with some
sediment for approximately one hour, which gave them time to build a new protective case
(Figure 2D).
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Figure 2. Pseudoblepharisma tenue var. viride from tropical fresh waters in Florida, USA. (A) In vivo
image of the ciliate showing dense assemblage of symbiotic green algae. The arrow at left indicates
the oval macronucleus. The small arrow at right shows a cloud of bacteria which has come off the
ciliate, potentially symbiotic in the cytoplasm. The large clear contractile vacuole is conspicuous at the
posterior end of the cell (bottom right of image). Scale bar: 100 pm. (B) Close-up of the macronucleus
(clear oval) surrounded by symbiotic algae resembling Chlorella. Numerous non-pigmented rod-
shaped bacteria are also shown here. Scale bar: 20 pm. (C) Close-up section of the ciliate with an
arrow indicating the singular large oval shaped macronucleus. Directly above the arrow is the small
micronucleus. The circular symbiotic algae are densely packed throughout the cytoplasm. Scale bar:
20 um. (D) In vivo image of the ciliate after it was picked and left undisturbed on a slide for ~1 h.
The two arrows indicate either side of a casing the ciliate has made and rests entirely within. Scale
bar: 100 um.

The ciliate survives for several days in a closed 500 mL bottle at room temperature
(~25 °C), shaded from artificial overhead light. The ciliate also survived in a 30 °C incuba-
tion chamber, however, no enhanced population growth was detected. All observations
were made on living cells, as the ciliate was not established in culture.

The ability of this ciliate to rapidly contract is readily observed on a 1 mL chamber
slide. The lorica is essentially a mucilage-like case built with sediment particles (Figure 2D).
The ciliate moves such that from the lorica it pokes out its anterior end to filter feed, and
when disturbed retreats back into the casing which covers the entire cell. The case building
was recorded from all three Florida sites. The ciliate is sensitive and quickly reacts to
vibrations, by contracting rapidly, either into the lorica or when free-swimming, similar
to behavior observed in the European S. semivirescens [1,6]. The Florida species does not
obviously react to light, unlike S. semivirescens found in the UK, which rapidly contracts
from sudden illumination with bright light.

An analysis of the 185 rRNA gene molecular phylogeny (Figure 3) places our MK543441
with the European P. tenue MGO1 with a 98% match in the gene sequence. P. tenue clusters
with the two clades of Spirostomum as a closely related but distinct early branching lineage.
Anigstenia and Blepharisma are placed on the tree as members of the family Blepharismi-
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dae [25]; they branch distinctly from the Pseudoblepharisma/ Spirostomum clades on this tree
(Figure 3).
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Figure 3. Phylogenetic tree showing Pseudoblepharisma tenue var. viride. Maximum likelihood (ML)
tree inferred from SSU rDNA sequences showing the systematic position of Pseudoblepharisma tenue
(blue text, MK543441). ML Bootstrap values are indicated by the size of the blue circles. The bar
corresponds to 1 substitution per 100 nucleotides.

4. Discussion

Pseudoblepharisma is a heterotrich ciliate which had been recorded previously only from
freshwater habitats in Germany [10,11]. The original descriptions referred to the presence
of purple bacteria present in the ciliate cytoplasm and were suggested to be symbiotic [8].
Since this work, further investigations into this genus and its symbiotic microbial consortia
have been undertaken [11], confirming the presence of a combination of symbionts inside
the ciliate host. Pseudoblepharisma tenue from Europe was often found to be purple [10,11],
which was never observed for the Florida populations. The original descriptions from
Germany of Pseudoblepharisma tenue [7-9] somewhat match the Florida strain on a basic
morphological level; however, the previous records do not mention the ciliate’s lorica
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building, which was commonly observed within Florida samples, with cases observed in
each 1 mL water-sediment subsample that also contained the ciliate.

The Florida strain also differs from the European Pseudoblepharisma tenue records in
the absence of purple bacteria in the cytoplasm and the much higher densities of symbiotic
green algae (hundreds vs. a scattered dozen). The Florida cells are also more than double
the length of most of the European recorded cells. The strain recorded in Florida may either
be Pseudoblepharisma tenue var. viride or a previously unobserved variation.

In the recent study of German samples, six cells of P. tenue were measured with a mean
length of 182 pm [11], which is considerably smaller than the 410 um mean recorded from
the 30 cells measured in Florida samples. The original descriptions report cell lengths of
100-150 um [7] and a scrutinized cell was reported as 200 um [8]. A cell of about 300 pm
was reported for Pseudoblepharisma var. viride, with the imagery showing densely packed
symbiotic green algae more similar to the Florida strain [10]. Differences in habitat type
could account for these differences, with subtropical habitats such as those investigated in
Florida often containing larger cells than found in colder areas [26].

