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Abstract

Discoba (Excavata) is an evolutionarily important group of eukaryotes that includes Jakobida, with the most bacterial-like mitochon-
drial genomes known, and Euglenozoa, many of which have extensively fragmented mitochondrial genomes. However, little is
known about the mitochondrial genomes of Heterolobosea, the third main group of Discoba. Here, we studied two
heteroloboseids—an undescribed amoeba “BB2"” and Pharyngomonas kirbyi. Phylogenomic analysis revealed that they
form a clade that is a sister group to all other Heterolobosea. We characterized the mitochondrial genomes of BB2 and
P. kirbyi, which encoded 44 and 48 putative protein-coding genes respectively. Their gene contents were similar to that of
Naegleria. In BB2, mitochondrially encoded RNAs were heavily edited, with ~500 mononucleotide insertion events, mostly
guanosines. These insertions always have the same identity as an adjacent nucleotide. Editing occurs in all ribosomal RNAs and
protein-coding transcripts except one, and half of the transfer RNAs. Analysis of lllumina deep-sequencing data suggested that
this RNA editing is very accurate and efficient, and most likely co-transcriptional. The dissimilarity of this editing process to other
RNA editing phenomena in discobids, as well as its apparent absence in P. kirbyi, suggest that this remarkably extensive system
of insertional editing evolved independently in the BB2 lineage, after its divergence from the P. kirbyi lineage.

Key words: protist, phylogenomics, eukaryote, amoeba “BB2", Pharyngomonas, transcription.

Introduction the huge variety among mitochondrial genomes we now ob-

Mitochondria are eukaryotic organelles that originated from
o-proteobacteria by endosymbiosis and contain their own
DNA and transcription/translation machinery (Gray et al.
1999). This ancient endosymbiosis was followed by massive
gene loss in the ancestral mitochondrial (mt) genome, by de-
letion of unnecessary genes and gene transfer from the mi-
tochondrial genome to the nucleus (Gray et al. 1999).
Mitochondrial gene content has continued to decrease to
varying degrees in different eukaryote groups, giving rise to

serve (Lang et al. 1997; Kamikawa et al. 2016).

Discoba (Excavata) is a major (kingdom-level) group of pro-
tistan eukaryotes that includes species with some of the most
extraordinary mitochondrial genomes known (Gray et al. 2004,
Simpson et al. 2006; Hampl et al. 2009). It comprises three main
subgroups: Jakobida, Euglenozoa, and Heterolobosea, plus the
isolated genus Tsukubamonas (Hampl et al. 2009; Kamikawa
et al. 2014). Jakobida (e.g., Reclinomonas, Andalucia) have the
most bacterial-like (ancestral) and gene-rich mitochondrial
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genomes discovered to date (Lang et al. 1997; Burger et al.
2013). For example, the mitochondrial genome of Andalucia
godoyi contains 66 protein-coding and 34 structural RNA
genes. Jakobid mtDNAs encode multiple subunits (almost al-
ways four) of bacteria-type RNA polymerase, whereas all other
eukaryotes possess instead a nucleus-encoded, single-subunit
enzyme homologous to bacteriophage RNA polymerases
(Burger et al. 2013).

The mitochondria of Euglenozoa also have unusual fea-
tures, including gene fragmentation and extensive editing of
mitochondrial transcripts (Flegontov et al. 2011). For example,
the mitochondrial genome of the model euglenid Euglena
gracilis encodes fragmented ribosomal RNAs (Spencer and
Gray 2011; Dobakova et al. 2015), while those of diplonemids
contain fragmented genes where each nonoverlapping piece
is encoded on a separate circular chromosome (Marande et al.
2005). In diplonemids these fragments are transcribed sepa-
rately and assembled into an mRNA by a unique trans-splicing
mechanism, which sometimes also involves insertion of uri-
dines and substitution of cytosine by uridine and adenosine by
inosine (Marande and Burger 2007; Kiethega et al. 2013;
Moreira et al. 2016, Yabuki et al. 2016). Most famously,
many mitochondrial pre-mRNAs in kinetoplastids, the sister
group of diplonemids, are massively edited post-
transcriptionally by uridine insertion/deletion to produce the
functional RNAs (Benne et al. 1986; Horton and Landweber
2002; Lukes et al. 2005). Uridine insertion/deletion in kineto-
plastids is mediated by small antisense RNAs (guide RNAS),
which specify editing sites, and 20S multi-subunit protein
complexes called “editosomes” (Knoop 2011).

This mechanism in kinetoplastid mitochondria is one of the
best studied examples of “RNA editing”, which is defined as
targeted modifications to the RNAs that result in sequence
differences, via nucleotide insertions/deletions or substitu-
tions, between the transcriptome and the corresponding ge-
nomic sequences (Gray 2003; Knoop and Rudinger 2010).
RNA editing is a diverse phenomenon that has evolved mul-
tiple times independently, and it occurs in the mitochondria,
plastids or nuclei of a wide range of other eukaryotes, includ-
ing dinoflagellates, myxomycetes (Amoebozoa), and land
plants (Chaterigner-Boutin and Small 2011; Knoop 2011).
Both protein-coding RNAs (mMRNAs) and structural RNAs can
be affected (e.g., ribosomal RNAs (rRNAs) and transfer RNAs
(tRNAs); Gott and Emeson 2000; Horton and Landweber
2002; Gray 2003).

