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Annotation 
 

In this study I have studied various aspects of the biology of diplonemids, a group of marine 

planktonic protists that were previously understudied due to technical constraints but have 

now been recognized as one of the most diverse in terms of species richness. I aimed to 

provide insight in the metabolism of Paradiplonema papillatum by investigating the 

composition of its pyruvate dehydrogenase (PDH) complex. In association with the recent 

annotation of the complete nuclear genome of P. papillatum, I decided to examine the 

composition of its PDH complex. Furthermore, I have started an exploration of the 

kinetochore and kinetochore-related proteins, which seem to be extremely derived in 

diplonemids. Finally, I have investigated the re-location of conserved paraflagellar rod 

proteins in these flagellates, which can construct flagella with or without morphologically 

distinguishable paraflagellar rods, contingent upon their life cycle stage. 
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Figure 6. Major metabolic pathways of P. papillatum. Transcriptome and proteome were 

analyzed to predict metabolic pathways. Different boxes indicate pathways so far 

identified in P. papillatum. FA - fatty acids; PPP - pentose phosphate pathway; TCA -
tricarboxylic acid. 

reaction, which could potentially lead to both catabolic and anabolic outcomes. 

The specific conditions under which each pathway operates are unknown, as P. 

papillatum is the first organism where both branches have been identified 

simultaneously (Novak Vanclova et al., 2020; Butenko et al., 2021; Skodova­

Sverakova et al., 2021). 

The prevalence of OGDC in the presence of oxygen implies its involvement in the 

aerobic metabolism, much like in E. gracilis where it, together with SSDH, 

constitutes the exclusive TCA cycle pathways (Shigeoka et al., 1986; He et al., 

2021; Ouyang et al., 2021). Acetyl-CoA is predominantly generated from 

carbohydrate metabolism in E. gracilis, while in P. papillatum, pyruvate most 

likely arises from amino acid metabolism due to its preference for 

gluconeogenesis (Figure 6). P. papillatum makes use of oxygen-rich metabolism, 
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employing all respiratory complexes and alternative enzymes to shuttle electrons 

from reduced equivalents to oxygen. Its anaerobic enzymes are probably 

widespread among diplonemids, and may occur also in other groups of marine 

protists (Skodova-Sverakova et al., 2021). 
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Background 

Diplonemids are heterotrophic, flagellated, unicellular 
eukaryotes. Overlooked for decades, they have recently 
been characterized as the most species-rich group of 
known marine protists (1, 2]. Global metabarcoding sur­

veys have estimated at least 67,000 species [3], revealing 
that diplonemids populate not only all biogeographic 
and pelagic zones of the oceans [ 4, 5], but also thrive in 
anoxic zones [3] and dominate deep-sea sediments [6]. 

Diplonemids inhabit fresh water as well, but in moderate 
abundance and diversity, suggesting recent habitat transi­
tions [7]. 

Due to their abundance, distribution, and diversity, 
diplonemids are thought to play an important role in 
the marine food web. However, we have very little data 
regarding their nutrition. Views about their predomi­
nant feeding strategy are controversial, ranging from 
parasitism [ 6] to epibiosis of water plants and inverte­
brates, to predation of diverse algae including diatoms 
and dinoflagellates, to saprotrophy [8, 9]. In addition, a 
few diplonemid species seem to be bacterivorous [10, ll]. 
New research also indicates that diplonemids may sig­
nificantly contribute to the cycling of certain heavy met­
als (12], though the actual extent and relevance for the 
marine ecosystem remains to be determined. 

Diplonemids (Diplonemea) are subdivided into 
four monophyletic lineages, the classical diplonemids 
(Diplonemidae), hemistasiids (Hemistasiidae), and the 
Deep-sea pelagic diplonemid clades I and II (DSPDI and 
II) (13], the former now classified as Eupelagonemidae
[14]. Currently, about nine diplonemid genera compris­
ing nearly two dozen species are formally recognized and
morphologically characterized [15]. However, axenic cul­
tures have been established for only a handful of species
that mostly belong to the Diplonemidae (16, 17], includ­

ing the type species Diplonema papillatum (Fig. 1) (alter­
natively referred to as Paradiplonema papillatum (18]),
whose genome is described here. From the Eupelagon­
emidae, the ecologically most prominent diplonemid
group, just a few cells have been examined by microscopy
and single-cell sequencing, while the vast majority of taxa

is only known from environmental barcoding surveys (1,
19, 20].

In global eukaryotic phylogenies, diplonemids are 

placed together with euglenids, kinetoplastids, and sym­
biontids within the phylum Euglenozoa. Diplonemids 
form the sister group to kinetoplastids, which include the 
human pathogens Trypanosoma and Leishmania along­
side several free-living taxa (e.g., Bodo saltans). Eugleno­
zoa belong to the deeply diverging eukaryotic supergroup 
Discoba [21], which differs in essentially all aspects of 
biology from the familiar and best-studied eukaryotes­
animals, fungi, and plants. 

 

B 

10�m 

Fig. 1 Morphology and ultrastructure of 0. papillatum. A Scanning 

electron microscopy image. The anterior end of the cell exposes 

the two fiagella emanating from the fiagellar pocket (left), the 

cytopharynx (right), and the conspicuous lip-like papillum between 

these two openings. Measurements taken from this image (using 

the lmageJ software): cell length> 10.5 µm (the exact size cannot 

be measured from this image because the cell does not lie fiat); cell 

width -5.9 µm; fiagella length 6.5 µm; and cytostome width 0.31 µm. 

B Expansion microscopy-based model showing the nucleus and 

mitochondrion of a typical cell. Light gray, cell-surface tubulin; cyan, 

reticulated mitochondrion; blue, reticulated nuclear heterochromatin. 

The three-dimensional model was built from the Z-stack series of 

images after staining with DAPI and anti-tubulin antibodies. For 

details see Additional file 1: Sect. 1. Physical structure and size of the 

Oiplonema papillatum nuclear genome 

Diplonemids have also attracted interest because of 
their highly unusual mitochondrial genome, which has 
been most intensively investigated in D. papillatum. In 
contrast to conventional mitochondrial DNAs, that of 
D. papillatum not only makes up an overwhelming por­
tion of cellular DNA (22], but also consists of hundreds of
small chromosomes, each of which carries a single gene
piece. Consequently, the assembly of full-length mRNAs
and ribosomal RNAs (rRNAs) requires a range of RNA
ligation events, which are accompanied by RNA editing
[23, 24]. Studies across Diplonemidae and Hemistasiidae
have revealed similar mitochondrial gene fragmentation
and RNA editing features as seen in D. papillatum, reach­
ing unprecedented degrees in certain species (25-27].

Establishing a diplonemid model system required not 
only a reasonably fast-growing axenic culture but also 
procedures to genetically modify the corresponding 
organism. In the past few years, we have developed pro­
tocols to transform D. papillatum with exogenous DNA 

[28] leading to homologous integration, which allows
efficient knock-ins of tagged genes [29]. Now we have a
powerful toolbox at hand for efficiently investigating the
cellular and molecular biology of D. papillatum.

Available genome and transcriptome data from 
diplonemids are currently limited, with single gene and 
partial single-cell genome sequences generated for phy­
logenies (30, 31], biodiversity studies [19, 32, 33], or 
the investigation of metabolic adaptations in certain 
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diplonemids [34, 35]. While suited for the questions 
addressed in the corresponding studies, the data are too 
sparse to provide insight into the functions encoded 
in and the broader evolution of diplonemid nuclear 
genomes. 

Here we present the nuclear genome and transcrip­
tome sequence of D. papillatum. In addition to serving 
as a reference sequence for the diplonemids as a whole, 
our data provide insight into complex gene structures 
and expression modes. Analysis of the gene repertoire 
reveals a diverse metabolic potential of D. papillatum, 

but also, for a euglenozoan, unexpected conservatism of 
certain basic molecular machineries such as the cyto­
solic ribosome. Comparative genomics demonstrates that 
genes and pathways involved in carbohydrate degrada­
tion have undergone a major evolutionary expansion in 
diplonemids. The inferred metabolism, backed by feed­
ing experiments, support the view that D. papillatum is 
extraordinarily versatile in using diverse carbon sources 
from myco-, phyto-, and zooplankton, as well as marine 
water plants. Taken together, our experiments and com­
parative genomic analyses strongly suggest that diplone­
mid protists play a crucial and previously unrecognized 
role in the food web of aquatic environments. 

