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ABSTRACT

The kinetoplastids are unicellular flagellates that derive their name from the ‘kinetoplast’, a region within
their single mitochondrion harboring its organellar genome of high DNA content, called kinetoplast (k)
DNA. Some protein products of this mitochondrial genome are encoded as cryptogenes; their transcripts
require editing to generate an open reading frame. This happens through RNA editing, whereby small
regulatory guide (g)RNAs direct the proper insertion and deletion of one or more uridines at each editing site
within specific transcript regions. An accurate perspective of the KDNA expansion and evolution of their
unique uridine insertion/deletion editing across kinetoplastids has been difficult to achieve. Here, we
resolved the kKDNA structure and editing patterns in the early-branching kinetoplastid Trypanoplasma borreli
and compare them with those of the well-studied trypanosomatids. We find that its KDNA consists of circular
molecules of about 42 kb that harbor the rRNA and protein-coding genes, and 17 different contigs of
approximately 70 kb carrying an average of 23 putative gRNA loci per contig. These contigs may be linear
molecules, as they contain repetitive termini. Our analysis uncovered a putative gRNA population with
unique length and sequence parameters that is massive relative to the editing needs of this parasite. We
validated or determined the sequence identity of four edited mRNAs, including one coding for ATP synthase
6 that was previously thought to be missing. We utilized computational methods to show that the 7. borreli
transcriptome includes a substantial number of transcripts with inconsistent editing patterns, apparently
products of non-canonical editing. This species utilizes the most extensive uridine deletion compared to other
studied kinetoplastids to enforce amino acid conservation of cryptogene products, although insertions still
remain more frequent. Finally, in three tested mitochondrial transcriptomes of kinetoplastids, uridine
deletions are more common in the raw mitochondrial reads than aligned to the fully edited, translationally
competent mRNAs. We conclude that the organization of kDNA across known kinetoplastids represents
variations on partitioned coding and repetitive regions of circular molecules encoding mRNAs and rRNAs,
while gRNA loci are positioned on a highly unstable population of molecules that differ in relative
abundance across strains. Likewise, while all kinetoplastids possess conserved machinery performing RNA
editing of the uridine insertion/deletion type, its output parameters are species-specific.
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Euglenozoa; Metakinetoplastina; RNA editing; mitochondrion; maxicircle; guide RNA; ATPase 6

ABBREVIATIONS

U-indel editing: Uridine insertion/deletion editing
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1. INTRODUCTION

The kinetoplastids are a group of unicellular flagellates of the phylum Euglenozoa that possess many
particularities related to their cell biology, biochemistry, and gene expression [1]. Its most well-known
members belong to the family Trypanosomatidae (subclass Metakinetoplastina: order Trypanosomatida) [2,
3] and include parasites transmitted by insects to mammals that cause severe diseases such as sleeping
sickness, Chagas disease, and leishmaniases [4]. Substantially less understood are members of this phylum
belonging to other orders [2]. Trypanoplasma borreli is an iconic species of the family Trypanoplasmatidae
(order Parabodonida). It is an obligate bloodstream parasite of marine and freshwater fish vectored by
hematophagous leeches [5]. The outcome of fish infection is primarily determined by host immunity and the
level of mutual host-parasite adaptation [6, 7]. Leech and fish-derived isolates are morphologically
indistinguishable and have been cultured extensively in rich medium. Because of this, it would be difficult to
say whether parasites derived from these different hosts metabolically differ.

Historically, perhaps the most arresting feature of kinetoplastids was the extreme abundance and
unusual structure of DNA in their single, reticulated mitochondrion. While this so-called kinetoplast (K)DNA
carries organellar rRNA genes and a subset of the suite of typical mitochondrion-encoded genes, the
expression mechanism of some of their mRNAs is bizarre. They are encoded in the kDNA as cryptogenes
and to become translatable, their transcripts require multiple targeted insertions and deletions of one or more
uridines (Us) at numerous editing sites. The process is termed RNA editing of the uridine insertion/deletion
type (U-indel editing). While we now know that mechanistically different types of RNA editing frequently
occur in viruses and bacteria, as well as in single and multicellular eukaryotes [8], at the time of discovery
the post-transcriptional insertion of four uridines into COII (coxI]) mRNA of trypanosomes [9] was difficult
to explain. Consequently, the range of explanations was wide [10]. To test the various hypotheses, it was not
only important to dissect the RNA and protein machinery responsible for RNA editing in the most common
model organisms Trypanosoma brucei and Leishmania tarentolae of the family Trypanosomatidae, but also
to look for this process in the distantly related kinetoplastid protists. Of these, Trypanoplasma borreli was
the most prominent candidate. The finding of U-indel editing in its mitochondrial transcripts [11, 12] indeed
had important evolutionary implications [13]. The nuclear genome of this species has been sequenced [14],
yet, very little progress occurred in our understanding of its peculiar organellar genome and transcriptome.

A subset of mitochondrial transcripts of all kinetoplastid flagellates examined so far is subject to the
process of RNA editing. To become translatable, the transcripts derived from the unique mitochondrial DNA
of these protists, termed kinetoplast DNA (kDNA), undergo numerous insertions and deletions of uridines.
Being composed of either free supercoiled or catenated relaxed circles, the size but not the coding capacity
of the kDNA is variable and species-specific [8, 15]. The editing of kDNA-derived transcripts is performed
by several protein complexes with the assistance of small RNA molecules called guide (g) RNAs [1].

The kDNA of trypanosomatids has a very uniform arrangement, present as a single network of
thousands of mutually catenated, gRNA-bearing minicircles, and dozens of maxicircles, on which a standard
set of mitochondrial-encoded genes reside [16]. Hence, the mRNA substrates of editing and the gRNAs that
provide information for the exact insertions and deletions of uridines are derived from distinct components of
the kKDNA [17, 18]. These molecules are packed into an electron-dense disk located close to the basal body
of the flagellum [19]. Much less is known about kDNA structure outside the family Trypanosomatidae, with
transmission electron microscopy evidence suggesting that in different lineages it evolved in a variety of
complex and much less regular structures [20, 21]. In the case of 7. borreli, its massive KDNA is dispersed
throughout the mitochondrial lumen, although apparently in a condensed enough region to be easily detected
by light microscopy [12]. In fact, in terms of the sheer amount of DNA, it is one of the most extensive
organellar genomes known so far [22]. Yet, our knowledge about the kKDNA and mitochondrial
transcriptome of kinetoplastids outside of the trypanosomatids is fragmentary at best. It would, therefore, be
highly informative to characterize its KDNA molecules, gRNAs and U-indel editing, only a few details of
which are known. If the observed patterns, extent, variability, and progression of RNA editing in this fish
pathogen were comparable with those traits in trypanosomatids, it would question the alleged superiority of
their compactly packed and catenated kDNA disk structure [23].
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In this work, we use the features of editing apparent from long read DNA sequence data and RNA-
seq reads, as well as computational methods specifically designed for the dissection of U-indel editing to
substantially improve our understanding of the 7. horreli KDNA structure and U-indel editing patterns.

2. MATERIALS & METHODS

2.1 Strain identity, parasite growth, nucleic acid purification, and library generation

Trypanoplasma borreli Tt-JH was isolated from a tench (Tinca tinca) in 1986 in the vicinity of Jindfichiv
Hradec (Czechia) and verified as in [24]. The parasites were cultivated as described previously [25]. The
total DNA and RNA were isolated using Nucleospin DNA and RNA XS kits (Macherey-Nagel, Diiren,
Germany) from 5 x 108 cells. The library was prepared starting from 16 ug high molecular weight genomic
DNA. The sample was sheared using a Megaruptor 1 to 25 kb (Diagenode, Seraing (Ougrée), Belgium). All
sheared DNA was then used as input into library preparation, using SMRTbell Template Prep Kit 1.0
(Pacific Biosciences, Menlo Park, USA) and following the standard protocol. Prior to sequencing, the library
was size selected on the Blue pippin (Sage Science, Beverly, USA) at >7 kb cut-off (S1 marker, 0.75% gel
cassette).