While the mitochondrial genomes of Jakobida and
Euglenozoa have been intensively studied, only three mito-
chondrial genomes have been characterized from
Heterolobosea: those of Naegleria gruberi (Fritz-Laylin et al.
2010), Naegleria fowleri (Herman et al. 2013), and Acrasis
kona (Fu et al. 2014). The N. gruberi and N. fowleri mitochon-
drial genomes have 42 protein-coding and 21 structural RNA
genes. In contrast, the mt genome of A. kona contains only
26 protein-coding genes and 13 structural RNA genes. In

addition, a small number of instances of substitutional C-to-
U RNA editing were reported in mitochondrial transcripts of
N. gruberi and A. kona, along with the presence of a DYW-
type pentatrico-peptide repeat (PPR) protein, previously only
found in land plants (Knoop and Rudinger 2010; Fu et al.
2014). In plants, the PPR protein recognizes and binds to
specific C residues for RNA editing (Yagi et al. 2013); it seems
plausible that heteroloboseid homologues have the same
function. Interestingly, Fu et al. (2014) suggested that the
DYW-type PPR proteins in N. gruberi and A. kona were ac-
quired by multiple independent lateral gene transfer events
and thus were not ancestral to the Heterolobosea.

In order to better understand mitochondrial genome diver-
sity and evolution in Discoba, we here characterize the mito-
chondrial genomes of two putatively early-diverging species
within Heterolobosea: the undescribed amoeba “BB2” and
Pharyngomonas kirbyi (Park and Simpson 2011; Harding et al.
2013). Our phylogenomic analyses demonstrate that they
form a single clade that emerges at the base of the
Heterolobosea, and we describe the dynamics of mitochon-
drial genome evolution in this group in light of this newly
resolved phylogeny. Unexpectedly, we found that an ex-
tremely efficient form of insertional RNA editing is very wide-
spread in BB2 mitochondria, occurring at nearly 500 positions,
affecting transcripts of all but one of the protein-coding
genes, as well as the rRNAs, and half of the encoded
tRNAs. This phenomenon is clearly different from the forms
of mitochondrial RNA editing documented previously in dis-
cobid mitochondria, and, presumably, evolved independently.

Material and Methods

Transcriptomic Sequencing of BB2

Amoeba BB2 strain PRA-19 was obtained from the American
Type Culture Collection (ATCC) and grown at 42 °C in ATCC
medium 1034 (modified PYNFH medium: Bacto-peptone
10.0g/l, yeast extract 10.0 g/l, yeast nucleic acid 1.0 g/l, folic
acid 15.0mg/l, hemin 1.0mg/l, fetal bovine serum 10%,
KH,PO, 0.36g/l, Na,HPO, 0.5g/l). Pharyngomonas kirbyi
strain AS12B was grown at 12.5% salt at 37 °C as described
in Harding et al. (2016). Total RNA was isolated from BB2 cells
harvested using TRIzol (Rio et al. 2010) following the manu-
facturer’s instructions (Ambion), and treated with Turbo
DNAse (Ambion) to remove residual DNA.

For BB2, a cDNA library was constructed using the TruSeq
RNA sample preparation kit version 2 (lllumina) and se-
quenced on a MiSeq platform, generating 19.2 million 150-
bp paired-end reads. Reads were trimmed to remove adapter
sequences and low-quality sequences using Trimmomatic
0.32 with a PHRED33 quality threshold of 25 (Bolger et al.
2014). Reads were assembled using Trinity 2.0.2 (Grabherr
et al. 2011), and open-reading frames (ORFs) were predicted
using TransDecoder.
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Mitochondrial ORFs missing from the assembled transcripts
but present in genomic sequences were sequenced by RT-
PCR. First-strand cDNA was synthesized from DNase-treated
total RNA using a RevertAid H Minus First Strand cDNA
Synthesis Kit (Thermo) with random hexamer primers, follow-
ing the manufacturer’s instructions.

Phylogenetic Analysis

To clarify the phylogenetic position of our study organisms,
we modified a curated “phylogenomic” dataset containing
252 nucleus-encoded house-keeping genes from a broad
range of eukaryotes, described in Harding et al. (2016). To
the original dataset, we added sequences from the BB2 tran-
scriptomic data, as well as from Pharyngomonas kirbyi tran-
scriptome (data from Harding et al. 2016; GECH01000000),
plus six other Excavates: Spironucleus vortens, Tritrichomonas
foetus,  Diplonema  papillatum,  Leishmania  major,
“Seculamonas ecuadoriensis”, “Jakoba bahamensis” (all avail-
able in GenBank, http:/Avww.ncbi.nlm.nih.gov/, last accessed
February 10, 2016), and Stygiella incarcerata (Leger et al.
2016).

Orthologous protein sequences were aligned by MAFFT-
linsi (Katoh et al. 2005), and any sites in the alignments with
more than 40% gaps were masked using BMGE v1.1
(Criscuolo and Gribaldo 2010). Single gene trees were gener-
ated using RAXML v7.2.6 with the PROTGAMMALG model,
and manually examined to remove putative contaminants,
paralogs or laterally transferred genes. Sequences of remain-
ing proteins were concatenated into a super-matrix contain-
ing 67 taxa and 68,718 amino acid positions. Maximum-
likelihood trees were estimated using IQ-TREE (Nguyen et al.
2014) under the LG + C20 + F + gamma model. Topological
support was assessed by 1000 ultrafast bootstrap replicates
and the SH-like approximate likelihood ratio test with 1000
replicates. ML trees were also estimated using RAXML under
the LG4X model (from 100 starting trees), with topological
support assessed by 100 bootstrap replicates.