Results and discussion 

Genome assembly, genome size, and ploidy 

We generated~ 900 million short paired-end reads (Illu­
mina) and~ 700,000 long reads (PacBio) summing to 187 
Gbp. Reads were assembled into 6181 contigs 2: 200 bp 
long totaling 280,293,864 bp, with an N50 value of 
190,080 bp and a maximum contig length above 1 Mbp. 
The completeness of the assembly is estimated to be 
above 95%. Although BUSCO benchmarking [36] of con­
ceptually translated D. papillatum proteins against the 
set of highly conserved eukaryotic core proteins recov­
ered only 89%, we determined that more than half of 
the proteins reported as missing are too divergent to fall 
within BUSCO's inclusion threshold, and that a quarter 
are absent from all diplonemids examined (Additional 
file 1: Sect. 2. Assembly and annotation of the nuclear 
genome and transcriptome of Diplonema papillatum). 

We therefore consider the Diplonema genome assembly 
as quasi complete. 

Genome assemblies are typically larger than the 
genome because of repeats. The actual nuclear genome 
size of D. papillatum was calculated by various meth­
ods. The estimate of 260 Mbp, based on k-mer frequen­
cies in short reads, is deemed most accurate because 
this procedure is least affected by artifacts (Additional 
file 1: Sect. 3. The ploidy level of Diplonema papilla­

tum). Assessment of the Diplonema nuclear genome size 
by pulsed-field gel electrophoresis was inconclusive as 

 

it yielded numerous unresolved molecules of length 1.1 
to 1.8 Mbp, with only two distinct bands at 0.5 and LO 
Mbp. It appears that the genome consists of hundreds of 
similarly sized chromosomes. A clear separation of indi­
vidual chromosomes is probably impeded by the complex 
reticulated nuclear DNA structure observed by ultrathin­
section and fluorescence microscopy of the Diplonema 

nucleus (Additional file 1: Sect. 1. Physical structure and 
size of the Diplonema papillatum nuclear genome). 

The ploidy estimation of the D. papillatum nuclear 
genome is based on the frequency and distribution of 
k-mers in reads and single-nucleotide variants (SNVs)
in the assembly. The extremely low SNV frequency (less
than 600 sites in the 142 Mbp repeat-free genome por­
tion) of the Diplonema genome and a symmetric, bell­
shaped l<-mer distribution frequency of short reads
suggest haploidy (Additional file 1: Sect. 3. The ploidy
level of Diplonema papillatum). While it is not possible
to distinguish haploids from homozygous diploids (or
higher ploidy levels) with computational methods alone,
the most convincing confirmation for haploidy comes
from gene replacement experiments, in which the trans­
formation with engineered gene versions resulted repro­
ducibly in single alleles [28, 29].

It should be noted that our assessment of haploidy 
refers to the standard laboratory D. papillatum strain, 
where the exclusive form of reproduction appears to be 
mitosis. Although sexual reproduction or a diploid stage 
has not yet been observed, the gene repertoire implies 
that D. papillatum has the potential to form diploid 
zygotes that undergo meiosis (Additional file 1: Sect. 11. 
Meiosis in Diplonema papillatum?). 

Genome annotation and quality assessment 

Genome annotation was performed by a pipeline devel­
oped in-house, combining gene model prediction with 
evidence-based and ab initio gene prediction (Additional 
file 1: Sect. 2. Assembly and annotation of the nuclear 
genome and transcriptome of Diplonema papillatum). 

Evidence-based prediction of protein-coding regions was 
guided by curated SwissProt sequences and unreviewed 
Discoba sequences available from public data reposi­
tories, as well as assembled D. papillatum transcripts. 
The start of the 51 Un Translated Region (UTR) was posi­
tioned at the site at which a Spliced Leader (SL) is added 
to pre-mRNA by trans-splicing-a feature shared by all 
Euglenozoa [37, 38]. 

The completeness and quality of automatically pre­
dicted protein-coding gene models were assessed by 
expert inspection of the three largest contigs in the 
assembly. Together these contigs represent 1 % of the 
total assembly and contained initially 319 gene mod­
els. By scrutinizing the coverage of RNA-Seq reads and 
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transcripts assembled from these reads in the corre­
sponding genome regions, we detected that 15 genes 
lacked corresponding models, 125 models had inaccurate 
gene structures, and 68 were false positives. Although the 
error rate appears high, it compares favorably with cur­
rent automated annotations [39]. In Diplonema, most of 
the omitted or erroneous gene predictions are a conse­
quence of the highly repetitive genome sequence in this 
organism as detailed below. 

In sum, while the automated annotation procedure 
predicted~ 37,000 protein-coding genes, the false posi­
tive and negative rates observed during manual curation 
indicate that their actual number in the D. papillatum 
nuclear genome assembly version 1.0 is rather~ 32,000. 
Diplonema's protein-coding genes contain on average 
1.6 introns. Alternative splicing is estimated at 5% among 
multi-exonic genes, a proportion that is low compared to 
multicellular eukaryotes such as human (60%) or Arabi­
dopsis (20%) [40], but in the range reported for other uni­
cellular organisms [41]. 

Functional information was assigned to about 51% 
of the predicted protein-coding genes with an explicit 
molecular function available for about 35% of the models, 
and a conserved Pfam protein domain for an additional 
15%. As in many other organisms, approximately 50% of 
the predicted protein-coding genes in Diplonema lack 
any indication as to their function. 

Nuclear gene structure 

About 41 % of the protein-coding genes in the D. papil­
latum nuclear genome assembly contain introns, the 
large majority of which are canonical, bearing GT 
at their 51-end and AG at the 31-end (GT-AG type) 
(Additional file 1: Sect. 4. Intron splicing and struc­
tural RNAs). A few non-canonical introns with GC-AG 
splice-site combinations were detected as well. It was 
shown for GC-AG introns from animals, fungi, and 
plants that these introns are typically spliced by the 
same major U2 spliceosome as GT-AG introns [42]. The 
generally rare AT-AC (U12-type) spliceosomal introns 
seem to be absent from Diplonema, which is consist­
ent with the lack of the U4atac, U6atac, Ull, and Ul2 
RNAs among the set of spliceosomal RNAs identified 
in this organism. Moreover, we did not detect uncon­
ventional introns such as the ones present in Euglena 
that lack conserved splice boundaries, have extensive 
base pairing to bring intron ends together, and are 
apparently removed in a spliceosome-independent 
fashion ([43] and references therein). Certain non­
classified diplonemids reportedly possess Euglena-like 
introns; however, in the absence of transcriptome data, 
this inference cannot be validated [19]. 

 

While the median size of Diplonema introns is below 
1 kbp, a small percentage are considerably longer, often 
comprising complete or partial transposable elements 
with several open reading frames (ORFs) (see following 
section). The longest expert-validated intron is 72 kbp 
in size and resides in the gene DIPPA_22195, predicted 
to encode a protein with a conserved kinesin-motor 
domain. This is the largest known Diplonema gene (186 
kbp), containing the highest number (20) of introns as 
confirmed by expert validation. It is noteworthy that sev­
eral genes with confirmed alternative splicing combine 
more than one splicing mode. For example, the expres­
sion of DIPPA_03285 involves occasional exon skipping, 
intron retention, and alternative splice-site selection. The 
corresponding protein sequence has moderate similar­
ity with the Pfam domain TFIIa (Transcription initiation 
factor II alpha) and a common structural domain called 
PDZ found in numerous cell-signaling proteins. 

In all domains of life, the coding regions of genes are 
usually bounded by untranslated regions. At~ 70 bp, the 
51 -UTRs of Diplonema nuclear protein-coding genes are 
within the size range commonly observed across eukar­
yotes (Additional file 1: Sect. 5. Untranslated regions of 
nuclear genes). In contrast, the observed 31-UTRs are 

exceptionally large; they sometimes extend up to several 
kbp and have a median size of~ 800 bp, which is two to 
ten times longer than in other eukaryotes. In diplone­
mid's sister group, the kinetoplastids, the 3'-UTR gene 
region is known to play a predominant role in the regu­
lation of gene expression, in particular by controlling 
mRNA translation and decay rates [44]. Therefore, the 
long 31-UTRs of D. papillatum genes may serve as a 
binding platform for numerous regulatory proteins. It 
would be worthwhile to investigate the identity of these 
postulated RNA-binding proteins experimentally, with 
those Diplonema genes possessing the longest 3'-UTRs 
presenting the most obvious first targets. 