2.2 Read sequencing and preprocessing

Sequencing was performed on a Pacific Biosciences RSII, using SMRT® Cell 8Pac V3 cells. All
SMRTecells had 240-minute movies, and stage start acquisitions. This yielded a total of 156,405 reads and
1.252 trillion bases read. Total cellular RNA was sequenced on an Illumina HiSeq 4000 with a strand-
independent 100 bp paired-end protocol, yielding 25.2 million read pairs. The RNAseq data is accessible
under SRR9331469 in the Sequence Read Archive [26]. For downstream processing with T-Aligner [27, 28],
RNAseq reads were quality-checked with FastQC v. 0.11.9 [29] and quality-trimmed with trimmomatic v.
0.39 [30]. Trimmed reads were merged with the paired-end read merger PEAR v. 0.9.6 [31], and 69.3% of
read pairs were successfully merged. Merged and unmerged reads were combined into the single file used as
input for all T-Aligner pipelines.

2.3 Kinetoplast DNA assembly

PacBio sequencing reads were used to assemble draft contigs with Flye v. 2.8.3 [32] and Canu v. 2.2 [33]. As
the actual organization of the kinetoplast genome was not known, it was safest to include reads that would
likely map to the nuclear genome as raw input to avoid the potential false filtering of mitochondrial reads.
The kDNA maxicircle contig was extracted using previously published 7. borreli mitochondrial rRNA and
mRNA coding region sequences (GenBank accession numbers U11682 and U14181 [11, 12]) as a blastn
(BLAST suite v. 2.5.0+ [34]) query against the assembled contigs database. The circular nature of the
maxicircle contig was confirmed by the presence of uniquely mapped reads overlapping the junction point
when PacBio reads were mapped to the circularly rotated assembled maxicircle contig with minimap?2 v.
2.22 [35]. The junction point was located in the repeat supercluster area of the divergent region; therefore,
the exact sequence of the junction point is ambiguous. This ambiguity is represented by the addition of
‘NNN’ on the scaffold submitted to GenBank under accession number OP278005. Tools were utilized
exactly as described in [36] to acquire information conveyed in Fig. 1A.

Other components of the 7. borreli KDNA were identified by scanning the Flye-assembled contigs
database with blastn for Scal-containing repeats (GenBank: U14184 and U14185) and for two previously
known gRNAs and their flanking regions (GenBank: U47932 and U47933) [12, 37]. This resulted in the
acquisition of gRNA-containing contigs 1-14 that are flanked by Scal-containing repeats. The sequence of
gRNA-containing contig 6 was manually extracted from its initial contig, which also contained nuclear
chromosomal DNA. The last three gRNA-containing contigs were identified by searching incomplete
sequences found in the Flye assembly in the set of Canu-assembled contigs (complete flanked contigs 15-
17). Typically, the length of repeat regions was higher than most PacBio reads used for assembly. All contigs
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were trimmed leaving the most proximal several kilobases of flanking repeats before employing gRNA-
identifying procedures. The contig GenBank accession numbers are OP242806-OP242822.

Maxicircle and Scal-flanked contig coverage was estimated by PacBio read mapping with minimap2
with further processing of bam files with SAMtools ‘view’ and ‘depth’ [38]. Quantile coverage was
calculated using a custom python script. For assessment of coverage in a different strain, we used paired-end
DNA sequencing reads of 7. borreli K-100 (ATCC 50432, GenBank accession number ERR316180) and the
same processing protocol, but mapped with BWA-MEM [39].

2.4 T-Aligner version update

We used the newest T-Aligner v. 4.0.5f (https://github.com/jalgard/T-Aligner). This version contains a
dynamic open reading frame (ORF) search depth (the number of paths traced in its read graph now depends
on coverage; this mode addresses the 3’ coverage bias of most complex cryptogene products), multithreading
at the ORF tracing step, and an improved gRNA finder tool with a flexible scoring model. The gRNA finder
now scans potential gRNA-containing sequences for a fixed length seed match that exceeds a score threshold
(default scoring: +2 match, +0 G:U, -2 mismatch); every seed is extended step by step in both directions,
each time choosing the best-scoring extension; and the step size is variable (default: 4). The best-scoring
extended match that is greater than threshold value is reported for each region. Scoring will also request the
presence of an anchor region at the 5" end of the gRNA, which is usually necessary for gRNA:pre-mRNA
interactions.

2.5 Maxicircle annotation and mitochondrial transcriptome assembly

The expression profile of the maxicircle was obtained by aligning trimmed merged and unmerged RNA
reads on the assembled maxicircle with BWA-MEM and T-Aligner’s ‘alignlib’ tool, separately extracting
only a portion of the edited reads (reads with 5 or more edited sites are considered edited) in a separate
“bam’ file specifically for the generation of locus maps showing edited versus not-edited reads. SAMtools
and BEDTools [38, 40] were used to convert T-Aligner’s “.taf” files to sorted ‘.bam’ files, which were
visualized using a custom R script.

The set of typical KkDNA gene sequences (especially the previously obtained well-curated sets
available for Leptomonas pyrrhocoris and Trypanosoma cruzi [28, 41]) were manually aligned to the
maxicircle sequence to locate maxicircle genes. T-Aligner’s ‘alignlib’ module was used to align RNA
sequencing reads and detect edited domains. For the four cryptogenes, approximate boundaries were flanked
with ~50-100 bp of adjacent sequence and used as references for T-Aligner’s ‘findorfs’ module. Edited
mRNA sequences were reconstructed with ‘findorfs’ using ‘extension’ ORF tracing mode and
‘aln_mismatch max’ option set to 0. For CYb and COI, ‘aln_min_segment’ was set to 20 and
‘orf search depth’ was set to 3 and -1 respectively (the negative value turns on the dynamic ORF search
depth mode in which T-Aligner dynamically increases the number of possible paths when a sufficient
coverage threshold is met). The set of mRNAs assembled with T-Aligner was then subjected to blastp
searches against reference proteins of Leptomonas pyrrhocoris, Trypanosoma cruzi, T. lewisi, and T. vivax
[28, 41-43] to detect the best canonically edited mRNA candidates. Typical of transcriptome analysis, the
overlapping of edited reads contributing to the ORF along a cryptogene locus provides evidence of an entire
mRNA, but it is still a reconstruction rather than a single fully sequenced product [28]. The number of total
reads supporting each full length edited cryptogene ORF is as follows: 46, 1409; COI, 82,241; CYb, 40,406;
RPS12,2917. The sequences of T. borreli A6, COI, CYb, and RPS12 mRNAs were submitted to GenBank
under accession numbers OP242802-OP242805.

The maxicircle divergent region was annotated as described previously, using the same scripts and
protocols for repeat annotation and data visualization [36]. The visualization scheme of the maxicircle is
generated with the pipeline described in [36].