Bayesian inference was conducted using PhyloBayes-MPI v.
1.6.5 under the CAT-Poisson model. Five independent
Markov chain Monte Carlo chains were run for 5,000 gener-
ations, sampling every two generations. Five hundred gener-
ations were discarded as burn-in. Convergence was achieved
for three of the chains, with the largest discrepancy observed
across all bipartitions (maxdiff) less than 0.26.

Genomic DNA Sequencing of BB2 and P. kirbyi

Total DNA was extracted from BB2 and P. kirbyi using a salt-
based separation method (Aljanabi and Martinez 1997). For
sequencing of genomic DNA, libraries were prepared using
the Nextera XT DNA sample preparation kit (lllumina).
Sequencing was done using the MiSeq platform, yielding
43.4 million 150-bp paired-end reads for BB2 and 31.6 million
250-bp paired-end reads for P. kirbyi. Reads were trimmed as

described above. Reads generated from P. kirbyi were filtered
to remove sequences derived from food prokaryotes as de-
scribed in Harding et al. (2016).

Genomic contigs for BB2 and P. kirbyi were assembled with
the de novo assemblers Ray v2.3.1 (Boisvert et al. 2010) and/
or MIRA v4.9.5_2 (Chevreux et al. 2004). For P. kirbyi, a sec-
ond round of decontamination was performed by using as-
sembled contig sequences as queries in BLASTn searches
against the NT database. Alignments longer than 100 bp
showing more than 90% identity to a prokaryotic sequence
were discarded as potential contaminants.

Mitochondrial Genome Assembly and Annotation

The genomic contigs from both species were screened for
regions homologous to the mitochondrial genomes of other
heteroloboseids (Naegleria gruberi, NC_002573; Naegleria
fowleri, NC_021104; Acrasis kona, NC_026286), as well as
the jakobid Reclinomonas americana (NC_001823) and
Tsukubamonas globosa (NC_023545), using BLASTn and
BLASTX. For BB2, eight contigs with sizes ranging from 6 to
18 kb were highly similar to mitochondrial-derived sequences
(identities >25%). These contigs were linked together into a
circular-mapping mitochondrial genome with a size of
119,312 bp after PCR-amplification of “bridging” fragments
using the LongAmp Taq PCR kit (NEB) and combinations of
specific primers (supplementary table S1 and fig. S1A,
Supplementary Material online). These amplicons were
Sanger-sequenced. For P. kirbyi, two contigs (sizes 55 and
19 kb) were linked into one linear 75,717-bp scaffold by the
same approach (supplementary table S1 and fig. S1B,
Supplementary Material online).

Annotation was performed using the automated gene an-
notation tools, MFannot (http:/megasun.bch.umontreal.ca/
cgi-bin/mfannot/mfannotinterface.pl, last accessed April 26,
2016) and RNAweasel (http://megasun.bch. umontreal.ca/
RNAweasel/, last accessed April 26, 2016), and BLASTp
searches against the NR database (NCBI) with an E-value cut-
off of 1x 107'°. Transfer RNA genes were confirmed using
tRNAscan-SE v1.23 (Lowe and Eddy 1997). For gene predic-
tion in the BB2 mitochondrial genome, the assembled tran-
scripts were aligned to the mitochondrial genome in order to
compare the sequences, then subjected to MFannot to
identify genes that were initially not recognized from
the analysis of mMtDNA alone. To identify genes potentially
missed by MFannot we searched for proteins by using
HMMER 3.1b2 (Eddy 1998). We created hidden Markov
models with the appropriate protein sequences (aligned
by MAFFT-linsi) from the mitochondrial genomes of
Andalucia godoyi, Reclinomonas americana, Naegleria
fowleri, Naegleria gruberi, Tsukubamonas globosa,
Histiona aroides, “Jakoba bahamiensis”, Jakoba libera,
and “Seculomonas ecuadoriensis” (supplementary table
S2, Supplementary Material online).
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The secondary structure of tRNAs were predicted using
tRNAscan-SE v1.23. The secondary structure of the SSU
rRNA was predicted and adjusted manually according to the
secondary structure conserved among bacteria, archaea, eu-
karyotes, plastids, and mitochondria (as compiled in the
Comparative RNA Web Site and Project; http:/Avww.rna.
icmb.utexas.edu, last accessed May 18, 2016), and generated
using the xrna program (http:/rna.ucsc.edu/rnacenter/xrna/,
last accessed May 18, 2016).

Genome maps were drawn using GenomeVx (Conant and
Wolfe 2008) followed by manual adjustment. Mitochondrial
gene content was compared amongst eukaryotes from di-
verse lineages by extending the analyses of Kamikawa et al.
(2016).