During expert validation of the structural annotation 
of the assembly (Additional file 1: Sect. 2. Assembly and 
annotation of the nuclear genome and transcriptome of 
Diplonema papillatum), we identified dozens of gene 
models with adjacent sequence repeats. In many of 
these instances, a portion of the gene's 51-region, includ­
ing parts of the 51-UTR and coding sequence (CDS), is 
repeated in tandem. In other cases, the 31 -end of the first 
exon is repeated, forming a part of the first intron or­
if the gene consists of a single exon-the 31-UTR. The 
longest repeated gene extension was detected upstream 
of DIPPA_19968 encoding an ABC transporter. Here, 
a~ 400-bp long sequence motif composed of a part of the 
gene's 51-UTR and the preceding intergenic region occurs 
in 12 tandemly arranged, degenerate copies, constitut­
ing a tandem array of nearly 5 kbp. PacBio reads support 
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the assembly in this genome region, and RNA-Seq-read 
coverage indicates that the tandem array is not part of 
the mature mRNA (Fig. 2). Obviously, repeats adjacent 
to genes interfere with automated structural annotation, 
because RNA-Seq-reads can be aligned to multiple loca­

tions, occasionally resulting in gene models that are too 
long or include spurious introns. 

Non-coding regions and repeats 

Nuclear genomes of free-living Discoba, for which near­
complete assemblies are available, are all below 50 Mbp 
in size, with 20 Mbp for Andalucia godoyi (Jakobida) 
[45], 40 Mbp for B. saltans (Kinetoplastida) [46], and 41 
Mbp for Naegleriagruberi (Heterolobosea) [47]. With the 
exception of the E. gracilis genome, estimated at 330-500 
Mbp [48], the D. papillatum nuclear genome is 6-13 
times larger than those known from other discobids. 
Introns contribute to some extent to this genome size 
difference, but the additional material mainly comprises 
repeat regions-mostly dispersed repeats-which make 
up 52% of the assembly (Additional file 1: Sect. 6. Repeti­
tive sequences in the nuclear genome of Diplonema 

papillatum (assembly v_l.0); Additional file 2). Among 
the nearly 10,000 distinct dispersed repeat motifs, the 

most abundant one occurs about 6000 times when con­
sidering copies of::: 90% sequence identity. The longest, 
nearly 20-kbp dispersed repeat motif, which is found 
13 times in the genome, is particularly notable because 
it is itself composed of an array of approximately eight 
2.5 kbp-long motifs arranged in tandem. Each of these 

··1
poly(AJ 
RNA-Seq 

0 ► redcoverage 
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tandem repeats contains a 283-amino acid-long ORF that 
is apparently not transcribed, nor does it share similarity 
to proteins or conserved domains in public databases. 

While many dispersed repeat units in the Diplonema 

nuclear genome have no obvious origin or function, 
others derive from transposable elements and encode 
proteins known from retrotransposons and DNA 
transposons described for a wide range of eukaryotes. 
The Diplonema nuclear genome assembly includes 
as many as - 2500 gene models annotated as retrovi­
rus-related polyproteins, LINE-I (Long interspersed 
nuclear element) ORFs, SLACS (Spliced-leader-associ­
ated-conserved sequence) reverse transcriptases, and 
DNA-directed RNA polymerase from mobile element 
R2 and jockey. In addition, more than 60 ORFs from 
Diplonema resemble proteins residing in DNA transpo­
sons including TATE (Telomere associated transposable 
element), MULE (mutator-like element), and Helitron 
[49]. A rigorous identification of transposable elements 
including non-coding regions will be warranted once a 
chromosome-scale genome assembly becomes available 
to eliminate artificially duplicated or collapsed repeat 
regions. 

As expected, certain dispersed repeat units con­

tain regular genes, one of which is the ribosomal DNA 
(rDNA) cluster that is composed of 18S, 5.8S, and 28S 
rRNA genes. The Diplonema nuclear genome assembly 
contains 13 copies of this cluster at::: 99% sequence iden­
tity. In addition to dispersed copies of complete genes, 
we also found multiple copies of gene fragments. For 
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Fig. 2 Repeat-bounded gene structures in the D. papillatum nuclear genome. An example of a gene with a terminal region repeated multiple 

times adjacent to the expressed portion of the gene. DIPPA_ 19968 encodes a SufC homolog, a protein involved in iron-sulfur cluster synthesis. The 

51-terminal segment, including the S'-UTR and part of CDS, is repeated 13 times upstream of the transcribed gene portion. Copies #1-#12 display 

71-96% sequence identity, while the most distal repeat has only 47%. Middle pane: the G + C content plot refiects the repetitiveness of the region. 

Lower panel: long reads covering this region confirm the correctness of the genome assembly in this region 
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example, about 3600 28S rRNA gene pieces (up to 10% 
in length of the complete gene) are scattered throughout 
the genome. The nuclear genomes of human and other 
eukaryotes carry similar repeats that are referred to as 
terminal-repeat retrotransposons in miniature (TRIMs) 
and short interspersed elements (SINEs), but which con­
tain gene portions of 5S rRNA and 28S rRNA [49]. 

Another source of extra sequence in the Diplonema 

nuclear genome are nuclear mitochondrial segments 
(NUMTs), i.e., portions of the mitochondrial genome [23, 
24, 50] incorporated into the nuclear DNA, and which 
make up at least 343 kbp (1.2%) of the assembly (Addi­
tional file 1: Sect. 6. Repetitive sequences in the nuclear 
genome of Diplonema papillatum (assembly v_l.0)). We 
detected more than 1400 NUMTs (> 100 bp), including 
11 complete mitochondrial chromosomes. NUMTs are 
inserted predominantly in intergenic regions, but- 20% 
occur in introns and UTRs of nuclear genes (Additional 
file 2). Nearly 2% of NUMTs are arranged in tandem. The 
longest array of nearly 10 kbp consists of 164 copies of a 
68-bp stretch from the B-class constant region of mito­
chondrial chromosomes. The total length and propor­
tion that NUMTs contribute to the Diplonema nuclear
genome compares with the situation in animals and
plants [51-53].

Transcription, transcript maturation, and regulation 

of gene expression 

Protein-coding genes in the D. papillatum genome 
assembly are conspicuously arranged in clusters with 
genes sharing the same transcriptional orientation 
(Additional file 1: Sect. 7. Polycistronic transcrip­
tion units in the nuclear genome of Diplonema papil­

latum). Nearly 90% of all contigs larger than 50 kbp 
include unidirectional arrays of five up to 120 genes. 
The longest expert-validated gene cluster (in the con­
tig tig00022654_12, which is 1,009,103 bp long) com­
prises as many as 108 genes. Inside clusters, genes are not 
particularly tightly spaced. For example, in tig00022654, 
several intergenic regions are longer than 10 kbp (Addi­
tional file 3). This gene arrangement is reminiscent of 
trypanosomes, where arrays of about 100 unidirectional 
genes are co-transcribed into several long primary poly­
cistronic RNAs [54]. 

As already mentioned above, mRNAs of Diplonema 

and other Euglenozoa carry a spliced-leader (SL) 
sequence extension at their 51-terminus that is encoded 
by a separate gene, transcribed independently and 
added by trans-splicing to pre-mRNAs [55]. Extrapolat­
ing from the set of expert-validated genes, essentially all 
mRNAs in D. papillatum carry an SL at their 51 termi­
nus (Additional file 1: Sect. 2. Assembly and annotation 
of the nuclear genome and transcriptome of Diplonema 

 

papillatum), strongly suggesting that the maturation of 
clustered genes proceeds as in kinetoplastids, involving 
the processing of long polycistronic RNAs to monocis­
tronic units along with the posttranscriptional addition 
of an SL to the 5' -end [ 56]. 

A predominant co-transcription of D. papillatum 

nuclear genes implies that in contrast to most other 
eukaryotic groups, gene expression-probably in eugle­
nozoans as a whole-is not primarily regulated by tran­
scription initiation. Our finding of genes involved in DNA 
modification and transcript degradation points to alter­
native, gene-specific control mechanisms acting in the 
Diplonema nucleus. First, D. papillatum has the potential 
for synthesizing nucleobase J and 5mC, both reported to 
play an important role in gene regulation of model organ­
isms (Additional file 1: Sect. 8. DNA modifications (5mC 
and J)). Base J (�-D-glucopyranosyl-oxymethyluracil) is a 
hyper-modified thymine derivative, which was detected 
early on in the nuclear DNA of Euglenozoa [57]. Its role 
in transcription termination has been demonstrated in 
trypanosomes [58]. The D. papillatum genome encodes 
counterparts of all proteins participating in the biosyn­
thesis and proliferation of this nucleotide modification. 