2.6 Identification of putative gRNA loci in Scal-flanked gRNA-containing contigs
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Putative gRNA coding loci were detected on Scal-flanked contigs with ‘findgrna’ tool from T-Aligner’s
suite (https://github.com/jalgard/T-Aligner) with ‘—seed length 25 —seed score 27 —gu 14 —mm 3 —anchor 2
—length 27 —score 32’ strict (at most 3 mismatches in total, at most 14 G:U pairs in total, minimal alignment
length of 27) or ‘—seed_length 20 —seed score 22 —gu 16 —mm 4 —anchor 2 —length 24 —score 27’ relaxed
(at most 4 mismatches and 16 G:U pairs, minimal length of 24) search settings. Both forward and reverse
strands of each Scal-flanked contig were examined. Alignments above threshold called raw hits were
considered as possible gRNA coding loci and filtered further for the presence of the RYAGGCTTT motif
sequence between 20-50 bp downstream of the hit region [37].

Reconstruction of an editing cascade model for each canonical edited mRNA was performed by
inspection of the filtered output of ‘findorfs’ and assembling the best gRNA:mRNA pairs on the map with
manual refinement of alignment boundaries.

2.7 Editing stringency assessment
At each potential editing site, the percentage of editing events that contribute to the identified translatable
product for each gene was determined as described in detail elsewhere [27, 41].

3. RESULTS and DISCUSSION

3.1 New evidence modifies our understanding of the T. borreli kDNA

Based on the limited available data, previous studies suggested that the genetic arrangement of 7. borreli
kDNA differs from that of other studied kinetoplastids. We generated 7. borreli DNA and transcriptomic
read datasets suitable to mine for kinetoplast-derived fragments. We used PacBio technology to sequence
and assemble complete KDNA molecules. Moreover, a paired-end Illumina poly(A)-enriched library was
used to characterize the 7. borreli mitochondrial gene expression.

An early attempt to characterize the mRNA and rRNA-containing kDNA molecule in 7. borreli
estimated its size to be unusually large for a kDNA, approximately 80-90 kb, albeit with a modest coding
region of approximately 6 kb [12]. However, another group utilizing a different technology estimated it to be
approximately 37 kb, similar to that of well-studied trypanosomatids [11]. To resolve this disparity, we
assembled this molecule using long sequencing reads well suited for this purpose [44-46]. The circular
molecule was found to be approximately 43 kb, similar to the 37 kb size previously estimated with Southern
blotting analysis [11].

The T. borreli maxicircle is partitioned into two major regions: the coding region and the divergent
region, similar to maxicircles of trypanosomatid species [36] (Fig. 1A). The divergent region consists of
organizational domains, also previously characterized in the trypanosomatid maxicircles. Specifically, these
are two repeat-containing units termed 5P and 12P that typically flank the coding region [36]. However, this
synteny is not conserved in 7. borreli. Instead, large tandem repeats containing sequence analogous to 5P
flank the coding region from both sides (Fig. 1A). A supercluster of 17 imperfect copies of repeat blocks that
can be classified as 12P-like (by virtue of its repeat pattern, not the sequence of the repeat units) lies between
the SP domains (Fig. 1A). Its larger size is the reason why the size of 7. borreli maxicircle slightly exceeds
that of other studied maxicircles. Notably, the 7. borreli maxicircle possesses abundant inverted repeats,
including, uniquely, some positioned in the coding region (violet arcs in Fig. 1A).

Previous characterization of the gRNA-encoding kDNA concluded that it (most likely) consisted of
enormous circular molecules of an estimated size of 170-200 kb [12, 37]. This was a surprising finding, as in
trypanosomatids one or several gRNAs are encoded on small circular molecules [47, 48]. The same historical
studies further demonstrated that the putative 170-200 kb molecules possessed regions of repetitive
sequence, in which the Scal restriction endonuclease recognition site appeared at regular intervals of about 1
kb [12, 37]. We attempted to confirm the existence of very large, circular gRNA-containing kDNA
molecules using the same PacBio read set used to assemble the 7. borreli maxicircle. We anticipated that the
result would be either the previously proposed 170-200 kb circles, or molecules similar to the
trypanosomatid minicircles. The usage of previously determined Scal-containing sequences and two gRNA-
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containing sequences to probe our assembled contigs for parts of the presumed large circles resulted in the
detection of a total of 17 contigs in a range of sizes, with the average of ~70 kb. Each of them was flanked by
a series of Scal-containing repeats positioned in an inverse orientation (Fig. 1B). Various numbers of the
Scal repeats flanked a unique inner sequence. As noted previously [12], each Scal-containing repeat unit also
harbors a sequence very similar to the minicircle conserved sequence block 3 (CSB3) of other
trypanosomatids (Fig. 1C). The CSB3 12-mer is invariably present in minicircles and was proposed to be
their origin of replication [49, 50]. Relative to the CSB3 orientation, the Scal repeats are oriented inward
rather than outward on each contig. For further analysis, we trimmed the terminal repeats leaving only a few
copies per end.

We did not obtain evidence that the Scal-flanked contigs were parts of large circular molecules of
several hundred kilobases. For circular molecules of the size previously determined, multiple Scal-flanked
contigs would have to be assembled into each circle, and we would expect similar DNA read coverage across
the large circle. Taken separately, average and median coverages of each contig were largely very similar,
indicating an even coverage across each contig. Yet, the coverage of different contigs spanned a five-fold
range (Table 1). The simplest explanation of this observation is that the various contigs belong to separate
molecules, the circular or linear nature of which we cannot confidently determine. Neither the Flye nor the
Canu assemblers marked any contigs as circular in the output files. All contigs ended with tandem long
imperfect repeats oriented in opposing directions, such the contig ends cannot be overlapped. This suggests
(but does not prove) a linear status, particularly since the homology of the regions between Scal sites is over
99%.

The relative abundance of various minicircle classes in trypanosomatids is typically malleable,
differing greatly among isolates [27, 51-53]. To examine this possibility in 7. borreli, we mapped the DNA
reads of another 7. borreli strain, K-100, onto our 17 assembled gRNA-containing contigs. The coverage for
only 2 of the 17 contigs was robust, while there was basically no coverage for the other contigs (Table 1).
Technically, for many contigs, some K-100 reads did map (there is a number is the ‘Average’ column), yet
K-100 median coverage was calculated to be zero. In these cases, K-100 reads hits to only one or a few
specific positions on each contig. If only a narrow region of high similarity exists between K-100 reads and a
Tt-JH contig, a homologous contig in K-100 is unlikely. The lack of many clear Tt-JH gRNA-containing
contig homologues among K-100 assembled contigs is consistent with the losses and gains of gRNA-
containing molecules among strains. This is a common feature of the kDNA minicircle population of various
trypanosomatids. Taken together, our findings do not suggest that particularly large circular molecules
encode gRNAs in 7. borreli.

Tt-JH strain K-100 strain
Contig | Length, bp | gRNAs

Average | Median | Ratio | Average | Median | Ratio
1 72623 27 538 542 1.01 608 0 0.00
2 67545 18 408 405 0.99 3492 3073 | 0.88
3 69164 20 360 369 1.02 526 0 0.00
4 71326 23 256 265 1.03 449 0 0.00
5 74611 23 244 237 0.97 1350 713 0.53
6 67281 25 240 232 0.97 749 0 0.00
7 59764 24 193 200 1.04 1071 403 0.38
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8 62950 26 190 191 1.01 2811 2449 | 0.87
9 81573 25 240 182 0.76 602 0 0.00
10 67594 23 141 123 0.87 839 298 0.36
11 73206 26 832 126 0.15 1283 339 0.26
12 47387 20 115 103 0.89 1313 756 0.58
13 67800 27 66 58 0.88 590 0 0.00
14 61768 23 97 92 0.95 530 0 0.00
15 84266 30 144 127 0.88 566 0 0.00
16 70495 30 180 131 0.73 1092 405 0.37
17 71295 30 617 637 1.03 532 0 0.00
TABLE 1.

