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Abstract

Endolimax nana is a common endobiont of the human intestine, but members of the genus have
also been reported in non-human hosts and in non-intestinal organs. Limited information is
available regarding the genetic diversity of Endolimax, which is necessary to delineate species, host
specificity and potential differences in clinical impact on the host. Here, we used cloning of PCR
products followed by Sanger sequencing and next-generation PacBio Sequencing to obtain
Endolimax-related nuclear ribosomal gene sequences and undertook a phylogenetic analysis to gain
additional insight into the taxonomy of Endolimax and related organisms. The new sequences
confirmed that E. nana forms a discrete clade within the Archamoebae and is related to Endolimax
piscium and lodamoeba. However, we identified substantial sequence divergence within E. nana
and evidence for two distinct clades, which we propose to name E. nana ribosomal lineage 1 and E.
nana ribosomal lineage 2. Both of the sequencing approaches applied in the study helped us to
improve our understanding of genetic diversity across Endolimax, and it is likely that wider
application of next-generation sequencing technologies will facilitate the generation of Endolimax-
related DNA sequence data and help complete our understanding of its phylogenetic position and

intrageneric diversity.

Key words: genetic diversity, intestinal parasite, host specificity, next-generation sequencing,

ribosomal gene sequencing, taxonomy.
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INTRODUCTION

Amoeboid protists of the genus Endolimax have been reported in faecal samples from humans,
other mammals, reptiles, amphibians, fish, birds, and insects (Poulsen & Stensvold, 2016). So far,
Endolimax nana is the only named species in humans (Constenla, Padros, & Palenzuela, 2014) and
is commonly reported in faecal samples (Fitzgerald & O'Farrell, 1954; Graczyk et al., 2005; Santos
et al., 2014; Shah et al., 2012; Stauffer & Levine, 1974). Endolimax nana remains one of the most
common but least studied species of the parasitic Archamoebae. In a recent review, Poulsen and
Stensvold calculated weighted prevalence averages of 3.4% and 13.9% among 1,409,022 and
93,815 individuals with and without gut symptoms, respectively (Poulsen & Stensvold, 2016).
While this protist has not been proven to cause pathology, Endolimax is often used as an indicator
of faecal exposure and it is often observed in co-infections with organisms known to cause

diarrhoea (Ignacio et al., 2017).

Endolimax has been found to exhibit extensive genetic diversity (Constenla et al., 2014; Poulsen &
Stensvold, 2016; Stensvold et al., 2020). However, the phylogenetic relationships of Endolimax
have changed over time as more information has become available. Initially, Endolimax was
proposed as the closest relative to Entamoeba, based on limited taxon sampling (Silberman, Clark,
Diamond, & Sogin, 1999). Most phylogenetic studies to date still use only this first complete
sequence of an Endolimax small subunit (SSU) ribosomal RNA gene (rDNA) available in the NCBI
Nucleotide Database, namely E. nana NIH:0591:1 (AF149916). Subsequently, Endolimax was
proposed to be a sister taxon to the free-living protist genus Mastigamoeba (Cavalier-Smith, Chao,
& Oates, 2004), while recent studies suggest Endolimax is a sister taxon to lodamoeba (Stensvold,
Lebbad, & Clark, 2012; Zadrobilkova, Walker, & Cepicka, 2015). Although Endolimax is now
confirmed as a lineage within the Mastigamoebidae group B, the specific affinities of Endolimax
species remain unclear, and wider sampling is needed to clarify the levels of intrageneric diversity.

Obtaining Endolimax SSU rDNA sequences can be challenging due to the absence of cultured
material and the fact that the SSU rDNA of E. nana is relatively long (~2.5 kbp) (Silberman et al.,
1999). PCR using general eukaryotic primers preferentially amplifies any shorter and more
abundant SSU rDNA from co-infecting/co-colonising organisms present in the intestine. This is
often Blastocystis sp., which is frequently observed in Endolimax-positive samples, as its SSU
rDNA are around 700 bp shorter than those of Endolimax. Even when specific amplification is
successful, the PCR product can be difficult to sequence due to high intra-genome variation among
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the ribosomal gene copies (Poulsen & Stensvold, 2016). This makes direct Sanger sequencing of
PCR products problematic and unable to clarify genetic diversity.