Similarly, we identified homologs of DNA methyltrans­
ferase genes known to synthesize 5-methyldeoxycytosine 
(SmC) in the Diplonema genome. This epigenetic mark 
mediates transcriptional repression, particularly of trans­
posons and other repetitive elements in nuclear genomes 
of animals, plants, and fungi [59]. The presence of a 
dozen homologs of AlkB-type genes encoding oxidative 
demethylases in the Diplonema genome indicates that 
this organism uses methylation/demethylation to dynam­
ically regulate gene expression. 

Further, D. papillatum has the potential for RNA inter­
ference (RNAi) (Additional file 1: Sect. 9. RNA interfer­
ence (RNAi)). We retrieved from the inferred proteome 
homologs of all components required for a functional 
RNAi pathway, two Dicer-like proteins, five Piwi pro­
teins, three members of the Argonaute family, and one 
RNA-dependent RNA polymerase. In model organisms, 
RNAi has been shown to control RNA degradation and 
translational silencing of transposable elements and 
genuine nuclear genes [60, 61]. Key determinants of the 
RNAi machinery are also encoded in the nuclear genome 
of Euglena gracilis [62], but are incomplete or missing in 
many (but not all) kinetoplastid taxa [63]. 

Figure 3 summarizes the current knowledge of the 
shared and particular features related to gene expression 
as well as genome architecture across the euglenozoans. 

Structural RNA genes 

The D. papillatum nuclear genome contains a total 
of - 37,000 genes, of which about 1000 encode structural 
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RNAs, also referred to as non-(protein-)coding RNAs 
(ncRNAs). 

Four rRNA species are associated with the cyto­
solic (cyto) ribosomes of D. papillatum, notably 28S, 
5.8S, and SS-sized rRNAs in the large subunit (LSU), 
and 18S rRNA in the small subunit (SSU) (Additional 
file 1: Sect. 4. Intron splicing and structural RNAs). We 
confirmed this number experimentally, because it is 
atypically low for cytoribosomes from euglenozoans. 
For example, the 28S rRNA is split into six or more 
pieces across kinetoplastids and euglenids [ 64, 65]. 
Despite the difference in the number of rRNA species, 
Diplonema cytoribosomes contain the same comple­
ment of canonical cytoribosomal proteins as kineto­
plastids and euglenids, as well as one SSU ribosomal 
protein apparently unique to euglenozoans (Additional 
file 1: Sect. 10. The cytosolic ribosome of Diplonema 

papillatum). As in other eukaryotes, the Diplonema 

genome carries three of the rRNAs (28S, 5.8S, and 18S 
rRNAs) organized in a classical rDNA tandem unit. The 
genome assembly includes more than 20 of these~ 7.6 
kbp-long rDNA units arranged in clusters, but the 
actual length of these repeat arrays is not known. The 
SS rRNA is not included in the rDNA repeat unit but 
rather in a separate repeat unit together with SL RNA, 
as discussed below. 

The nuclear genome assembly contains a set of 211 
high-scoring transfer RNA (tRNA) genes comprising up 
to 10 identical copies (tRNA-Lyscuu), with some car­
rying an intron in the anticodon loop. Collectively, this 
ensemble of tRNA genes represents 46 out of 64 pos­
sible anticodons. Among the missing anticodons are all 
those reported absent from eukaryotes in general [66], 

 

but one missing specifically from Diplonema is that of 
tRNA-LeuuAA for decoding TTA codons. While this 
leucine codon is the one used most infrequently (2%) in 
protein-coding regions of D. papillatum, it does occur in 
vital genes. Assuming posttranscriptional modification of 
bases in the anticodon, UUA could be read by the anti­
codon of tRNA-LeucAA after conversion of the wobble 
cytosine to uracil or, alternatively, by the tRNA-LeuAAG 

anticodon after deamination of adenine-34 to inosine. 
The genes from Diplonema that could catalyze such base­
modification activities are the homologs of ADAT2 and 
ADAT3 encoding the two-component A-to-I tRNA edit­
ing enzyme known from other eukaryotes [67]. It is pos­
sible that in D. papillatum, the ADAT enzymes perform 
not only A-to-I but also C-to-U editing, since certain 
adenine deaminases have a relaxed nucleotide specificity 
[68]. 

We detected and manually validated the genes specify­
ing five types of spliceosomal RNAs, namely Ul, U2, U4, 
US, and U6 small nuclear RNA (snRNA). U2 RNA occurs 
as often as 163 times in the assembly, with 151 identical 
copies. Most U2 RNA genes are part of a repeat region in 
which they alternate with the genes for SS RNA and SL 
RNA, up to 27 times in a row. 

Finally, we validated the predicted SL RNA genes of 
Diplonema, which are composed of a 39-bp long 51 -exon 
(the SL) and a 75-nt long intron. This gene occurs in ll0 
copies (at:".: 90% sequence identity), forming a tandem 
repeat unit together with the SS rRNA and U2 snRNA 
genes (Additional file 1: Sect. 6. Repetitive sequences in 
the nuclear genome of Diplonema papillatum (assem­
bly v_L0)). Among the eukaryotes possessing SL RNA, 
the gene is often part of a tandem repeat unit and asso­
ciated with the SS rRNA gene (e.g., in some animal and 
dinoflagellate groups, euglenids, and kinetoplastids [69, 
70]. However, a repeat unit consisting of three alternating 
ncRNA genes as in D. papillatum (SL RNA-SS rRNA­
U2 snRNA) is exceptional and also seems to be absent in 
other diplonemids. (For more details on structural RNAs, 
see Additional file 1: Sect. 4. Intron splicing and struc­
tural RNAs). 

Genes involved in the general cellular metabolism 

Among the~ 37,000 D. papillatum protein-coding genes, 
at least 15% are predicted to be involved in metabolism. 
Biochemical studies of metabolic processes in diplone­
mids have investigated glycolysis and gluconeogenesis 
[35, 71], carbon storage [72], respiration [73], and free­
radical detoxification [7 4]. In addition, recent in silico 
transcriptome analyses have provided an overview of 
basic metabolic pathways such as fatty acid synthesis 
and degradation, pyruvate metabolism, and pentose 
phosphate pathway across diplonemids [34] and in D.
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papillatum specifically [75]. The limitation of tran­
scriptome-based studies is that the data may include 
unrecognized contamination with mRNAs from other 
organisms or lack reads from genes poorly expressed 
under the examined conditions. Still, the metabolism of 
diplonemids inferred from the transcriptomes is overall 
in agreement with that inferred from the nuclear genome 
sequence presented here. In the following section, we will 
focus on the polycarbohydrate metabolism of D. papilla­
tum, an aspect neglected in earlier work and, as we will 
show, one with important bearings on the ecological role 
of this protist in the marine environment. 

Gene complement participating in polycarbohydrate 

metabolism of D. papillatum and other euglenozoans 

Enzymes involved in the synthesis and degradation of 
polysaccharides (referred to here as Carbohydrate-active 
enzymes (CAZymes)) currently comprise-350 distinct 
catalytic families and about 90 non-catalytic families 
(Additional file 1: Sect. 12. CAZyme-coding genes in 
Diplonema papillatum). The nuclear genome of D. papil­
latum encodes nearly 500 CAZymes from 52 families for 
metabolizing diverse polysaccharides (Fig. 4A). By far the 
most diverse and largest enzyme group is involved in the 
degradation of pectin (a heteropolysaccharide consist­
ing mostly of methyl-esterified a-D-1,4-galacturonic acid 
units), with about 120 genes from nine distinct CAZyme 
families. The second largest group consists of 82 pro­
teins that belong to CAZyme families breaking down 
the �-1,4-linked glucose polymers cellulose or hemicel­
luloses. Further, we retrieved 27 homologs of enzymes 
degrading sulfated glucuronomannan (a-1,3-mannan 
with �-D-glucuronic acid side chains), which is the 
main polysaccharide component in the cell wall of dia­
toms [76]. In addition, the presence of certain glycoside 
hydrolase homologs in the genome assembly suggests 
that Diplonema is most likely able to digest the �-1,3-
glucan laminarin, which is the storage polysaccharide 

(See figure on next page.) 