Confirmation of RNA Editing in BB2

Comparison of transcript sequences to the genome indicated
the presence of nonencoded nucleotides (insertions) in the
former. These insertions were confirmed by mapping RNA-
seq reads onto the genome using Bowtie 2 v.2.3.1
(Langmead et al. 2009) and by assessing variant sites using
FreeBayes (ploidy of 100, mapping quality > 30; Garrison and
Marth 2012). DNA-derived reads were also treated the same
way in order to predict genomic polymorphism and verify that
predicted editing sites were not mistakenly identified due to
the presence of polymorphisms at these loci. A subset of these
RNA editing sites (50/475 sites) was confirmed by sequencing
eight distinct PCR products using cDNA as template (supple-
mentary table S3, Supplementary Material online).

To characterize the efficiency and fidelity of the RNA edit-
ing mechanism, transcriptomic-sequencing reads were
aligned to the mature transcript sequences using BLASTn
(NCBI). We used 10-nucleotide-long sliding windows along
the transcript sequences to examine the frequency and types
of mismatches (insertion, missing nucleotide, or substitution
in RNA-derived sequencing reads compared to the transcrip-
tomic consensus sequences) near editing sites (windows with
editing sites) and remote from editing sites (windows with no
editing sites). We then performed Z-tests to determine if the
rates of various types of errors were significantly different
between editing and nonediting sites. The Z-scores for each
error type were calculated as follows:

Z = (p1=po)/(p(1 =p)/m + p(1=p)/no)

where p; is the frequency of mismatches near editing sites, pg
is the frequency of mismatches remote from editing sites, p is
the frequency of mismatches for all sites, while n; and ng are
the total numbers of nucleotides near editing sites and remote
from editing sites, respectively. The p-value for the null hy-
pothesis that p; and pg are equal was determined from the
Z-score based on the standard normal distribution.

Results

Phylogenetic Positions of BB2 and P. kirbyi

We searched the RNA-Seq data of “BB2" and P. kirbyi for
orthologs of 252 conserved nucleus-encoded proteins that
comprise a eukaryote-wide “phylogenomic” super-matrix.
After including these orthologs within the aligned super-
matrix and trimming of ambiguously aligned regions, we in-
ferred the phylogenetic position of these two taxa within the
eukaryote tree of Life. Both maximum likelihood (ML) analyses
and Bayesian inference (Bl) showed that BB2 and P. kirbyi
robustly group with other heteroloboseids with strong
statistical support (100% ML-bootstrap (MLBP), 100%
ML-ultrafast bootstrap (UFBoot) and Bayesian posterior
probability (BPP) of 1; fig. 1, see legend for model details).
Interestingly, BB2 and P. kirbyi were inferred to be sister
taxa in both ML and Bl analyses, with 100% MLBP, 100%
UFBoot and BPP of 1.0 (fig. 1). This BB2 + P. kirbyi clade
formed the deepest branch within Heterolobosea, and the
remaining heteroloboseids (Percolomonas cosmopolitus,
N. gruberi, Sawyeria marylandensis, and Stachyamoeba
lipophora) formed a well-supported group (100% MLBP,
100% UFBoot, and BPP of 1.0); in other words, there was
maximal support for the basal placement of the BB2 + P.
kirbyi clade within Heterolobosea.

Mitochondrial Genome Overview

The mitochondrial genome of BB2 was assembled as a single
circular-mapping molecule 119,312 bp in length (fig. 2A). It
contained a 49 kbp-long repeated region (fig. 24, shown in
grey) with the two copies in an inverted orientation and situ-
ated opposite one another on the map (inverted repeat: IR).
This organization, presented in figure 24, is the simplest one
among many possible organizations (involving multiple differ-
ent linear or circular molecules) that are consistent with our
sequencing of regions between the IR and nonrepeated re-
gions (shown in black in fig. 24). In addition, mapping of
reads derived from genomic DNA onto the mitochondrial ge-
nome revealed higher coverage (4-5 times on average) in the
IR region compared to nonrepeated regions (supplementary
fig. S2, Supplementary Material online). This difference in cov-
erage depth is consistent with the presence of multiple copies
of the 49kb-long region, although these coverage data
should be treated with caution since the read depth was
highly variable (not observed in the coverage analysis of
Pharyngomonas, see supplementary fig. S2, Supplementary
Material online). The existence of such a large IR is somewhat
unusual among mt genomes of protists, although mt ge-
nomes are extremely diverse in size and organization (Gray
et al. 1998; Burger et al. 2003). However, large IR are often
observed in plastid genomes (Palmer and Thompson 1982;
Cosner et al. 1997) and are also present in the mt genomes of
Malawimonas  jakobiformis (NC_002553), Proteromonas
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s are shown at each branch in the following order: MLBP, UFBoot and BPP. Black

dots indicate 100% MLBP, 100% UFBoot and 1.0 BPP. Asterisks (*) indicate branches that were not recovered in the RAXML or Phylobayes-MPI analysis.

lacertae (Pérez-Brocal et al.
(Nishimura et al. 2016), and Acavomonas peruviana
(Janouskovec et al. 2013; Tikhonenkov et al. 2014).
Furthermore, to determine whether this unusual genome

2010), Palpitomonas  bilix

organization resulted from mis-assembly artifacts caused by
nuclear mitochondrial DNA segments (NUMTs), we searched
for nuclear genomic contigs encoding sequences similar to
the mt genome of BB2. We did not detect such cases,
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Amoeba ‘BB2’ mtDNA
119,312 bp

Pharyngomonas kirbyi
mtDNA
75,717 bp

Fic. 2—The mitochondrial genome maps of (A) amoeba “BB2" and (B) Pharyngomonas kirbyi. Genes encoding proteins and ribosomal RNAs are shown
in boxes, transfer RNA genes are shown by lines. Boxes on the outside of the circle represent RNAs encoded on the positive strand, boxes inside are RNAs
encoded on the negative strand. The duplicated “IR” regions are highlighted in grey. Single copy regions are shown in black.
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indicating that NUMTSs probably do not occur in amoeba BB2
and did not affect our mt genome assembly.