The present study used two different approaches to address Endolimax diversity, namely 1) cloning
of PCR products from single faecal DNA samples followed by Sanger sequencing, as previously
done with lodamoeba (Stensvold et al., 2012), and 2) the use of next-generation PacBio sequencing
to sequence single molecules. Both of these approaches helped improve our understanding of
genetic diversity within this genus, and the latter method also provided evidence of a novel

archamoebid related to Endolimax and lodamoeba.

RESULTS
Endolimax SSU rDNA sequences obtained by Sanger sequencing

Endolimax SSU rDNA sequences were obtained by PCR amplification from two faecal DNA
samples (H80028 and EN18) by combining a previously described forward primer and a new
reverse primer (Table 1). The amplicons generated consensus sequences with a length of ~1,750 bp,
which is equivalent to about 65%—70% of the complete SSU rDNA of Endolimax. The new
consensus sequences were aligned with the two almost full-length Endolimax nana SSU

rDNA sequences already present in the NCBI GenBank database (AF149916 and LC230015), and
they showed between 84% and 98% identity in the region of overlap (1,791 bp).

SSU rDNA sequences generated using PacBio sequencing

Four Endolimax-related SSU rDNA sequences were obtained by PCR amplification from pooled
wastewater DNA samples (SW01-SW04; DNA sequence length, ~1,580 bp). When aligned with
the two almost full-length Endolimax nana SSU rDNA sequences in the NCBI GenBank
database, three sequences showed between 85% and 98% identity in the region of alignment
overlap (1,819 bp). In contrast, the fourth sequence (SW04) showed much less similarity to the

other new sequences and the database sequences (61%-63% identity).

Genetic distances
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An initial multiple sequence alignment was produced that included all the newly generated
sequences, the sequences previously deposited in GenBank representing E. nana, Endolimax sp.,
Endolimax piscium from fish, and both ribosomal lineages (RL) of lodamoeba (Stensvold et al.,
2012). Only the region covered by the PacBio sequences was included, and regions of ambiguous
alignment were excluded, leaving 967 aligned positions. Pairwise distances were calculated (Table
2). The values obtained clearly indicated two clusters of E. nana and Endolimax sp. sequences,
consisting of NIH:0591:1, SWO01 and SW02; and SWO03, TDP-2, H80028, and EN18, respectively.

Phylogeny

Maximum likelihood and Bayesian phylogenetic analyses confirmed the inferences from the genetic
distances and each analysis recovered the same topology (Figure 1). A single clade containing all E.
nana and Endolimax sp. sequences, with two strongly supported subclades, was recovered with
maximal support. However, monophyly of the genus Endolimax was not supported, as the E. nana
clade did not cluster with E. piscium. A clade containing lodamoeba and SWO04 (Bootstrap, BP =
77, Posterior probability, PP = 0.96) was quite well supported, as was the grouping of all
Endolimax, lodamoeba and the SWO04 sequences (BP = 82, PP = 1.0).

DISCUSSION

Amplification of Endolimax nana SSU rDNA has proven problematic when using broad-specificity
SSU rDNA primers. This is in part due to the size of the gene — it is among the longest eukaryotic
SSU rDNAs — and in part due to the frequency by which E. nana is found in mixed infections
involving other human parasites. The gene length means that even when the relative numbers of E.
nana in a sample are comparable, its SSU rDNA amplification will be less efficient, with shorter
SSU rDNA sequences like those of Blastocystis being amplified preferentially. These observations
mean that any investigation of the Endolimax DNA in a sample will require the use of specific
primers rather than general primers. However, using this approach assumes we know enough about
genetic diversity in these organisms to design primers that will amplify DNA from all relevant
sample types. We believe that some of the primers used in this study (e.g., IO_LIMAX_F and
10_LIMAX_R) will amplify all Endolimax and related SSU rDNA, but inevitably there may be

some organisms of interest that do not amplify due to sequence divergence in the primer locations.
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The use of single-molecule long-read technology (PacBio sequencing) has been shown here to
overcome some of the limitations of previous approaches. Cloning of PCR products prior to
sequencing does avoid the issue of sequence variation between gene copies that makes direct
sequencing of PCR products problematic. However, that approach is labour intensive and slow in
comparison with sequencing of single molecules. The latter also allows the detection of multiple
organisms present in different numbers in the same sample, which would again be difficult using
other approaches. The number of reads obtained for SW01-SW04 varied over five-fold, from
several hundreds to over 2000, but the number of reads adds to confidence that these sequences are

not artefacts, such as sequence chimeras.