 

of numerous micro- and macroalgae [77]. Laminarin 
plays a major role in the marine carbon cycle represent­
ing~ 10% of the carbon produced globally [78]. The D.

papillatum genome assembly also revealed 18 genes 
which, in model organisms, were shown to break down 
chitin (polymer of N-acetylglucosamine) and glycosami­
noglycans, both extracellular polysaccharides of animals 
and fungi. Finally, the D. papillatum genome encodes 90 
CAZyme genes whose substrate cannot be inferred with 
confidence. Some of these genes might be involved in the 
breakdown of complex glycans such as the transparent 
exopolymer particles (TEPs) secreted by diverse marine 
eukaryotes [79]. 

CAZyme genes that are conspicuously lacking in the D.

papillatum genome assembly are homologs of enzymes 
degrading bacterial cell-wall components, a finding that 
is corroborated by feeding experiments [11]. The seem­
ingly strictly eukaryotic diet of D. papillatum contrasts 
with the food preference of, e.g., the diplonemid Rhyn­
chopus euleeides, to our knowledge the first reported 
bacterivorous diplonemid [80]. Also missing in the D.

papillatum genome are genes encoding poly-a-D-1,4-
glucose-depolymerizing enzymes, which might suggest 
that this organism is unable to digest starch and glyco­
gen, the carbon-storage compounds of Viridiplantae 
and Metazoa, respectively. However, the latter inference 
contradicts the results of our feeding experiments (see 
further below), which demonstrate that Diplonema 
readily utilizes amylopectin, the predominant constitu­
ent in starch (see Additional file 1: Sect. 13. Glycan and 
peptide assimilation by Diplonema papillatum). The 
gene(s) responsible for amylopectin degradation may be 
among the functionally unassigned CAZymes mentioned 
above or belong to novel families. Interestingly, polygly­
can-degrading enzymes are one of the largest CAZyme 
class predicted to be secreted outside the Diplonema 
cell (Additional file 1: Sect. 14. Secretome prediction), 

Fig. 4 Polycarbohydrate metabolism in 0. papillatum. A Proteins containing at least one CAZyme domain. Proteins were grouped by their cognate 

substrate class. The subdivision of the bars by different color shades represents the number of enzymes in the following subgroups. pectin: pectin 

hydrolases, pectin lyases, pectin acetylesterases, and pectin methylesterases. cellulose& related: cellulases, xylan-a-glucuronidases, xylan/cellulose 

and xylan/xyloglucan hydrolases, hemicellulases, �-glucan/�-xylan hydrolases, and �-mannanases. /3-1,3-glucan: no subgroups. glucuronomannan: 

a-mannanases and �-glucuronidases. chitin & related: chitinases, glycosaminoglycan and glucosamine hydrolases. N-glycan: no subgroups. oligomers 

and others: a-glycosidases, �-glycosidases, trehalases, an a-fucanase, and an invertase. B Distribution of the CAZyme families GH (glycoside 

hydrolase), PL (polysaccharide lyase), CE (carbohydrate esterase), and CBM (carbohydrate-binding module) across four free-living euglenozoans 

(0. papillatum, 0.japonicum, 8. saltans, and f. gracilis) and two representative fungi (Trichoderma reesei and Phanerochaete chrysosporium). Rows 

correspond to individual CAZyme families with heatmap shading indicating the number of family members in each genome as detailed in the key 

(bottom). C DIPPA_ 15749, a GH 115-family member and its 12 para logs, were most likely acquired specifically by 0. papillatum via horizontal transfer 

from diverse bacteria. Sequences that belong to bacteria, fungi, and diplonemids other than D. papillatum are highlighted in shades of yellow, 

beige, and light blue, respectively. For details, see Additional file 1: Sect. 15. Genes horizontally transferred from bacteria to 0iplonema papillatum. 

D Biomass of D. papillatum cells grown in various substrates. The cell sizes are represented as circles of different diameter and the predominance of 

the various sizes by the grey shade of the fill. Cells were counted in triplicate after six days and weighed to calculate their biomass (wet weight per 

108 cells). Bars indicate the mean deviation of the cell counts for each of the four independent biological replicates. Note that the predominant cell 

size correlates with both biomass and the number of granules 
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euglenozoan clade (Fig. 5). The complete set of gene fam­
ilies was then used to estimate protein-family expansions, 
contractions, gains, and losses by using the phylogenetic 
birth-death model implemented in Count [89] (Addi­
tional file 1: Sect. 16. Evolution of gene families; Addi­
tional file 6). 

Within the euglenozoan clade, gene family gains and 
expansions are much more frequent than losses and con­
tractions. The highest count of gene-family gains in the 
entire tree is the ancestral diplonemid node, indicat­
ing a substantial diversification of the gene repertoire in 
the last diplonemid common ancestor (LDCA, Fig. 5). 
Similarly prolific is the expansion of protein families at 
that node. In addition to CAZymes and cytoribosomal 
proteins discussed in detail in previous sections, highly 
expanded families act in signal transduction, with a num­
ber of predicted protein kinases comparable to that in 

human [90] and plants [91]. Gene families involved in 
amino acid metabolism also expanded at the diplone­
mid node. A noteworthy finding is the gain of glycine 
amidination and methylation genes, which indicates 
that diplonemids are capable of converting glycine into 
creatine, a scarce compound in marine environments 
that is otherwise only supplied by metazoan and diatom 
excretion [92]. The gene families that expanded specifi­
cally in D. papillatum but not in the other diplonemids
are involved in oxidative stress protection, including two 
families acquired horizontally from bacteria. This expan­
sion might be an adaptation to life in the surface seawa­
ter layer penetrated by solar radiation that triggers the 
production of cytotoxic reactive oxygen species (ROS), 
an adaptation likely protecting also from ROS generated 
by man-made pollutants such as metals, polychlorinated 
biphenyls, and radioisotopes in coastal waters. 
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Fig. 5 Gene-family evolution in Euglenozoa. A maximum-likelihood phylogenetic tree based on the concatenated alignment of 167 proteins 

containing 57,565 amino acid positions. Nodes with maximal statistical support are indicated with black circles, for the remaining nodes the 

supports are in grey in the following format: bootstrap support/SH-aLRT value. Double-crossed branches were reduced to half of their original 

length. The black horizontal bar indicates the number of substitutions per site. The number of gene families lost, gained, expanded, and contracted 

at selected nodes (based on the sum of probabilities of the respective events at each node/tip) is indicated by the width of blue, red, orange, 

and green boxes, respectively. Key, event scales. Note the exceptionally large gain and expansion of more than 7000 and 1400 gene families, 

respectively, on the ancestral diplonemid branch. Diplonemid, kinetoplastid, and euglenid taxa are highlighted in beige background shades. LDCA, 

last diplonemid common ancestor 
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Carbon nutrition 

Earlier experimental studies showed that D. papillatum 

does not import glucose in any significant amount from 
the medium, but instead readily takes up and metabo­
lizes amino acids [35]. The authors concluded from this 
observation that in its natural habitat, the primary energy 
source of D. papillatum is not carbohydrates as is the 
case in most heterotrophic eukaryotes, but rather poly­
and oligo-peptides. However, these earlier inferences 
about Diplonema's nutrition are in conflict with our find­
ing described here of a large ensemble of highly tran­
scribed carbohydrate-metabolizing genes in the inferred 
proteome and secretome. 

Certain diplonemids (though not D. papillatum) have 
been observed to feed on microalgae and decaying water 
plants (e.g., [8, 82, 93]), strongly suggesting that in its 
natural habitat D. papillatum uses its large CAZyme 
arsenal to break down cell-wall components of diverse 
prey (Additional file 1: Sect. 12. CAZyme-coding genes 
in Diplonema papillatum). The question arises whether 
cell-wall degradation serves D. papillatum solely for 
gaining access to proteins inside the prey's cell (referred 
to as protoplast feeding such as described recently for 
an amoeba [94]), or rather for assimilating the carbohy­

drates in the cell wall and/ or intracellular storage glycans 
from starch to laminarins. 

To test the hypothesis that D. papillatum is indeed able 
to assimilate cell-wall and storage glycans, we performed 
growth experiments in media of various compositions 
(Additional file 1: Sect. 13. Glycan and peptide assimi­
lation by Diplonema papillatum). In agreement with 
previous studies [35, 72], our results confirm that this 
protist only poorly utilizes glucose as sole carbon source. 
However, our data also indicate that it does grow well on 
polycarbohydrates such as pectin and particularly amy­
lopectin. Most importantly, D. papillatum utilizes car­
bohydrates as efficiently as peptides (Fig. 4D). Together 
with the identification of numerous CAZyme homologs 
and carbohydrate-transporter genes in the D. papilla­

tum genome, we conclude that this organism degrades 
extracellular polysaccharides obtained from marine 
prey and imports oligomers into the cell for assimilation 
(Additional file 1: Sect. 17. Feeding strategy and food of 
Diplonema papillatum). 