3.2 Analysis of expression and editing of the T. borreli maxicircle mRNASs fills a gap in evolutionary
knowledge of these processes

While the putative open reading frames (ORFs) of the 7. borreli maxicircle were identified nearly thirty
years ago, a complete maxicircle transcriptome remains unavailable. We are filling this gap with this study.
Firstly, we profiled RNA read coverage on the maxicircle coding region to pinpoint transcription unit
boundaries and subsequently determined their relative expression, distinguishing between the edited and
unedited mapped reads (Fig. 2). We did this by removing Us from all reads and from the maxicircle, so that
reads both with and without U insertions and deletions would map to their maxicircle origin. Edited reads
were defined as those having 5 or more instances of U insertions and/or deletions relative to the maxicircle
sequence. Thus, the definition of an “edited” read is independent of whether it came from a fully edited,
translatable mRNA or one in the process of being edited, as this can be difficult or impossible to
unambiguously determine.

Very few reads mapped to 95 and /2S5 rRNA genes, likely due to the poly(A) enrichment of the
sequenced cDNA library, although in a previous study high levels of rRNAs were detected despite such
enrichment [28]. The small region previously identified as “G” in the originally published maxicircle coding
region fragment [11] is either not transcribed or its RNA product is very unstable. Another small region
between 9S and COI denoted as ‘unknown ORF’ (uORF) in Fig. 2 (‘RF’ in [11]) is irregularly covered by a
low number of RNA-seq reads. It is plausible that the expression patterns of 7. horreli may be different in
different strains or hosts, or for freshly isolated parasites as compared to those with a long culture history.

Next, we verified and expanded the products of editing of 7. borreli maxicircle transcripts. One
mystery we aimed to solve was whether a cryptogene for the protein A6 (ATPase subunit 6) was present in
its KDNA. The 46 gene was found in all previously sequenced trypanosomatids, as well as in Perkinsela sp.
and Bodo saltans, and the representatives of Prokinetoplastina [54-58]. However, no evidence for either an
A6 gene or cryptogene on the 7. borreli maxicircle has been previously noted [12]. Utilizing T-Aligner
software [27], we reconstructed a translatable edited 46 mRNA of the same size as that of other kinetoplastid
A6 mRNAs. Reads comprising the A6 ORF are derived from the genome locus between COIIl and RPS12
encoded in the opposite orientation, previously denoted as ‘GRII’ in [12]. Its transcript is edited throughout
its entire length. We also reconstructed ORFs for the RPS712 mRNA edited throughout its length, and
mRNAs for CYb and COI that are edited at only parts of their transcripts. A small portion of the reads
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mapped to the uORF display evidence of editing, yet no mRNA could be assembled from these reads. For
ORFs reconstructed with T-Aligner, there is no DNA read assembly to confirm their sequences; thus, there is
an inherently higher ambiguity for these products than for properly encoded mRNAs. However, the fact that
translations of the T-Aligner reconstructions share similar approximate termini, length, and translated protein
sequences with their kinetoplastid homologues speak in favor of their accuracy (Fig. S1). In conclusion, four
of the seven potentially protein-coding transcripts derived from the 7. borreli maxicircle require editing to
generate translatable mRNAs. For all four cryptogenes, the start codon is generated by editing; likewise,
generation of the stop codon requires editing for all cryptogenes, except CYb.

While there was some coverage variability of CYb and COI, we note that the observed variability is
retained when only non-edited reads are mapped in a traditional manner with BWA-MEM. The coverage
variability is thus unlikely to be an artifact of T-less mapping with T-Aligner. Additionally, since similar
coverage differences exist in previous analyses of kinetoplastid mitochondrial genomes [27, 28, 41], we
speculate that it has something to do with the stability of these molecules, perhaps even during library
processing. If this is the case, these variabilities are present in libraries prepared by three independent
research groups. It is also possible that oligo(A) regions within mitochondrial mRNAs may be sufficient to
capture decay intermediates in the oligo(dT) affinity step that could (in theory) be mapped to the loci.

Interestingly, the abundance of cryptogene transcripts is much higher than that of the never edited gene
transcripts. For cryptogenes, the portion of reads with U insertions or deletions in each site over the total
reads mapped on the site is quite low (Fig. 2, portion of edited reads is highlighted in violet on the coverage
plot). Among all edited regions of the coding repertoire, the 3’ end of RPS/2 and the 3’ edited domains of
CYb and COI, include the greatest proportion of those reads that are edited. We did note some low
abundance expression peaks in loci characterized as unedited that include mapped reads with U insertions
and deletions, such as one in /2S. These reads likely originate from other (probably non-maxicircle) genomic
loci that share sequence similarity with these maxicircle loci. This ‘read multimapping’ effect is commonly
observed in low-complexity genomic regions such as the AT-rich region of /28§, and in our case, 2 non-T
mismatches per read alignment are permitted.

3.3 Models of reconstructed cryptogene editing cascades and locations of putative gRNA genes

Five gRNA were identified and characterized in 1996 from a gRNA library (one gRNA for RPS12 and CYb
each, and three gRNAs for COI) [37]. These molecules were shorter than gRNAs of the better studied L.
tarentolae. The RPS12 and CYb gRNA genes were determined to exist on the same ‘Component I’ DNA that
encoded the Scal-containing repeats. Little effort has been made ever since to either expand the number or
precisely characterize the position of 7. borreli gRNA genes on the DNA molecules that encode them. With
our updated, extended and better-supported data on the translatable products of U-indel editing in 7. borreli,
it was possible to characterize its putative gRNA population.

To search for specific genomic gRNA loci, we performed alignments between the edited regions of
the four edited ORFs and the 17 Scal-flanked contigs. The gRNA:mRNA interactions are often imprecise.
Such imprecision results from the fact that the local alignments are short, and because G:U base pairing and
mismatches may be tolerated by the editing machinery [59, 60]. Complicating matters further, typical gRNA
length and the number of hypothetically permitted G:U pairs and mismatches vary among species [27, 41].
As the mRNA:gRNA pairing parameters are unknown for 7. borreli, we performed searches with strict and
relaxed settings (Section 2.6). This method is similar to previous gRNA loci searches [27, 52, 61], where
initial parameters were chosen using prior knowledge of at least a few gRNA:mRNA alignments. We
allowed the anchor length, defined in the alignment tool as having exact Watson-Crick pairing with the
mRNA, to be as low as 2 base pairings. This is because pairings of the 5 formerly sequenced 7. borreli
gRNAs with their cognate mRNAs suggest that G:U pairs and even mismatches are permitted in their anchor
regions. Strict settings were initially selected based on the composition of known gRNAs and then relaxed by
reducing seed score, to allow adjacent mismatches. While some putative gRNAs identified under a reduced
seed score could be false positives, a verification approach to separate actual gRNA loci from false positives
relies on conserved sequence motifs that are often found near the “true” gRNAs [62, 63]. A nucleotide motif

9



382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430

was identified in two of the five originally identified gRNAs for which genomic sequence context had been
determined [37]. We used the sequence context of identified gRNAs to further refine the identity and
position of the motif: the sequence ‘RYAGGCTTT’ located 20-40 bp downstream of the sequence ‘hit” and
upstream of the gRNA loci. The presence of this motif was used to cull the larger library to a “high-
confidence” set of 420 putative gRNA loci on the Scal-flanked contigs (Table S1). The high-confidence set
appeared to have fewer G:U pairs than the set generated with relaxed settings, and although median values
for length and number of mismatches did not seem to vary, the overall distribution around these metrics did
(Fig. S2). All 17 contigs are approximately equally covered with putative gRNA loci of the high-confidence
category positioned on both strands (Fig. 1D). No pattern of gRNA gene placement on contigs could be
discerned. On average, 23 high-confidence putative gRNA loci populate the central non-repetitive region of
the Scal-flanked contig.