The 185 rRNA gene sequence for the Florida strain of P. tenue var. viride (MK543441)
shows a 98% match to Pseudoblepharisma tenue MGO1 [11], suggesting some degree of
taxonomic variation. However, no molecular analysis has yet been carried out on any other
P. tenue var. viride strains, and no conclusions should be drawn from two sequences. It
may be that P. tenue var. viride is simply an ecological form of P. tenue. The number of
endosymbiotic algae in several ciliate species has been observed to vary seasonally; this
is the case of Loxodes rostrum and Euplotes daidaleos (personal observations), both species
showing very low numbers of green endosymbionts in winter months, when temperatures
are low and day light is short. Future morphological and molecular analysis of P. tenue and
P. tenue var. viride will bring further taxonomic clarity.

Purple bacteria were not observed in the Florida Pseudoblepharisma populations. The
non-pigmented bacteria observed in association with Florida Pseudoblepharisma have not
yet been identified. The absence of purple bacteria is reflected in the color difference noted
between cells from Florida (green) and P. tenue from Europe.

The German habitat of this genus [10,11] is the sphagnum ponds of the Simmelried,
a three-hectare moorland and sphagnum swamp in Southern Germany with a reported
pH between ponds of 5-7 [10]. The water is known to freeze over in winter, with the
collection areas for this genus being described as microaerobic, with Pseudoblepharisma
being reported as an indicator of these low oxygen conditions [27]. The Florida population
of Pseudoblepharisma thrives in low-oxygen warm waters (25-30 °C) within the sediment-
water interface layer, without such common extremes of cold. The habitat in Germany
formed after the last ice age ~15,000 years ago and is interesting in that it has accumulated
a large diversity of protists [10] in a geologically short period of time, similar to the timing
for formations of freshwater habitats in Florida [28,29]. The primary sampling habitat,
Indrio Savannahs Preserve, is a 297-acre nature reserve that is essentially a nutrient-poor,
scrubby flatwoods containing a basin and depression swamp which is a conservationally
restored natural freshwater drainage area.

The Florida strain was recorded consistently during intensive sampling between
2016-2019 [12]. During this time, the type locality dried completely, before flooding after
Hurricane Irma deposited substantial water within the system in 2017. The target ciliate
was recorded so regularly before the drought event that it was considered common in this
habitat; it was again recorded with similar high frequency shortly after the 2017 Hurricane
Irma (and beyond), showing the resilience of microbial communities. The fact that this
species was common and recorded in such high numbers provides an example of the
importance of intensive sampling before any conclusion on the biogeography of the group
is reached. It is likely that other less obvious and less common species exist in these same
habitats but were undetected despite long term intensive efforts.

While no cysts were observed in Florida samples, thin-walled resting cysts have been
reported for P. tenue [11]. The protective lorica of the Florida strain may aid in dispersal
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(e.g., wind, birds, reptiles) of the cell, as well as its survival during unfavorable conditions
such as drought, similar to the ciliate Spirostomum semivirescens [6]. It is unclear whether
lorica-protected ciliates survived in the study site during drought conditions or were
rapidly dispersed from other populations after water levels returned. It is possible that
these cells do form a cyst, which was not observed during this investigation.

The topology of the phylogenetic tree (Figure 3) indicates a very close relationship
between Pseudoblepharisma and Spirostomum, matching the similarities observed in their
morphology and habitat. Further molecular and morphological investigations of other
strains of P. tenue and P. tenue var. viride from Europe and other worldwide locations will
advance the understanding of this species and determine whether the genera Pseudoblephar-
isma and Spirostomum should be considered synonymous.

5. Conclusions

The discovery of Pseudoblepharisma from a new biogeographical location further high-
lights the consequences of undersampling [3,4,30,31] and the need to study and protect
habitats for their microbial consortia.

The genus Pseudoblepharisma has existed cryptically in North America until recently,
being recorded in Florida (>7500 km distance from the original genus discovery site in
Europe). The strain of Pseudoblepharisma discovered in Florida was similar to existing
diagnostics from Europe [8], particularly to P. tenue var. viride, i.e., size and density of
endosymbiotic green algae. However, the presence of a lorica has not yet been observed
in European populations. The 185 rRNA gene sequence was similar to those reported in
the literature for this genus and for the genus Spirostomum. Further molecular studies at
a global level will help resolve whether these genera are synonyms, and future intensive
sampling will likely reveal additional species to this genus.
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