In total, the mitochondrial genome of BB2 is 81% coding
sequence and contains 40 known protein-coding genes, 2
rRNA genes, 24 tRNA genes, and 4 Unknown open
Reading Frames (URFs; for these counts, the IR region is
only considered once and RNA editing is taken into ac-
count—see below). Genes are tightly packed, and many of
them are partially overlapping, such as rps8-rpsi4, rpl14—
rpl16, and cox7-nad6. No introns were detected. The overall
adenine + thymine (AT) content is 70.1%, the lowest among
currently known mt genomes of heteroloboseids (N. gruberi:
77.8%, N. fowleri: 74.8%, and Acrasis kona: 83.3%).

The mitochondrial genome of P. kirbyi was assembled into
a single linear-mapping contig with a size of 75,717 bp (fig.
2B). Attempts at closing the genome into a circular map by
bridging-PCR experiments were unsuccessful (supplementary
table S1 and fig. S1B, Supplementary Material online). No
telomeric repeats could be detected at the ends of the se-
guence. Such repeats would normally be expected for a linear
DNA molecule, although the P. bilix mt genome was shown
recently to be linear and to lack telomeric repeats (Nishimura
et al. 2016). Consequently, this P. kirbyi mitochondrial ge-
nome assembly is possibly partial, although, if so it is likely
near-complete because the demonstrated gene content is
very similar to that of BB2 (see below). The overall AT content
is 87.5%, the highest known within Heterolobosea. The mi-
tochondrial genome is gene-dense, with 92% of the se-
guence in coding regions, and it contains 39 protein-coding
genes, small and large subunit rRNA genes, 23 tRNA genes
and 9 URFs. There are many partially overlapping ORFs includ-
ing cox3—-URF129, URF129-rps10, rps19—rpl2, rps19-rps3,
rol16-rpl14, rpl5-rps8, rpl6—rps13, rps13-rps11, nad8—
rol10, rpl10-URF168, URF168-atp8, atp8-nad9, URF640-
nad6, and URF820-rps2. As for BB2, no introns were detected
in the P. kirbyi mitochondrial genome.

Mitochondrial Gene Content and Synteny

The gene contents of these mitochondrial genomes were
compared to eukaryotes from diverse lineages (fig. 3). BB2
and P. kirbyi mtDNAs appear to have extremely similar gene
contents, although the uncertainty regarding the complete-
ness of the P. kirbyi mitochondrial genome prevents definitive
conclusions. Their mtDNAs both encoded ribosomal proteins
(RPS2, 3, 7, 8, 10-14, 19, RPL2, 5, 6, 10, 11, 14, 16), com-
ponents of electron chain transport complexes | (Nad1-4, 4L,
5-9, 11), 1 (SDH2), lil(Cob), IV (COX1-3), and V (ATP1, 3, 6, 8,
9), and a cytochrome c oxidase assembling protein (COX11).
One additional ribosomal protein gene was found in the BB2
mtDNA: rp/32. On the other hand, both BB2 and P. kirbyi lack
four of the genes encoded on the mtDNAs of Naegleria spp.:
two cytochrome ¢ maturase subunits (ccmC, ccmF), twin ar-
ginine translocase (tatC) and ribosomal protein S4 (rps4;

fig. 3). These genes were not detected even in the (predom-
inantly nuclear) transcriptome data from BB2 and P. kirbyi
when searches were performed using hidden Markov models
built with the corresponding protein sequences from other
Discoba, suggesting that they were completely absent in
both BB2 and P. kirbyi.

Gene order comparison among representative mitochon-
drial genomes from Discoba (N. fowleri BB2, P. kirbyi
Andalucia godoyi, and Tskubamonas globosa) showed ves-
tiges of a highly conserved ribosomal gene cluster that is sim-
ilar to the S70, spectinomycin, alpha ribosomal protein gene
clusters of the close bacterial relatives of mitochondria (e.qg.,
Rickettsia; supplementary fig. S3, Supplementary Material on-
line). This ribosomal gene cluster was not detected in the mi-
tochondrial genome of Acrasis kona. The mitochondrial
genomes of BB2 and P. kirbyi also showed two other pairs
of genes in the same order (nad2—nad4 and cox2—cox3).

RNA Editing in Mitochondria of BB2

Initial examinations of the mitochondrial genome of BB2
showed numerous apparent frameshifts interrupting the
protein-coding regions. By comparing transcripts (or assem-
bled RNA-seq data) and RNA-seq read sequences to genomic
DNA sequences, we identified 475 unique sites where tran-
scripts almost always contained a single nucleotide insertion
relative to the mitochondrial genome sequence. In contrast,
no consistent deletions or substitutions were observed. Fifty of
these insertion sites were confirmed by sequencing PCR prod-
ucts from both genomic DNA and cDNA. Mononucleotide
insertions were detected in 43 out of 44 protein-coding
genes, small subunit (SSU) and large subunit (LSU) rRNAs,
12 out of 25 tRNAs, and intergenic regions (table 1, see sup-
plementary table S4, Supplementary Material online for num-
bers and types of nucleotide inserted in each gene). Insertion-
type RNA editing observed in protein-coding regions resolves
apparent gene fragmentation and frameshifts in the mtDNA,
resulting in one continuous ORF for each transcribed gene
(fig. 4).