In addition, our findings question the view that D.

papillatum is an exclusive osmotroph in marine envi­
ronments, scavenging on debris of dead organisms. The 
results presented here suggest rather that in the wild, 
D. papillatum feeds mostly on living eukaryotes. We
posit that this protist enzymatically pierces and ruptures
live prey cells and then engulfs cell-wall particles and
cytoplasm alike. This feeding strategy would allow D.

papillatum to forage on living eukaryotes from a broad
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Fig. 6 Oceanic distribution of D. papillatum. The world map shows 

the distribution of sampling locations from the three datasets in 

which D. papillatum was detected, namely the Tara project, "Ocean 

Sampling Day 2014;' and "Helgoland Roads 2016" (beige dots). Sites at 

which D. papi//atum-representing OTUs (operational taxonomic units) 

were detected are highlighted in blue. For details see the main text 

and Additional file 7) 

taxonomic range and of any physical size, from diatoms 
to dinoflagellates, macroalgae, and aquatic plants. 

Environmental distribution of D. papillatum 

Diplonemids are essentially omnipresent in marine envi­
ronments, found from the tropics to the poles, in the top 
layer down to abyssal/hadal zones (> 6000 m below the 

surface), and in both pelagic (planktonic) and benthic 
(sediment) habitats [3]. We have a good understanding 
of the environmental and geographical distribution of 
the major diplonemid groups but not of the type spe­
cies. Therefore, we searched available datasets of the V9 
[4, 95-97] and V4 [96-99] hypervariable regions of the 
18S rDNA for the presence of D, papillatum sequences 
(Additional file 1: Sect. 18. Environmental distribution 
of Diplonema papillatum). We detected no D. papilla­

tum reads in datasets from samples collected in the open 
ocean, or from waters below~ 10 m depth and 6 °C tem­
perature. Instead, signature sequences of the type species 
were present in datasets of temperate coastal regions, 
from Helgoland to Japan, and the Americas (Fig. 6). 

To summarize, the abundance of the type species and 
many other Diplonemidae members in marine habitats 
is relatively low. D. papillatum occurs sporadically in 
temperate coastal surface waters of the world ocean. We 
suggest that it preferentially populates coastal regions 
because they are more eutrophic than the open sea and 

thus much richer in plants and algae, the postulated 
major food sources of this organism. 

Conclusions 

Our analysis of the D. papillatum gene complement has 
provided insights into the previously unknown, cen­
tral role of polysaccharide degradation in this organism, 
allowing inferences about its ecological role. However, 
these insights are not necessarily transferrable to other 
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diplonemids, because their CAZyme complement is dif­
ferent from that of D. papillatum. Moreover, all examined 
diplonemid species belong to experimentally tractable 
Diplonemidae and Hemistasiidae. We know nearly noth­
ing about the metabolic capabilities and ecological role 
of the DSPDII group and of Eupelagomenidae in par­
ticular, which is the most abundant and diverse diplone­
mid clade. With recent advancements in addressing the 
challenges of single-cell technologies, from single-cell 
genomics to metabolomics [100], we should soon be able 
to fill this knowledge gap. 

Methods 
Strains and culture conditions 

Diplonema papillatum (ATCC50162) was cultivated 
axenically at 15-22 "C in liquid medium containing 
33 g/L Instant Ocean Sea Salt (Instant Ocean) and sup­
plemented with 1% (v/v) horse serum as described earlier 
[73]. 

Extraction of nucleic acids and genome and transcriptome 

sequencing 

Total cellular DNA was isolated from disrupted cells 
using Genomic-tip 100/G (Qiagen). Total cellular RNA 
was extracted using a home-made Trizol substitute [101], 
and residual DNA was removed by digestion with an 
RNase-free DNase. Poly(A) RNA was enriched by pas­
sage through oligo(dT)-cellulose. Library construction 
and Illumina and PacBio sequencing were performed 
by technology platforms. For details on strains, culture, 
nucleic acid extraction, and sequencing, see Additional 
file 1: Sect. 19. DNA and RNA preparation for high­
throughput sequencing. 

Assembly, structural, and functional annotation 

We generated 462 million pairs of short reads (Illumina) 
and-725,000 long reads (PacBio) totaling 126.4 Gbp 
raw data. Short and long reads were assembled sepa­
rately with the Celera Assembler [102] and Canu [103], 
respectively, and non-redundant contigs were merged. 
Transcript sequences were obtained by de novo assem­
bly of the~ 645 million reads from the strand-specific 
poly(A) RNA libraries, and used in gene model predic­
tion. Structural genome annotation was performed with 

an in-house developed tool [45]. For quality assess­
ment, the gene models of the three largest contigs were 
expert-validated. Functional information was assigned 
by protein-sequence similarity to the SwissProt database 
and Hidden Markov Model (HMM) searches [104]. The 
proteins without SwissProt information were labelled 
as "hypothetical proteins:' Transfer RNA genes were 
searched with tRNAscan-SE, rRNAs with Hmmerscan 

using profile HMMs from Rfam [105], and spliceosomal 
RNAs with Cmsearch [106] using home-built covari­
ance models. For details on the assembly, annotation, and 
expert validation, see Additional file 1: Sect. 2. Assembly 
and annotation of the nuclear genome and transcriptome 
of Diplonema papillatum and Additional file 1: Sect. 4. 
Intron splicing and structural RNAs). 

Otherwise, methods and data sources are described 
in detail in the corresponding Supplementary Informa­
tion files with a focus on nuclear DNA structure and 
chromosome separation; ploidy; genomic repeats and 
NUMTs; RNA splicing, introns, and structural RNAs; 
cytoribosome; untranslated regions; polycistronic RNAs; 
DNA modifications; RNA interference machinery; gene 
complement; meiosis; CAZymes; nutrient assimilation; 
secretome; horizontal gene transfer; gene-family evolu­
tion; feeding behavior; and environmental distribution. 

Abbreviations 

DSPD Deep-sea pelagic diplonemid 
rRNA Ribosomal RNA 
SNV Single-nucleotide variant 
UTR Untranslated region 
SL Spliced-leader 
ORF Open reading frame 
TFlla Transcription initiation factor II alpha 
CDS Coding sequence 
LINE-1 Long interspersed nuclear element-1 
SLACS Spliced-leader-associated-conserved sequence 
TATE Telomere associated transposable element 

MULE Mutator-like element 
rDNA Ribosomal DNA 
TRIM Terminal-repeat retrotransposon in miniature 

SINE Short interspersed element 
NUMT Nuclear mitochondrial segment 
Base J �-D-glucopyranosyl-oxymethyluracil 
5mC 5-Methyldeoxycytosine 
RNAi RNA interference 
ncRNA Non-(protein-)coding RNA 
tRNA Transfer RNA 
CAZyme 
GH 
PL 
CE 
TEP 
HGT 
LDCA 
ROS 
OTU 

Carbohydrate-active enzyme 
Glycoside hydrolase 
Polysaccharide lyase 
Carbohydrate esterase 
Transparent exopolymer particle 
Horizontal gene transfer 
Last diplonemid common ancestor 
Reactive oxygen species 
Operational taxonomic unit 
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Additional file 1. Supporting information with additional details on the 
various topics described in the main text. 

Additional file 2. Curated list of high-confidence nuclear mitochon­
drial segments (NUMTs) that can be anchored to non-repetitive, coding 
sequences of the mitochondrial genome. See also Additional file 1: 
Section 6. Repetitive sequences in the nuclear genome of Diplonema 

papillatum (assembly v_l.0). 
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Additional file 3. Gene count and orientation across contigs of the vl .0 
assembly. Columns labelled 'Submitted genome annotation'show the 
data for the final assembly and annotation as submitted to NCBI Gen Bank. 
For the three longest contigs, we provide the corresponding information 
after expert curation and masking of genes derived from transposons (col­
umns labelled 'Fully curated genome annotation and masked transpo­
sons'). See also Additional file 1: Section 7. Polycistronic transcription units 
in the nuclear genome of Diplonema papillatum. 