Before proceeding, the likelihood of this sequence being a legitimate proximal motif of gRNA loci
was assessed by using SEA and ACE tools from MEME suite in an enrichment analysis. We compared the
presence of ‘RYAGGCTTT’ in the 50 bp downstream of each mRNA hit on the Scal-flanked contigs to its
presence in a set of 6,000 randomly extracted 50 bp sequences from Scal-flanked contigs. Both algorithms
detected highly significant (‘expected value’ in the €23 or €28 range) 3x to 4x enrichment of the motif, which
confirms that a substantial portion of the contig:mRNA alignments is associated with it. While sequencing of
small RNA may unambiguously prove that ‘RYAGGCTTT’ is a gRNA-associated sequence motif, the
presented analysis is very suggestive that this is the case.

We compared the general properties (gRNA length based on the alignment, number of G:Us per base,
number of mismatches per base and the anchor region characteristics) of the 7. borreli motif-filtered putative
gRNA set with the gRNA populations of other species — L. tarentolae, L. pyrrhocoris, and T. brucei [27, 64,
65]. Our high-confidence set of putative 7. borreli gRNAs has a simple, unimodal distribution of these
parameters with median values of:i/ 28 bp length; ii/ 0.11 as a proportion of per-base G:Us, and iii/ 0.13 as a
proportion of per-base mismatches. These parameters have their median values of 43, 0.2, and 0.06 for L.
tarentolae, 42, 0.4, and 0.03 for T. brucei, and 32, 0.2, and 0.1 for L. pyrrhocoris. We conclude that 7.
borreli has relatively short gRNAs, its RNA editing mechanism permits high mismatch in the mRNA:gRNA
alignment, and that relative to other species, G:U pairing is infrequently utilized. However, the putative 7.
borreli gRNA anchor regions frequently contain G:U pairs and even mismatches, which are rare in the
gRNAs of other studied flagellates. The anchor regions are the gRNA 5’ ends that initially bind them to their
cognate mRNA region, allowing the rest of the gRNA to direct editing of the upstream mRNA region.
Complete editing is accomplished by the sequential utilization of gRNAs in the 3’ to 5" direction along the
whole transcript during the editing process.

We next determined whether editing in 7. borreli could be entirely accomplished with our identified
high-confidence putative gRNA set. For each mature edited mRNA we manually generated gRNA cascade
models, i.e. the putative pattern of gRNA usage from 3’ to 5'. Putative gRNAs that were the longest and
scored highest in alignment by our algorithm were placed in the cascades first, followed by slightly lower
scoring and shorter putative gRNAs. The gRNA cascade model of the 46 transcript is shown in Fig. 3 and
models for COI, CYb, and RPS12 are shown in Fig. S4.

There seems to be substantially redundant gRNA coverage for the edited mRNAs of 7. borreli, since
editing of most regions can be properly guided by two or more overlapping, albeit different gRNAs. Further,
during gRNA cascade assembly, once an RNA region was already well covered, we decided to ignore
additional alignments with lower scoring putative gRNAs for Figs. 3 and S4. While gRNA redundancy is
evident in other species [27], the degree of redundancy is very high in 7. borreli. For instance, 18 gRNAs are
involved in L. pyrrhocoris RPS12 editing, with redundancy of coverage for each nucleotide reaching 3x to
4x in some regions by visual inspection [27]. In comparison, utilizing all 7. borreli high-confidence putative
gRNAs, 237 and 110 gRNAs align with edited 46 and RPS12 mRNAs, respectively, resulting in 7% to 12x
redundant coverage across the genes by visual inspection (note that the L. pyrrhocoris gRNAs are typically
longer than those of 7. borreli, thus each pairing covers more of the mRNA).
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To quantify this phenomenon, the sum of lengths for all gRNAs aligning to the edited areas of each
mRNA was divided by the edited region length. This ‘redundancy score‘ should increase as coverage
redundancy increases. The 7. borreli gRNA redundancy scores for 46 and RPS12 were 9.7 and for the edited
sections of COI and CYb they were 10.1. In contrast, the average T.brucei gRNA redundancy score for
extensively edited mRNAs was collectively 8.7 when the gRNA set from [66] was used. Not surprisingly,
the scores using L. tarentolae gRNAs [64] and L. pyrrhocoris gRNAs [27], is 2.9 and 3.6, respectively, for
the extensively edited mRNAs. However, this measure is limited in its ability to convey a true picture of the
qualities of gRNA coverage redundancy, as the degree of gRNA:mRNA alignment redundancy varies greatly
across an mRNA.

We wanted to verify that the observed 7. borreli gRNA redundancy was not due to an overly
permissive gRNA identification scheme. To test this, for published minicircle datasets in [64] (L. tarentolae),
[52, 66] (T. brucei), and [27] (L. pyrrhocoris), initial gRNA sets were obtained using the same strict and
relaxed settings applied to the 7. borreli Scal-flanked contigs (for the ‘find grna’ tool), followed by filtering
based on the appropriate species-specific motif. Our methodology produced gRNA datasets for these
organisms (all with small RNA-validated gRNA sets) that aligned to tested mRNAs with a coverage
redundancy like that which was previously determined (Fig. S3 shows 7. brucei and L. tarentolae findings).

Many gRNAs that are part of 7. borreli editing cascades have single nucleotide mismatches to their
mRNAs. Mismatch regions in gRNA:mRNA alignments with no redundant gRNA possessing the proper
match at that site appear in all three well-characterized alignments of kinetoplastid mitochondrial edited
mRNAs. Therefore, it is our assumption that the secondary structure of the RNA portion of the editing site
tolerates the existing mismatches. All putative gRNAs in the cascades should be considered equally likely to
guide editing at any one site, in the absence of any other evidence. However, as suggested previously [27],
the degree of tolerance for mismatches appears to be species specific.

In a characterization of L. pyrrhocoris gRNAs [27], nearly all gRNAs identified in the analysis of
assembled minicircles were validated by small RNA-seq. We demonstrated that by using the full repertoire
of identified gRNAs, we could explain by mRNA:gRNA pairings the directing of ~80-85% of total editing
events observed in the transcriptome (pairings include numbers of Us inserted or deleted that contribute to a
canonically edited sequence and mRNA non-canonical insertions and deletions). We likewise performed this
analysis with the 7. borreli high-confidence gRNAs set, finding that 90% and 87% of editing events
observed among RPS12 and A6 cryptogenes reads, respectively, can be explained using these gRNAs. Such
high percentages implicitly suggest that we identified a nearly complete gRNA repertoire for 7. borreli.

There is one caveat regarding the high gRNA coverage redundancy in 7. borreli putative gRNA
editing cascade models. For editing to proceed with its currently accepted processive mechanism, a “leaving”
gRNA must have directed editing of a sufficient length of mRNA to serve as a platform for the anchor region
binding of the subsequent gRNA. In some positions within edited domains, such as the g25/g26 gRNA
binding regions of A6 (Fig. 3), the putative leaving mRNA does not sufficiently overlap with the subsequent
upstream gRNA to allow for a platform for its anchor region. A lower scoring gRNAs not included in the
cascades may serve to direct editing in these gaps. It is also possible that some gRNAs may be encoded on
the maxicircle, or on mitochondrial DNA molecules that lack Scal-containing repeats. Our search would not
detect these gRNAs. However, as the minimum gRNA anchor region length for 7. borreli is unknown, it did
not seem useful to speculate further whether we had identified all its necessary gRNAs for editing. Rather,
we conclude that the high-confidence putative gRNA set appears to provide a higher degree of guiding
redundancy than those of better-studied kinetoplastids.