The most frequently inserted nucleotide by far is guanosine
(84.2%), followed by adenosine (7.1%), cytidine (5.3%), and
uridine (3.4%; table 1). Strikingly, all the inserted nucleotides
are located next to one or more nucleotides with the same
identity that were encoded by the mtDNA. This characteristic
made it impossible to determine whether nucleotides were
inserted before or after the identical nucleotide (or nucleo-
tides) already specified by the mitochondrial genome.

The secondary structures of tRNA predicted using mtDNA
sequences showed the general cloverleaf structure but some
lacked normally well-conserved features, such as the highly
conserved GUUC motif, the acceptor stem or the anticodon
loop. These features were recovered when edited RNA se-
quences were used to reconstruct secondary structures
(fig. 5). Most interestingly, tRNAs for R(ucu) and S(gcu)
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Trypanosoma
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Fic. 3—Presence and absence of (4) protein-coding genes in the mitochondrial genomes of various eukaryotes and (B) transfer RNA genes among
Discoba. Ma: Malawimonas, Op: Opisthokonta, Am: Amoebozoa, Di: Discoba, Al: Alveolata, St: Stramenopiles, Rh: Rhizaria, Cr: Cryptophyceae, Ha:
Haptophyta, Re: Red algae, Gl: Glaucophyta, Ch: Chloroplastida, CI-CV: electron transport chain complex -V (following Kamikawa et al. 2016).

Table 1

Number and Type of Insertions Found in Edited Mitochondrial Transcripts of Amoeba “BB2"

Type # Genes Edited/Total # of Genes G A U Total

Protein-coding genes 39/40 265 20 17 7 309

URFs 4/4 90 12 4 7 113

tRNA 12/25 10 1 0 1 12

rRNA 22 35 0 4 1 40

Intergenic regions 0 1 0 0 1

Total 400 34 25 16 475
(84.2%) (7.1%) (5.3%) (3.4%)

were identified from their edited transcripts; these genes were
initially unrecognizable from analysis of the mtDNA alone. The
tRNA for R(ucu) has a guanosine insertion in the anticodon
stem, which creates a G-C base pair and a typical 4-5 bp-long
anticodon stem (an unusually short 3 bp-long stem is implied
by the mtDNA sequence alone). In the tRNA for S(guc), a
single adenosine is inserted at either the anticodon stem or

loop, creating a typical seven nucleotide-long loop (whereas
the mtDNA implies an aberrant six nucleotide-long anticodon
loop).

The SSU rRNA of BB2 mitochondria is 1,654 nucleotides in
length in mature form. Maturation requires editing at 18 sites
with single nucleotide insertions (15 guanosines, 1 uridine,
and 2 cytidines). Editing sites are distributed over the entire
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length of the rRNA. After inferring the secondary structure of
the SSU rRNA, we determined that the localization of editing
sites is not limited to any particular features of the predicted
structure (supplementary fig. S4, Supplementary Material on-
line). We found most insertions (11/18) in base-paired re-
gions (stems) and 2 insertions that were unambiguously
within loop structures. The location of other insertions (5/
18) were uncertain, as the run of the same nucleotide
(one of them being editing site) were localized in regions
covering both loop and stem structures. If RNA editing is
assumed to be consistently ordered (insertions always oc-
cur either before or after the identical encoded nucleo-
tide), then either 14 edits are placed in stems and 4 in
loops (edits after), or 13 in stems and 5 in loops (edits
before). Either way these proportions are similar to the
proportions of nucleotides in stems and loops (1,026 ver-
sus 628), and the difference is not significant (Z-tests;
P=0.17 for edits after, or 0.37 for edits before).

Sequence Conservation around Editing Sites

We also examined sequence conservation near editing sites in
order to identify any motifs that may be used as a localization
signal for RNA editing. For this analysis, we collected 311 60-
nucleotide-long sequences near editing sites (29 nucleotides
before and after two identical nucleotides including the in-
serted one; we excluded editing sites where two or more
nucleotides identical to the inserted nucleotide are encoded
on the genome), and 328 randomly selected 60-nt-long se-
guences as a negative control, and for each set generated a
sequence logo. Apart from the enrichment of guanosine at
editing sites (discussed previously), general patterns in se-
guence logos were similar between the control and test sets
(supplementary fig. S5, Supplementary Material online). Since
we only considered insertions that happened next to a single
identical nucleotide, the flanking nucleotides (nucleotides
right before and after the identical nucleotides at editing sites)
were constrained to be low in G (and rich in less commonly
inserted nucleotides) as an artifact of this site selection. No
motifs were apparent when the sequence length was ex-
tended to 120 nucleotides (not shown).