Additional file 4. List of genes coding for carbohydrate-interacting 
proteins. A) CAZyme genes detected in 0. papillatum. B) CAZyme genes 
detected in D.japonicum. See also Additional file 1: Section 12. CAZyme­
coding genes in Diplonema papillatum. 

Additional file 5. List of candidate genes horizontally transferred specifi­
cally from bacteria to 0. papillatum or to the common ancestor of diplone­
mids. See also Additional file 1: Section 15. Genes horizontally transferred 
from bacteria to Diplonema papil/atum. 

Additional file 6. Detailed information on the evolution of gene families 
in diplonemids. A) Summary of gene-family gain/loss/expansion/contrac­
tion events. B) Diplonemid-specific gene-family gain events. Gene families 
gained on the ancestral diplonemid branch. C) Diplonemid-specific gene­
family loss events. D) Diplonemid-specific gene-family expansion events. 
E) Diplonemid-specific gene-family contraction events. F) 0. papillatum­
specific gene-family gain events. Gene families gained on the ancestral 
diplonemid branch (posterior probability c:0.5). G) 0. papillatum-specific 
gene-family loss events. H) 0. papillatum-specific gene-family expansion 
events. I) 0. papillatum-specific gene-family contraction events. See also 
Additional file 1: Section 16. Evolution of gene families. 

Additional file 7. List of samples from various locations of the world 
ocean investigated for the presence of D. papil/atum. See also Additional 
file 1: Section 18. Environmental distribution of Oiplonema papillatum. 

Additional file 8. Uncropped gels and blots shown in the Supplemen­
tary Figure S2. See also Additional file 1: Section 1. Physical structure and 
size of the 0. papillatum nuclear genome. 
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Supplementary Figure S1. Histograms of fluorescence intensity 

corresponding to nuclear DNA content. The left and right peaks 

represent nuclei in the cell-cycle phases Gland G2, 

respectively. Nuclei were stained with DAPI, and fluorescence 

was measured with a FACScalibur instrument. Counts, number 

of nuclei. PS to P16, nuclei populations selected by gating. 

Chromosomes and nuclear organization 

D. papillatum cells have a single nucleus (MARANDE et al. 2005),
but the number of chromosomes and their condensation state are
unknown. We addressed these questions through pulsed-field gel
electrophoresis and electron microscopy experiments.

Number and size of chromosomes 

Pulsed-field gel electrophoresis (PFGE) separated readily intact 
nuclear chromosomes from the 6-7 kbp circles of mitochondrial 
DNA (Marande et al. 2005; Moreira et al. 2016). After 
migration, the nuclear DNA was visualized by Southern 
hybridization using a probe that contains telomeric repeats. Three 

250 signals were observed: a smear spanning from I.I to 1.8 Mbp 
with only a slight indication of a banding pattern and, in 
addition, two thin bands at -500 kbp and -1 Mbp 
(Supplementary Figure S2). Most of the nuclear DNA in the 
1.1-1.8 Mbp zone most likely corresponds to a large number of 
unresolved chromosomes, whereas the thin bands appear to 
represent single chromosomes. At an estimated size of-260 Mbp 
for the entire genome (which is haploid, see main text), the D. 
papillatum nucleus is predicted to contain approximately 180 
chromosomes. 
Compared to other Euglenozoa, the Diplonema nuclear genome 

appears much more fragmented than that of its relatives. 

250 
Trypanosomes and leishmanias (nuclear genome size -18-33 
Mbp) have 11-36 chromosomes ranging in size from 0.5 to 6
Mbp. In addition, trypanosomes also contain up to a hundred 

smaller, non-Mendelian chromosomes (Maslov et al. 2019). Similarly, the Euglena gracilis nuclear genome (size -500 Mbp 
(Ebenezer et al. 2019)) has an estimated chromosome number of 42 (Dooijes et al. 2000). 

"' ,oo 150 

Fluorescence (x1 O') 
200 

DNA arrangement in the nucleus 

The arrangement of nuclear DNA was assessed by thin-section transmission electron microscopy and classical and 
expansion fluorescence microscopy. The nucleus of Diplonema cells occupied a volume of, on average, 14.35 µm3 and was 
roughly spherical (0.895 sphericity). In all three nuclei analyzed in detail, the chromosomes formed a network structure 
(0.104 sphericity) that took up -18% of the nucleus (Supplementary Figure S3A-D, S4). Despite the size variation of the 
nuclei examined, the proportions of sphericity and volume of nuclei and reticulated chromatin were constant. Occasionally, 
we observed small ( <0.117 µm3) chromatin granules detached from the chromosomal network that might represent analogs 
ofCajal bodies or nuclear speckles. When cells were stained with DAPI or other DNA-binding dyes and inspected by 
fluorescence microscopy, the network appeared as a pattern of bright clusters in a spherical arrangement characteristic of 
diplonemids (Lukes et al. 2018) (Supplementary Figure S3E, S4A,E). This indicates that certain chromatin regions 
accumulated more dye and thus were likely more condensed. Inside the nucleus of the D. papillatum cells resided a clearly 
discernable nucleolus that was spherical and slightly granular and filled-8% of the nucleus (Supplementary Figure S3). 
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Supplementary Figure S2. Electrophoretic separation of D. papillatum nuclear chromosomes. (A) Total genomic DNA from D. 
papillatum cells was separated by conventional agarose gel electrophoresis after(+) or prior to(-) digestion with BamHI, blotted, 
and hybridized to a nuclear telomeric probe (dp350) or a probe targeting the mitochondrial gene piece coxl-ml (dp236; located 
on the circular chromosome B02). DL, DNA ladder {GeneRuler 1kb Plus; Thermo Fisher). For oligonucleotide-probe sequences, 
see Supplementary Table S2. {B, C) DNA from in-gel-lysed cells (Dp) or total genomic DNA (gDNA Dp) was separated by PFGE 
using two different programs {#1 in B, #2 in C; for details, see Supplementary Table S2). After Southern blotting, membranes 
were hybridized to the telomeric probe dp350. CL, chromosomal ladders (Bio-Rad): Sc, Saccharomyces cerevisiae; We, 
Wickerhamomyces canadensis (Hansenula wingei); Sp, Schizosaccharomyces pombe. Key, highlighted zones in which most of the 
DNA staining-signal originates from nuclear DNA (lighter and darker orange) or mitochondrial DNA (lighter and darker blue). 

The study presented here is the first high-resolution examination of the chromatin organization in a diplonemid and, to 
the best of our knowledge, in a euglenozoan. The first morphological studies of D. papillatum already reported that the cells 
bear a relatively large nucleus (-3-4 µm in diameter) ofa somewhat ellipsoidal shape and medial location (PORTER 1973). 
Similar observations were made in other diplonemid species (TASHYREVA et al. 2018a; TASHYREVA et al. 2018b; 
PROKOPCHUK et al. 2019). A large nucleus is a hallmark ofEuglenozoa in general (ANGELER et al. 1999; BREGLIA et al. 

2010; LUKES et al. 2021). Another particular feature of the diplonemid nucleus is that the shape and size do not change with 
growth conditions and stage ( e.g., starvation or exponential vs. stationary phase), while the opposite has been reported for 
trypanosomatids (VICKERMAN AND PRESTON 1970; SCHENK.MAN et al. 2011). 

The nucleolus of D. papillatum is a conspicuous structure positioned centrally within the nucleus, a trait shared with 
other Euglenozoa. Size-wise, the nucleolus of D. papillatum is comparable with that ofkinetoplastids and euglenids 
examined so far: it occupied a volume slightly larger than in T. brucei (ERSFELD 2011 ), but smaller than in Euglena gracilis 
(O'DONNELL 1965). 

The most noticeable nuclear substructure is the permanently reticulated heterochromatin (Supplementary Figures 
S3A-E, S4), probably representing permanently condensed subdomains of the chromosomal network. Hemistasiids 
(PROKOPCHUK et al. 2019) and symbiotids (YUBUKI et al. 2009) display similar patches and agglomerated masses of 
heterochromatin in the nucleoplasm, but the corresponding studies did not reconstruct the nuclear ultrastructure in three 
dimensions and therefore did not inform about the degree ofreticulation. 
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Supplementary Figure 53. Nuclear 
organization of D. papillatum. (A-D) 
TEM images showing cross sections 
through different parts of the 
nucleus. The planes of sections are 
marked in cyan on a 3D model of 
the entire nucleus. Yellow - nuclear 
membrane; orange, he -
heterochromatin; red, n - nucleolus; 
ec- euchromatin; arrows -
perinuclear space; arrowheads -
nuclear pores. (E) DAPl-stained 
nucleus. (F-G) TEM and DAPl-stained 
nucleus during division; c -
chromosomes. Spindle fibers are 
seen {double arrowheads). Scale 
bar: 500 nm (A-D, F), 5 µm (F), 2.5 
µm{G). 