Our putative gRNA analysis bolstered previous findings on the origins and evolution of gRNAs and
their utilization in RNA editing. The origins of the gRNA sequences and their utilization in editing is a
fascinating mystery. One hypothesis is that gRNAs evolved from duplicated and “repackaged” elements of
ancient, correctly encoded precursors of the current cryptogenes. For various reasons, that hypothesis is
questioned [18]. We also note a lack of evidence of upstream or downstream “parent mRNA” anywhere near
putative gRNA loci on the Scal-flanked contigs that might be expected from the myriad duplication events
that would be required to result in the current gRNA loci in its seemingly random arrangement. This finding
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is shared in all examined maxicircle populations to date. We also investigated the associations between
gRNA position and their respective loci on Scal-flanked contigs in the cascade model. There was no strong
overall correlation, but other patterns were observed that warrant further study. We developed linkage plot
diagrams to illustrate this (an example is shown in Fig. 4). The presented scheme connects the randomly
selected gRNA loci of Scal-flanked contigs 2 and 12 to gRNAs in the cascade models of all four
cryptogenes. Firstly, we noticed a frequent inclusion of putative gRNAs of the same locus in multiple gRNA
models, suggesting that a single gRNA is capable of directing correct editing events in different cryptogenes
(Fig. 4; red lines). Among 420 high-confidence putative gRNAs, we found 265 molecules (63% of all
identified gRNAs) likely participating in single-locus editing, 124 (30%) that could potentially participate in
editing of two loci, and 26 (6%) that could direct editing of three loci. Conversely, the scheme illustrates that
editing of a given mRNA position can be directed by any of several gRNAs encoded on different Scal-
flanked contigs, resulting in a redundant coverage (Fig. 4; dark violet lines). Finally, a few putative gRNAs
capable of canonically directing editing of a single mRNA (Fig. 4; dark gold line) also align with regions of
never-edited mRNAs (Fig. 4; pale gold line). There is growing evidence that minicircles are constantly
transcribed, often across their full length [64]. This finding in 7. borreli of apparent shared, multi-locus,
accidental or evolving gRNA use demonstrates how probable it would be for unrelated sequence to “fix” into
a functional gRNA sequence once the transcription of a particular sequence, originally unrelated to
mitochondrial mRNAs, confers advantage.

3.4 T. borreli transcriptome reveals extensive species-specific differences in U-indel editing

Our reconstructions of the four fully edited ORFs allowed us to assess similarities and differences in the
quantitative parameters of the U-indel editing. A prominent feature of this process is the apparently
stochastic nature of editing, reflected by the high frequency of mRNAs with a sequence incompatible with a
single “canonically” edited sequence [67]. Once the sequence of a fully edited and translatable mRNA is
determined, it is possible to compare all high throughput sequencing reads with both edited and pre-edited
transcripts derived from a kDNA maxicircle. Many reads contain editing events such as Us inserted or
deleted at sites other than the standard positions, or they contain an incompatible number of inserted and/or
deleted Us. In T. brucei, PCR-based whole-mRNA sequencing approaches revealed that such “non-
canonical" editing events are typically located in the transcript region that is being actively edited at the time
of collection [61, 68]. However, the degree to which this is the case in other kinetoplastid species is poorly
understood. Previously, we developed a way to visualize editing events captured in sequencing reads in a
matrix format [27, 28]. We generated the same matrices for the four extensively edited transcripts of 7.
borreli (Fig. S5). By and large, the overall editing picture is the same as observed in the dot matrix plots of
T. cruzi and L. pyrrhocoris [27, 41]. In the edited regions, editing also occasionally occurs in positions where
it disrupts the ORF (examples indicated by red arrowheads in Fig. S5). Interestingly, these dot matrices
reveal off-target editing events in positions that are also shown to be covered by gRNAs annealing to
multiple mRNAs in linkage plot diagrams (e.g., Fig. 4). A few examples of likely off-target editing events in
regions not normally edited are indicated by blue boxes in Fig. S5, although many more are also evident
within these dot matrixes. These editing states are detected in just a few reads and, thus, when dots appear at
these sites, they are faint. Clearly, the 7. borreli U-indel RNA editing mechanism generates both canonical
and non-canonical editing events.

We initially hypothesized that since the number and length of edited domains in 7. borreli is lower as
compared with trypanosomatids investigated in this respect, editing will be more straightforward, resulting in
fewer non-canonical editing events. However, our finding of a rich and complex gRNA repertoire in this fish
parasite (Figs. 3, 4 and S1; Table S1) suggests that this view is overly simplistic. To measure the relative
proportions of canonical and non-canonical editing events in sequence read populations at each potential
editing site, we have previously developed a dedicated bioinformatics tool, which allowed us to compare
“productive editing plots” in L. pyrrhocoris and T. cruzi and determine that the degree of non-canonical
editing events is higher in 7. cruzi, where it moreover varies significantly among its strains [41]. At the time,
we speculated that a higher incidence of non-canonical editing events may reflect that 7rypanosoma spp.
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have a higher proportion of maxicircle cryptogenes relative to L. pyrrhocoris. However, the productive
editing plots of the 7. borreli cryptogenes do not support this explanation, as exemplified by the RPS12
productive editing plots for two available strains of 7. borreli (Fig. 5A-B). A decrease in the ratio of
canonical to non-canonical editing events is observed particularly at the sites in the center of RPS12 mRNA,
a situation reminiscent to that described previously in L. pyrrhocoris and T. cruzi [41]. However, the ratio of
non-canonical editing events is even higher in 7. borreli RPS12 than that in 7. cruzi RPS12, with its more
complex edited transcriptome (Fig. 5SC-D). We also documented frequent non-canonical editing events in the
edited domains of the other three 7. borreli cryptogenes, particularly at specific sites (Fig. S6).

Two other relatively unexplored editing parameters are the degree to which sequence conservation at
the protein level is imparted through the U-indel editing mechanism, and the relative degree to which the
same editing consists of insertion versus deletion events. Hence, it remains to be established whether or not
this ratio is conserved across kinetoplastid species. The edited RPS12 and 46 mRNAs are convenient models
with which to approach these questions. Four conserved regions of 8 to 12 amino acids interspersed with
much more variable sequences of similar lengths can be found in multiple sequence alignments of predicted
kinetoplastid RPS12 proteins. A similar pattern, albeit less pronounced, occurs in the protein product of A6.
Indeed, alignments for both proteins rely heavily on these conserved domains. Fig. 6 shows portions of
multiple alignments of selected RPS12 and A6 conserved regions from 7. borreli and two distantly related
trypanosomatids, and their corresponding DNA and edited mRNA sequences. Interestingly, 7. borreli and (to
a lesser extent) 7. cruzi tend to use deletions to enforce the maintenance of conserved regions within RPS12,
while L. pyrrhocoris rarely utilizes deletion editing. For the maintenance of conserved regions and length of
the neighboring divergent regions of A6, T. borreli again seems to capitalize primarily on the deletion
mechanism. The tendency of these flagellates to utilize the full capacity of U-indel editing in different ways
in these regions suggests that kinetoplastids have become highly dependent on the editing mechanism to
sustain amino acid sequence conservation of their mitochondrial genes.