Accuracy of Editing Mechanism

RNA sequence reads were compared with consensus tran-
script sequences to examine the accuracy of the editing mech-
anism. The overall "apparent error rate” (which would
include any instances where editing sites have not been edited
yet; see below) was 0.07% (5,397 mismatches over
7,942,887 nucleotides) for nonediting windows and 0.37%
(2,416/648,826) for editing windows. Inside nonediting win-
dows, missing nucleotide, substitution, and insertion-type er-
rors were 0.01, 0.05, and 0.01%, respectively. At editing
sites, apparent missing nucleotide-type errors were 30 times
more common (0.33%), while rates of substitution-type er-
rors (0.03%) and insertion-type errors (0.01%) were similar to
those in nonediting windows.

Z-Tests indicated that only the rate of missing nucleotide-
type error was different between editing and nonediting sites
(P<0.00001). The excess missing nucleotide-type errors pre-
sumably represent instances where RNA editing has not hap-
pened (rather than transcription errors) and suggest that a
proportion of transcripts were not edited, or had not been
edited yet (i.e., were immature pre-edited transcripts), when
RNA was extracted (though see below). Nonetheless, this pro-
portion was very small in absolute terms.

Discussion

Mitochondria Genome Evolution in Discoba

Previously reported phylogenetic analyses based on the 18S
rRNA gene alone did not resolve the relative phylogenetic
positions of BB2 and P. kirbyi (Harding et al. 2013). A
Bayesian analysis showed BB2 as the deepest-branching
member of Heterolobosea, while BB2 and P. kirbyi were sister
taxa at the base of Heterolobosea in an ML analysis, but with
negligible statistical support in each case (Harding et al. 2013).
Our phylogenomic analyses of 252 protein-coding genes have
resolved this uncertainty, clearly showing that BB2 and P.
kirbyi are sister taxa at the base of Heterolobosea.

Amoeba BB2 and P. kirbyi have very similar mitochondrial
gene contents that are subsets of the gene complement of
the jakobid species. This suggests that BB2 and P. kirbyi do not
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Fic. 5—Secondary structures of mitochondrial tRNAs of amoeba “BB2". Regions including an editing site are shown in boxes. For each editing site, only
one nucleotide is inserted (the exact insertion sites are unknown since nucleotides are inserted next to one or more encoded nucleotides with the same

identity).
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have unusually “ancestral” (gene-rich) mitochondrial ge-
nomes, relative to other Discoba, and despite their phyloge-
netic position as the deepest branch within Heterolobosea,
their mitochondrial genome coding capacity is relatively sim-
ilar to that of Naegleria. The presence of four extra genes
encoded on Naegleria mitochondrial genomes (ccmC, ccmf,
tatC, and rps4), but not on the mtDNA of BB2 and P. kirbyi, or
Acrasis kona, is likely the result of parallel gene losses; one set
of events in the common ancestor of P. kirbyi and BB2 and a
second in the lineage leading to A. kona. Interestingly, both
BB2 and P. kirbyi expressed nuclear transcripts encoding hol-
ocytochrome ¢ synthase, a key component of one of the
pathways involved in the covalent attachment of heme to
apocytochrome ¢ in mitochondria that can substitute for
the absence of ccmC and ccmF (Nishimura et al. 2016). In
addition, both BB2 and P. kirbyi have the nucleus-encoded
phage-type mitochondrial RNA polymerase (with a sequence
highly similar to that of Naegleria; data not shown) instead of
the bacteria-type mitochondrial RNA polymerase present in
jakobids. Since Jakobida does not appear to be the earliest
branching eukaryotic lineage (Derelle et al. 2015), it seems
likely that the last eukaryote common ancestor had both types
of RNA polymerase, and the bacterial one was lost from the
Heterolobosea lineage after the split from Jakobida
(Stechmann and Cavalier-Smith 2002). The absence of the
bacteria-type mitochondrial RNA polymerase from the deep-
est branch of Heterolobosea supports the already parsimoni-
ous inference that this loss was an ancient one shared by
Heterolobosea and their probable closest relatives,
Euglenozoa.

Comparison of BB2 RNA Editing with Other Systems

The mitochondrial transcripts of BB2 require RNA editing to
produce functional RNAs. In BB2 transcripts, mononucleotides
are inserted next to one or more nucleotides of the same
identity encoded by mtDNA by a very accurate and efficient
RNA editing mechanism (only 0.37% apparent error rate). A
somewhat similar RNA editing system occurs in paramyxovi-
ruses; the mature P protein mRNA of paramyxoviruses is pro-
duced after insertion of one or more additional G residues
next to an encoded G residue (Jacques et al. 1994). This hap-
pens by co-transcriptional polymerase “stuttering” at a
homo-polymer tract (AnGy; Jacques et al. 1994). Although
RNA editing in BB2 adds one additional nucleotide next to
an identical encoded nucleotide, it is unlikely to use exactly
the same mechanism as paramyxoviruses because BB2 pre-
mRNA did not show a predominance of homo-polymer tracts
around editing sites, and the error rate of RNA editing is much
lower for BB2 (see below).

RNA editing in the amoebozoan Physarum shares some
similar characteristics with editing in BB2 in that all four types
of nucleotides are inserted, and all types of RNA (mRNA,
rRNA, and tRNA) are edited (Mahendran et al. 1994; Antes

et al. 1998; Bundschuh et al. 2011). However, unlike BB2 in
which all nucleotides are inserted next to an identical encoded
nucleotide, this is true of only some edits in Physarum. In
addition, dinucleotide insertions are observed in a few editing
sites in Physarum (1.73%) whereas only mononucleotide in-
sertions occur in BB2.