The new sequences generated in this study confirm that E. nana forms a discrete clade within the
Archamoebae and is related to Endolimax piscium and lodamoeba. However, within E. nana there
is substantial sequence divergence and an indication that there may be at least two clades, perhaps
as many as the four indicated in our recent study of Swedish wastewater samples (Stensvold et al.,
2020). The two E. nana clades identified in the present study correspond to two of the clades
identified previously (Stensvold et al., 2020), represented by NIH:0591:1 and H80028. We propose
to call these clades E. nana RL1 and RL2, respectively (Figure 1). We moreover propose that the
sequences deposited in GenBank as “Endolimax sp.” (H80028 and TDP-2) should be considered E.

nana since they are all closely related.

There are five sequences from the TDP-2 sample in the NCBI Database, all of which were obtained
using a plasmid cloning procedure (Yoshida et al., 2019). Although not acknowledged by the
authors, based on the analyses in the present study, the TDP-2 sequences do represent E. nana.
Moreover, the TDP-2 sequences are from a pig and possibly the first DNA-based evidence of
Endolimax in a pig host. For lodamoeba, it is also known that one of the two ribosomal lineages
identified to date is able to colonise pigs. Hence both Endolimax and lodamoeba can colonise pigs,

but it remains to be confirmed whether multiple RLs from each genus can colonise pigs.

Endolimax nana was found in human faecal samples but also in wastewater samples (Stensvold et
al., 2020). The latter is not surprising. However, also isolated from wastewater was a related
sequence (SWO04) that did not cluster with E. nana or E. piscium but with lodamoeba. We suspect
that the organism from which this sequence derives has a non-human host, but in the absence of
information about the organism’s source and morphology, it is not even possible to assign this

organism to a genus. While SW04 appears to be related to lodamoeba, there is a sequence in
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GenBank that shows greater similarity. The sequence, KU658872, was found in an anaerobic
reactor sample from Luxembourg. Unfortunately, it is only 293 bp in length; however, SW04
and KU658872 exhibit 96% identity over the first 181 bp of SWO04 and 84% identity over the full
length of KU658872.

The phylogenetic relationships depicted in Figure 1 are consistent with those obtained by others
(Zadrobilkova et al., 2015). As in previous analyses, the relationships among E. nana, E. piscium,
and lodamoeba are poorly resolved, although together they clearly form a clade within the
Mastigamoebidae Group B (Ptackova et al., 2013; Zadrobilkova et al., 2015). With the addition of
SWO04 as an additional distinct lineage within this clade, but with no information about its
morphology, the question of the appropriate genus or genera for these organisms is also unresolved.
Interestingly, in the early twentieth century lodamoeba was sometimes assigned to the genus
Endolimax (as Endolimax williamsi) (reviewed in Taliaferro and Becker, 1922). However, the cysts
of lodamoeba are morphologically quite distinct to those of Endolimax and this is widely used in
microscopic diagnosis, which led to separation of the two genera. Other species of Endolimax from
various hosts have been described over the years (Poulsen & Stensvold, 2016) but, to our
knowledge, no DNA sequences are available for these, apart from E. piscium. However, from
Figure 1 it is unclear whether E. piscium and E. nana should be considered congeneric and so the
taxonomy of Endolimax will likely need to be revisited in the future. If sequences from other
Endolimax and related species become available they may allow better resolution in this part of the
Amoebozoan phylogenetic tree and, indeed, may well give us a very different picture of
relationships between the lineages discussed above.