Noting the pronounced usage of U deletions by 7. borreli, we asked whether this phenomenon
happens to be a feature of the selected regions, or whether the differences in U-insertion/deletion ratio are
species-specific and consistent across entire transcriptomes. Hence, we explored this by two metrics. Firstly,
we calculated the observed insertion/deletion event ratios for all reads mapped on the maxicircle, regardless
of whether they were consistent with the final mature transcript from which they originated. These ratios
were 2.3 for T. borreli, 3.7 for T. cruzi, and 4.2 for L. pyrrhocoris. The fact that they are all greater than 1
corroborates the general notion that insertion is the predominant form of U-indel editing. Secondly, we
examined these same ratios within the assembled repertoire of mature edited sequences and found them to be
3.3 for T. borreli, 5.1 for T. cruzi, and 9.1 for L. pyrrhocoris. Two trends emerge from these metrics. Firstly,
in all examined species the per-read ratios are lower than per-mRNA ratios. This means that the deletion
events are less likely than insertion events to be incorporated into a translatable sequence. Conversely, we
find them more frequently in the population of events categorized as non-canonical (Fig. 5). Secondly, the
degree to which deletion and insertion are utilized by U-indel editing is a flexible parameter that is species-
specific. Overall, we have identified several quantitative mechanism-linked parameters of editing that differ
depending on the species examined. These parameters may be a suitable focus of future studies incorporating
many more species to trace the evolution of U-indel editing across kinetoplastid protists.

4. CONCLUSIONS

Provocative early findings of coding and non-coding transcriptomes of the iconic 7. borreli were long
overdue for a follow-up that makes use of advanced sequencing and computational tools. Our
characterization of the KDNA maxicircle specifies its length to be 42 kb, which is slightly larger than an
early estimate of 37 kb [11], but substantially smaller than the other one [12]. However, we note that the
maxicircle size reported in this and another previous study [11] utilized DNA from the strain Tt-JH isolated
from a tench, whereas the 80 kb maxicircle-size estimate was based on the strain Tg-JH from a leech vector
[12]. As the T. borreli maxicircle has repeat superclusters amenable to duplication, we cannot rule out that
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both early estimations of maxicircle size were accurate, since strain differences and decades in culture may
play a significant role, as was shown in other kinetoplastids [18, 69].

The early finding of an unusually large molecule carrying gRNAs in 7. borreli is partially supported
by our findings. Although significantly smaller than the original estimates of up to 200 kb, the gRNA-
containing contigs of ~70 kb (Table 1) documented here are substantially larger than trypanosomatid
minicircles, the size of which is usually around 1 kb and never exceeds 10 kb [53, 70]. However, we could
not establish, even with exceptionally high read coverage, whether these Scal-flanked contigs are linear or
circular. Earlier claims of their circularity were based on ambiguous electrophoretic mobility experiments
and on electron microscopy, with the latter described but not presented [12]. Naturally, linear chromosomes
would require a very different replication mechanism compared to the circular molecules observed in other
kinetoplastids. The replication mechanism of KDNA of trypanosomatids is extremely complex, with at least
6 DNA polymerases functionally implicated in 7. brucei [16]. Due to the extreme amount of mitochondrial
DNA in Trypanoplasma, exceeding by far that of the largest trypanosomatid kinetoplasts [22], we assume
that replication machinery of linear gRNA-containing molecules would be comparably or even more
complex, and would possibly be very different from that in Trypanosomatidae. However, too much
experimental data is missing to speculate further.

Characterization of the 7. borreli KDNA presented herein further supports the view of this organellar
DNA being highly varied among kinetoplastids, both in sheer amount, structure, composition, and extent of
RNA editing. Moreover, novel maxicircle features have been found, such as the presence of inverted repeats
in its coding regions that lack a fixed pattern, and supercluster repeats with dodecameric and octameric
structure. Similarly, the Scal-flanked contigs with their telomeric-like repeats and the number of gRNA
genes they carry are also a novel trait rather than just a variation of gRNA-carrying molecules. However,
other major features remain conserved, namely the gRNA-containing molecules contain CSB3 and are
present as a fluid repertoire only partially shared between strains, and conserved sequence motifs are often
located a fixed distance from putative gRNA genes.

Our analysis of maxicircle transcription is based on a single sequence library, but this seems to be
sufficient for characterizing the translatable products of all the 7. borreli cryptogenes, especially when
compared with the limited libraries composed of individual clones used to define fully edited mRNAs of 7.
brucei and L. tarentolae prior to the advent of high-throughput sequencing [71-73]. Our data further
confirmed earlier observations from several trypanosomatid species that the maxicircle loci of highest
abundance are those with products requiring editing [27, 41]. Consequently, we postulate that all organisms
possessing U-indel editing have adjusted overall mRNA abundances to compensate for the extensive and
apparently widespread inefficiency of the editing machinery in achieving translatable product from pre-
edited transcript.

The T. borreli maxicircle genome and transcriptome analysis also confirmed the lack of expression of
sequences resembling subunits of the NADH:ubiquinone oxidoreductase (mitochondrial respiratory complex
I) that are normally found in most eukaryotic mitochondrial genomes. This finding is notable, as the related
trypanosomes typically have at least eight complex I subunits encoded in their maxicircle. In addition to
these mitochondrial-encoded subunits, trypanosomes also encode 4 core complex I subunits, and identified
homologues of approximately half (~15) of the mammalian complex I accessory factors in their nuclear
genome [74]. In T. borreli none of the core nuclear-encoded subunits and only one accessory factor
homologue can be identified by standard bioinformatics methods. This accessory subunit, acyl carrier protein
(ACP, encoded by Tb927.3.860 in T. brucei) is also known to be a mitoribosome assembly factor [75, 76],
and this role is likely what explains its presence in the 7. borreli genome. We document here that 7. borreli
entirely lacks complex I of its mitochondrial respiratory chain entirely. The role and importance of the
complex in kinetoplastids is currently uncertain [74] and its absence in 7. borreli may shed light on these
evolving questions.

An obvious limitation of this study is the lack of small RNA sequencing to confirm our gRNA
discovery-by-alignment findings. However, several factors suggest that these results may be strong standing
alone. Firstly, the five previously sequenced 7. borreli gRNAs [37] fit very well with the gRNA length, G:U
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use, and mismatch parameter distributions obtained utilizing our alignment algorithm. Secondly, when we
ran our ‘grnafind’ tool on the available L. tarentolae dataset [64] using settings similar to those applied for 7.
borreli, the algorithm properly recovered the set of well-annotated L. tarentolae genes and known L.
tarentolae gRNA parameters with minimal noise. Thus, even with relaxed search settings the algorithm
appears to be reliable. Thirdly, as in L. pyrrhocoris and L. tarentolae, T. borreli gRNAs can be partitioned
into those proximal to a strongly conserved sequence motif and those proximal to poorly conserved motifs or
possessing no motif at all. The experimentally confirmed gRNAs of L. pyrrhocoris and L. tarentolae are
proximal to highly conserved motifs [27, 64] and, indeed, all editing cascades described herein (Figs. 3 and
S4) utilize only gRNAs proximal to highly conserved motifs. Yet even following the exclusion of putative
gRNAs without well-conserved proximal motifs, the level of redundancy across edited mRNAs remains
particularly extensive in 7. borreli. It is plausible that having more gRNA loci, allowed by the huge amount
of kKDNA in this flagellate [22], represents an evolutionary force driving similarly high ratios of the non-
canonical to canonical editing events. However, sequencing the 7. borreli gRNA population in the future
would still be valuable: T. borreli gRNAs were reported to uniquely possess non-encoded oligo(U) sequence
on both their 5" and 3’ termini [37]. As gRNAs of other species invariably carry only non-encoded 3’
oligo(U) extensions [77], exploring this difference could lead to insights regarding gRNA processing.