In kinetoplastids, each U insertion/deletion site is specified
by a guide RNA (gRNA) and editing is post-transcriptional
(Horton and Landweber 2002). It is unlikely that BB2 mito-
chondria use the same RNA editing mechanism as kinetoplas-
tids, based on our findings. Firstly, regarding the existence of
gRNAs in BB2, the likelihood of detecting these in our tran-
scriptomic data was low since we did not select for small RNA
molecules during library construction. However, we searched
for gRNA-like sequences in the nuclear and mitochondrial
genome sequence datasets for BB2 using 10-30 nucleotide-
long sequences around editing sites as queries, but did not
detect any high-identity matches that could have suggested
the presence of gRNA genes in BB2. Second, the low missing-
nucleotide rate at editing sites in BB2 RNA-derived sequencing
reads suggests that RNA editing is not post-transcriptional. On
the contrary, editing in kinetoplastid mitochondria is relatively
“error-prone”; for example, ~50% of transcripts at a given
editing sites are mis-edited or not fully edited in Perkinsela
(David et al. 2015). By comparison, the co-transcriptional in-
sertion editing of Physarum is much more “accurate”, with
only 5% mis-edited transcripts in RNAs synthesized by par-
tially purified mitochondrial transcription elongation com-
plexes (Visomirski-Robic and Gott 1995; Byrne et al. 2002).
Although approaches used to estimate error rate vary be-
tween organisms, the extremely low missing nucleotide-
type error rate in BB2 (0.33%) implies that the RNA editing
mechanism is unusually accurate and efficient. Also, the very
low proportion of unedited transcripts suggests that RNA edit-
ing probably takes place during transcription, or very soon
after.

In BB2, RNA editing is essential for generating functional
tRNAs through the creation of conserved features such as
the GUUC motif (which is needed for tRNA recognition),
proper acceptor stems and anticodon loops. Similarly, in
some myxogastrid amoeobozoans (Physarum polycephalum
and Didymium nigripes), single-nucleotide insertions restore
the GUUC sequence, anticodon stem, DHU stem, or accep-
tor stem of tRNAs (Antes et al. 1998). Editing of tRNAs in
Acanthamoeba is different in that it uses base-pairing in the
stems as the template for editing (Byrne et al. 2002). In
BB2, the mechanism must be different since editing sites
are not always in base-paired regions (either in tRNAs or in
rRNA).

Phylogenetic Context of RNA Editing in the Heterolobosea

RNA editing likely arose independently in the BB2 lineage
since no other heteroloboseid studied to date, including its
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sister lineage P. kirbyi, has this type of editing of their mito-
chondrial transcripts. Within Heterolobosea, A. kona and N.
gruberi are known to undergo some C-to-U RNA editing of
their mitochondrial transcripts (Knoop and Rudinger 2010; Fu
et al. 2014), however, we found no evidence of C-to-U RNA
editing, or any other type of substitution editing, in either BB2
or P. kirbyi. This type of substitution-type RNA editing is dis-
tinct from what we observed in BB2 mitochondria, where
insertion-type RNA editing is extensive, and takes place in
most of the protein-coding ORFs, rRNAs and many tRNAs.
Just two editing sites are identified in N. gruberi and six sites
in A. kona (compared to 475 sites in BB2), and these are all in
protein-coding ORFs. Therefore, it is unlikely that RNA editing
arose in the common ancestor of all Heterolobosea, rather
these appear to be two different phenomena that have
evolved independently.

Possible Mechanisms for RNA Editing in BB2 Mitochondria

RNA editing in BB2 mitochondria is the first case of insertion-
type RNA editing in a heteroloboseid and, as discussed above,
seems to be a novel one. The mechanism is unknown, but
some speculation about the architecture of the system is pos-
sible from our data, and could be helpful in directing further
research. Given that the inserted nucleotide is identical to one
of its neighbors and all insertions are accurately incorporated,
it is possible that the editing mechanism is a “stutter” during
the transcriptional process, wherein the RNA polymerase uses
the same DNA base as a template twice in a row. This simple
mechanism would imply no distinct machinery for the “RNA
editing” itself (though the system for recognition of editing
sites could be distinct from the typical transcription elongation
complex). A more complex and less likely model would invoke
a separate RNA editing machinery that intervenes to reuse the
template base after a stalling of the RNA polymerase near an
editing site. These scenarios in which transcription and “RNA
editing” are essentially co-incident are consistent with the
very low frequency of unedited transcripts (which indicates
that the time interval between transcription of an editing site
and the RNA editing action is relatively short). On present
data, it is much more challenging to propose a plausible
mechanism for editing site recognition, since no sequence
conservation was detected around editing sites.

Further studies will be needed to determine salient features
of the RNA editing mechanism. Obvious questions include:
where precisely the insertions happen (i.e., before or after
the identical encoded nucleotide, noting that this is a moot
point if the RNA editing mechanism is stuttering by RNA po-
lymerase), how editing sites are specified and if RNA editing in
BB2 is truly co-transcriptional. To resolve these questions,
many molecular biology experiments must follow, including
the development of in vitro assays using isolated mitochon-
dria, similar to experiments which showed that RNA editing in

Physarum is co-transcriptional (Visomirski-Robic and Gott
1995; Cheng et al. 2001).

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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