METHODS
PCR, TA cloning procedure, and Sanger sequencing

Genomic DNA from two stool samples (H80028 and EN18) was used. These had previously been
identified as positive for Endolimax by microscopy and/or PCR and Sanger sequencing methods.
Endolimax SSU rDNA was amplified using genus-specific primers (Table 1). The PCR used
Extract-N-Amp PCR ReadyMix (Sigma-Aldrich, Sgborg, Denmark). Cycling conditions consisted
of initial denaturation (3 min at 94 °C) followed by 35 amplification cycles (1 min at 94 °C, 1 min
at 55 °C, and 2 min at 72 °C) followed by a final extension (5 min at 72 °C). An amplicon of ~1,750
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bp was purified from 1.5% low melting point agarose gels using QIAquick PCR purification kit
(Qiagen Inc., Valencia, California, USA). Amplicons were cloned into the pCR™2.1 Vector and
transformed into One Shot™ TOP10 Chemically Competent E. coli (Invitrogen, Portland, Oregon,
USA). The presence of the insert in transformants was confirmed by PCR with Endolimax-specific
primers (Table 1). One clone from each sample was sequenced in house and bidrectionally using the
BigDye™ Terminator v3.1 Cycle Sequencing Kit (Thermo Fischer, Waltham, Massachusetts, USA)
with the use of specific and general eukaryotic primers (Table 3). Sequences were assembled and
edited using the Staden Package (Staden, Beal, & Bonfield, 2000).

PCR and PacBio sequencing

Genomic DNAs from 10 wastewater samples used in a recent study (Stensvold et al., 2020) were
amplified using the Endolimax-/lodamoeba-specific primers listed in Table 4 and Extract-N-Amp
PCR ReadyMix. Cycling conditions consisted of an initial denaturation (3 min at 94 °C) and 35
amplification cycles (94 °C for 1 min, 54 °C for 1 min, 72 °C for 2 min) followed by final extension
(5 min at 72 °C). PCR amplicons were pooled and sequenced by PacBio on a Sequel | SMRT cell.
PacBio sequences were processed using a pipeline modified from a previous study (Jamy et al.,
2020). Briefly, circular consensus sequences (CCS) were generated from raw reads using pbccs
v3.4.0 (https://github.com/PacificBiosciences/unanimity/blob/develop/doc/PBCCS.md) with the
following settings: minLength=10, maxLength=21000, minPasses=3, minPredictedAccuracy=0.99.

This resulted in a fastq file containing 251665 CCS. A fasta file was generated using

the fastq.info (pacbio=T) option in mothur v1.39.5. PCR artefacts such as incomplete amplicons
and sequencing errors such as long homopolymers runs were then filtered out using the trim.segs
command in mothur using the following settings: qwindowsize=50 and qwindowaverage=30 (to
trim CCS with a stretch of low quality nucleotides), maxhomop=9 (to discard CCS with a
homopolymers run of more than 9 nucleotides), and minLength=900, maxLength=4000 (to discard
non-specific and incomplete amplicons). The remaining non-specific PCR amplicons were filtered

out using Barrnap v0.7 (--reject 0.3, --kingdom euk) (https://github.com/tseemann/barrnap). Only

CCS containing the SSU rDNA were retained. An in-house script was used to detect sequences
represented by the reverse strand; these were subsequently reverse-complemented, so that all
sequences were in the same direction. The sequences were then dereplicated before performing de

novo chimera detection. The curated sequences were then clustered at 97% identity using vsearch
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v2.3.4 (--cluster_fast --id 0.97) to yield 6152 operational taxonomic units (OTUs). OTU sequences
were used as queries against the NCBI nt database using blastn with default parameters and were
found to cover a range of diversity in addition to Endolimax. Relevant OTU representatives were
extracted if the best BLAST hit was Endolimax nana (187 OTUSs) or Endolimax piscium (48
OTUs). For phylogenetic analysis, OTUs observed with fewer than 350 sequences were excluded.

Genetic distances

Pairwise distances between newly obtained sequences and those already in GenBank databases
were calculated using MEGAX (Kumar et al. 2018) following sequence alignment using MUSCLE
(Edgar, 2004) as implemented in MEGAX.

Phylogenetic analysis

Sequences were aligned with mafft-qginsi (Katoh and Standley 2013) and then trimmed with trimal
(-0t 0.1, -st 0.001) to remove the sites with most gaps (Capella-Gutiérrez et al. 2009). The final

alignment contained 21 Endolimax and related Mastigamoebidae A and B taxa and 2,067 positions.