Our final important finding relates to the propensity of kinetoplastids to utilize the U-indel editing in
its insertion rather than deletion mode. This parameter of editing is directly linked to the mechanism by
which it is executed, as these different enzymatic processes are executed by only partially overlapping
catalytic complexes [59, 78-80]. It is worth mentioning that our present analysis of differing ratios for
insertions relative to deletions is far from perfect, the main reasons behind that being the narrow across-
species analysis and the limited and hard-to-normalize confidence attributable to any particular insertion or
deletion event. Attribution of confidence in editing events is largely due to differences in read coverage. For
each transcript, coverage irregularity potentially skews the deletion events more than insertion events, as
there are fewer of them. Still, our analysis convincingly demonstrated the high rate of U-deletions in 7.
borreli.

An initial motivation for this work was to determine protein-coding genes, gRNAs, and the editing
patterns in the highly dispersed and consequently less organized kKDNA of 7. borreli. The documented linear
gRNA-carrying DNA molecules are consistent with the diffuse KDNA structure observed by electron
microscopy [22]. Moreover, the high redundancy of gRNAs, a relatively small number of sequences
requiring editing, a very high fraction of non-canonical editing events, and an enhanced use of the U-deletion
mechanism suggest that editing may be less “controlled” or less “efficient” in this early-branching bodonid
than in the extensively studied, likely more derived, trypanosomatids [41, 61, 63, 68].
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FIGURE CAPTIONS

Figure 1. T. borreli kKDNA includes a maxicircle and gRNA-containing elements that can be assembled
into Scal-flanked contigs. A. The maxicircle scheme. The outer track defines approximate boundaries of
major structural compartments of a maxicircle: CR, coding region; 5P, ND5-promixal repeat compartment of
the divergent region; 12P, 12S-proximal repeat compartment of the divergent region composed of tandem
repeat arrays; AO - assembly overlap point, the place of molecule circularization in assembly (see Section
2.3). The numbers represent position in kilobases. The next track in from the circle’s exterior is a 24-mer
repeat histogram, showing the frequency of the 24-mer per maxicircle, kmers with highest observed
frequency are blue, others are green. The height of the track is normalized on the highest observed
frequency. The next track in (violet band) is the location of tandem repeats detected with the ‘mreps’ tool.
The next track in (green) is GC-content in fraction form from 0 to 1, represented by the height of the track at
each position. The inner track of the circle shows the regions of sequence identity by connecting them with
colored ribbons (blue - sequence identity of 95-100%, green - 85-95%, yellow - 80-85%), and the inverted
repeats detected with ‘einverted’ tool (dark pink/violet arcs connecting the ends of each repeat). The source
of tools used to generate tracks are described in Section 2.3. B. Scheme of a Scal-flanked contig (not to
scale). The ellipsis shown on each terminus indicates that there are additional Scal-containing repeats of
variable number on the end beyond those shown. C. Contig 1 5" Scal repeat region. The portion shown is to
scale and is the innermost section that is covered by an entire PacBio read. The CSB3 sequence is shown; red
nucleotides indicate those that differ from what is considered consensus among trypanosomes. D. Map of
unique gRNA-coding regions of Contigs 1, 2, and 3 (top to bottom). The top track shows proximal motifs
and gRNA loci (rectangular blocks) for one strand, the bottom track shows the same for the opposite strand.
The loci are color coded based on the mRNA that they primarily align to. 46, blue; COI, pink; CYb, orange;
RPS12, yellow.

Figure 2. Expression of the maxicircle coding region genes and cryptogenes is variable. Expression
coverage profile of the approximately 6 kb coding region of the T borreli maxicircle. The Y axis shows total
per base read coverage with Illumina paired-end poly(A)-enriched reads. Inset are two low-coverage regions
with a linear, lower amplitude Y axis scale to visualize relative coverage of low-coverage regions. The
fraction of edited reads (defined as those with five or more U insertions and/or deletions relative the
maxicircle sequence to which it maps) is shown in violet. Reads with four or fewer of these differences
relative to the maxicircle are considered non edited (differences could be reasonably attributed to sequencing
errors or incorrect trimming) and are shown in blue. Genes are schematically placed on the respective
strands; edited domains of the genes are highlighted

Figure 3. A redundant gRNA cascade model can be assembled for the edited regions of 46. Lines
connecting gRNA to edited RNA bases indicate canonical pairing, ‘:* indicates a G:U pair, and ‘#” a
mismatch. Red-orange ‘T’s in the DNA are those deleted to generate the edited product. Red-orange ‘U’s in
the edited RNA indicate those inserted by editing. Dashes within DNA and RNA sequences are present to
facilitate spacing for alignment of the DNA and RNA.

Figure 4. A linkage plot diagram reveals the inherent potential for flexibility of gRNA populations in
directing editing. Randomly-selected Scal-flanked contigs 2 and 12 and the four 7. borreli edited mRNAs
were plotted to show alignments between the mRNAs and putative gRNA loci on the contigs. Alignments
are plotted in grey. An example alignment where one position on the contig mapped to multiple edited
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mRNA loci is shown in dark violet. An example where several positions on the two contigs map to a single
edited site on an mRNA is shown in red. Gold linkages indicate a single contig locus that aligns with a
region of edited mRNA (46, dark gold), and a region on another mRNA that is not edited in the canonical,
translatable product (CYb, light gold). The mRNA sequences on the scheme are shown proportionally 500-
fold larger than those of the contigs.

Figure 5. Canonical and noncanonical editing events in 7. borreli show similarities and differences to
patterns in other species. A-B. Presented is editing of RPS12 in two T. borreli strains, C. L. pyrrhocoris,
and D. T. cruzi strain Sylvio at every non “T” position from 5’ to 3’ along the X axis. For each species/strain,
the bottom plot depicts read coverage across the transcript, with the portion of reads edited at each location
along the transcript shown in a lighter blue tone on top of the non-edited reads shown in darker blue. The
middle plot is a bar plot with an X axis consistent with the bottom coverage plot. At each editing site the bar
distinguishes the total number of reads in which an editing event at that site is observed and breaks down the
number by canonical and noncanonical editing events. A, C, and G positions along the transcript that are not
locations of editing for canonical edited sequence are blocked out in grey and not analyzed. The top plot
shows a similar bar graph, but the Y axis represents percentage of editing that is canonical rather than
absolute numbers of reads possessing editing at each site. C and D are reproduced from [41] for comparison
purposes.

Figure 6. Portions of RPS12 (top) and A6 (bottom) sequence alignments showing how deletion editing
is differentially utilized between T. borreli and two other species in several specific regions of
conserved amino acid sequence of the translated product. DNA, RNA, and amino acid (PEP) sequences
are shown. Deleted ‘T’s in the DNA are in red-orange, inserted ‘u’s in the RNA are displayed in blue. In-
sequence dashes are used for spacing for. alignment. Tbor, T. borreli; Tcru, T. cruzi; Lpyr, L. pyrrhocoris.

TABLE CAPTION

Table 1. Features of the 17 Scal-flanked contigs containing putative gRNAs of 7. borreli and their
DNA read coverage in two strains. Columns contain contig ID, contig length, number of high-confidence
gRNA hits per contig and the read coverage (average and median) for two strains: Tt-JH and K-100. For Tt-
JH PacBio reads were used to estimate the coverage, for K-100 paired-end Illumina reads. The ‘Ratio’
column is the ratio of the median and the average read coverage.
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Trypanoplasma borreli A6 cryptogene
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