Phylogenetic relationships were inferred using two different approaches: Maximum Likelihood
(ML) and Bayesian Inference (BI). ML analyses were carried out in raxml-ng (Kozlov et al. 2019)
using the GTR+Gamma model. The topology with the best likelihood score out of 20 ML searches
was selected and support was evaluated with 100 bootstrap replicates (until bootstrap convergence).
Bl was carried out in MrBayes v3.2.6 (Huelsenbeck and Ronquist 2001) under the GTR+Gamma
model, with two Markov chains run for 4,000,000 generations and sampled every 1000 generations.
The average standard deviation of split frequencies was < 0.01, which indicated that the Markov
chains reached convergence. Consensus tree and posterior probabilities were calculated using 3000
trees after discarding the first 1000 trees as burn-in.

Data deposition

DNA sequences for samples SW01, SW02, SW03, EN18 and SWO04 were submitted to the NCBI
GenBank Database with the accession numbers OK483220, OK483221, OK483222, OK483223

and OK483224, respectively; the sequence from sample H80028 was submitted under the accession
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number MN556101. The raw PacBio data are available in the European Nucleotide Archive under
accession PRJEB48208.
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264  Table 1. Primers used for amplification of Endolimax SSU rDNA in the two clinical samples

265  (H80028 and EN18).

Primer Name Primer Sequence (5°-3°) Reference 266

Limax_2F GGAGCAATTGGAATGAAAGCAAG Poulsen & Stensvold,2 -
2016

Limax_2R GAACCTTAATATCTAGAGGAAGGAG  Present study 268

(2018) 269

11



270  Table 2. Pairwise distances among Endolimax and related sequences.

Endolimax
lodamoeba lodamoeba Endolimax nana Endolimax  Endolimax Endolimax Endolimax Endolimax Endolimax
sp. RL1 sp. RL2 piscium NIH:0591:1 sp. TDP-2 sp. H80028 nana EN18 nana SW01 nana SW02 nana SWO03

lodamoeba sp. RL1
lodamoeba sp. RL2 0.123
Endolimax piscium 0.232 0.232
Endolimax nana
NIH:0591:1 0.236 0.228 0.259
Endolimax sp. TDP-2 0.253 0.238 0.272 0.045
Endolimax sp. H80028 0.240 0.231 0.266 0.048 0.010
Endolimax nana EN18 0.265 0.249 0.285 0.056 0.017 0.017
Endolimax nana SW01 0.248 0.236 0.268 0.032 0.067 0.064 0.078
Endolimax nana SW02 0.240 0.232 0.267 0.005 0.043 0.045 0.053 0.035
Endolimax nana SWO03 0.250 0.235 0.269 0.045 0.007 0.007 0.015 0.067 0.043
Unidentified archamoebid
sequence SW04 0.173 0.196 0.211 0.260 0.266 0.252 0.278 0.259 0.260 0.263

271

272

12



273 Table 3. Primers used for Sanger sequencing of Endolimax nana SSU rDNA.

Primer Name Primer Sequence (5°-3°) Reference 274
Limax_2F GGAGCAATTGGAATGAAAGCAAG Poulsen & Stensvold, 2016

Endoligenus F GTGGAATGCTTTCGCTCTC Poulsen & Stensvold, 2016 2
Limax_2R GTCGTAGTCTCAACCATAAACG Poulsen & Stensvold, 2016 276
1055F GTGGTGCATGGCCGT Stensvold et al., 2011 277
1055R ACGGCCATGCACCAC Stensvold et al., 2011

Limax_2R GAACCTTAATATCTAGAGGAAGGAG  Present study 278
(2018) 279

280

281  Table 4. Primers used for amplification of Endolimax SSU rDNA in 10 pooled genomic DNAs extracted from wastewater samples.

Primer Name Primer Sequence (5’-3°) Reference 282
I0_LIMAX_F CTGCCAGTAGTCATATGCTTGTG Present Study
I0_LIMAX_R GAGACTACGACGGTATCTGATCG Present Study

13
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284  Figure 1. Maximum likelihood phylogeny of Endolimax and relatives, reconstructed from an SSU
285  rDNA alignment consisting of 21 taxa and 2067 positions. Maximum likelihood bootstrap values
286  and Bayesian posterior probabilities are shown in that order on each bipartition. GenBank accession
287  numbers are indicated in brackets. Sequences generated in this study are indicated with a star;

288  sequences from sewage have the prefix SW.

289
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