D 

Supplementary Figure 54. Nuclear and mitochondrial organization of D. papillatum. (A-C, E-G) Expansion microscopy (ExM) 
images of cells stained with DAPI (A, E) and anti-tubulin antibodies (B, F), and their merged display (C, G). ExM enables more 
even staining of DNA in the nucleus and mitochondria (compare with Supplementary Figure S3E-F). (D) 3D model of a D. 

papillatum cell based on the Z-stack series of the cell shown in A-C. Light gray- cell surface tubulin; cyan - reticulated 
mitochondrion; blue - reticulated nuclear heterochromatin. Scale bars: 10 µm. 
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In D. papillatum the chromatin distribution is uniform throughout the nuclear space. Such a pattern is common across 
diplonemids (ROY et al. 2007; TASHYREVA et al. 2018a; TASHYREVA et al. 2018b; PROKOPCHUK et al. 2019) andE. gracilis 
( O'DONNELL 1965). However, in most kinetoplastids, symbiotids, and certain euglenids, the chromatin distribution pattern is 
very different, with condensed heterochromatin occupying the periphery of the nucleus close to the envelope (ELIAS et al. 
2002; BREGLIA et al. 20 I 0). 

D. papillatum, and Discoba in general, undergo closed mitosis (PATTERSON 1999), whereby the nuclear membrane and
the nucleolus structure-which elongates and divides into two daughter nucleoli-are preserved. Further, during cell division, 
diplonemids form a distinct metaphase plate (Supplementary Figure S3F) (PORTER 1973; TRIEMER 1992), while 
kinetoplastids and certain euglenids assemble chromosomes in a loose equatorial plane (TRIEMER AND FARMER 1991 ). 
Metaphase plates occur only in a few other protist groups, but are a typical feature of mitotic division in animals and plants. 

Lastly, we show here that expansion microscopy (ExM), a powerful technique allowing visualization of sub-cellular 
ultrastructures through physical ( or, more precisely, mechano-chemical) rather than optical magnification (W ASSIE et al. 

2019), can be successfully applied to diplonemids. ExM readily exposed the reticulated nature of Diplonema's 
mitochondrion, initially described almost two decades ago (MARANDE et al. 2005). In addition, ExM corroborated the 
reticulated structure of the nuclear heterochromatin (Supplementary Figure S4D), which otherwise requires the more 
resource-demanding TEM. 

METHODS 

Flow cytometry 

D. papillatum was cultured as described earlier (V ALACH et al. 2014). From -3 x 106 cells, a nuclei-enriched fraction was
recuperated after sucrose gradient centrifugation from the 60% bottom layer and treated with RNase. The diploid S.
cerevisiae strain BY 4743 (diploid genome size 24 Mbp) was kindly provided by Dr. S. Michnick. Yeast was cultured in a
liquid medium containing 0.5 % yeast extract plus 3% glucose and digested with Zymolase to obtain spheroplasts
(KISELEV A et al. 2007). The D. melanogaster male cell line S2 ( diploid genome size 3 60 Mbp) from an asynchronous
culture was kindly provided by Dr. V. Archambault. Nuclei from all three eukaryotes were extracted with the Biosciences
BD cycleTEST DNA Reagent Kit. We essentially followed the manufacturer's instructions, but for yeast, we ruptured
spheroplasts by repeatedly pipetting the suspension up and down through a yellow tip. In addition to the propidium iodine
dye included in the kit, the nuclei were stained overnight with DAPI at a final concentration of I µg/mL. Fluorescence was

measured with a FACScalibur instrument at an FSC setting of 500 V. Approximately 32,000 (yeast), 42,000 (fly) and
100,000 events (Diplonema) were collected. Signals from contaminating cytosolic material were excluded based on the 
scatter signal. The measurements were performed by the flow-cytometry facility of the Institute for Research in
Immunology (IRIC) at the Universite de Montreal.

Pulsed-field gel electrophoresis and Southern blot hybridization 

Separation of chromosomes by pulsed-field gel electrophoresis (PFGE) was performed using a CHEF DR-II Chiller System 
(Bio-Rad). Briefly, whole cells from an exponential-phase culture were embedded in a 0.7% (w/v) low-gelling temperature 
agarose solution (50 mM EDTA pH8.0), incubated overnight at 50 °C in a lysis solution (0.45 M EDTA pH8.0, 1 % N­
lauroylsarcosine, 1 mg/mL proteinase K), and then stored at 5 °C (in 0.45 M EDTA pH8.0, 0.1 % N-lauroylsarcosine). DNA 

(from -108 cells per lane) was then separated in a I% (w/v) agarose gel in 0.5x TBE buffer at 10 °C and two alternative 
separation programs (Supplementary Table Sl). DNA was then blotted onto a nylon membrane (Zeta-Probe, Bio-Rad) via 
capillary alkaline transfer (Brown 2001) and fixed for 60 min at 80 °C. As a probe, we used the oligonucleotide dp350 
(Supplementary Table S2) that targets telomeric repeats. Hybridization in ULTRAhyb-oligo buffer (Ambion) with 
radioactively labeled oligo-deoxynucleotides, washing, and detection were performed as detailed previously (Valach et al. 
2014). 

Electron microscopy and fluorescence microscopy 

For fluorescence and electron microscopy, cell growth took place in an artificial sea salt solution (Sigma; 36 g/L) enriched 
with 1 % (v/v) heat-inactivated fetal bovine serum (FBS) and 0.1 % (w/v) tryptone (TASHYREVA et al. 2018b). Cells were 
collected at the exponential growth phase by centrifugation at 3,000xg for 15 min and were frozen with a Leica EM PACT2 
high-pressure freezer (Leica Microsystems). Successive ultra-thin (100 nm) serial sections were prepared as described 
elsewhere (YURCHENKO et al. 2014). Observations were performed using a JEOL 7401-F microscope at an accelerating 
voltage of 6 kV. High-resolution micrographs of nuclei were aligned to build 3D reconstructions using the Amira software 
(Thermo Fisher). Sphericity of nucleus and chromatin was calculated based on their volume and surface area (nucleus -32 
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Supplementary Table S3. Libraries and reads used in this study. 

Library name Material 
Prep kit (approx. Techno- Service 

SRAID 
Nr. of raw Read 

insert size) logy• provider readsb Length 
Dp-nucDNA Total DNA lllumina TruSeq DNA {2-8 HiSeq MP Genome /' 17,772,001 150 nt 

kbp) Quebec 
Dp_301113 Total DNA lllumina TruSeq DNA (0.5 MiSeq PE Genome SRR21741423 5,740,630 250 nt 

kbp) Quebec 
Dp_301113-2nd Total DNA lllumina TruSeq DNA {0.5 MiSeq PE Genome SRR21741422 20,139,574 250 nt 

kbp) Quebec 
Dp_HiSeq_Dp_gDNA Nuclear DNA Eurofins {3 kbp) HiSeq PE Eurofins SRR21741421 13,305,159 100 nt 
Dp_MiSeq_Dp_gDNA Nuclear DNA Eurofins {8 kbp) MiSeq PE Eurofins SRR21741420 18,367,804 250 nt 
PacBio-20kbp Size-selected DNA BluePippin+SMRTbell Sequel Genome SRR21741419 149,527 2,500 nt' 

(>20 kbp) (PacBio Large Insert) Quebec 
Dp_pacBio Size-selected DNA BluePippin+SMRTbell Sequel II Takara Bio SRR21741418 575,764 8,500 nt' 

{>20 kbp) (PacBio Large Insert) 
PA Poly(A) RNA Epicentre ScriptSeq RNA (0.2 HiSeq PE SS Macrogen SRR21741417 30,618,141 100 nt 

kbp) Korea 
DPA2 Poly(A) RNA lllumina TruSeq RNA (0.25 HiSeq PE SS Macrogen SRR21741416 261,280,954 125 nt 

kbp) Korea 
Dp_RNASeq_Dpa Poly(A) RNA lllumina TruSeq RNA (0.25 MiSeq PE SS Novogene SRR21741415 67,496,825 150 nt 

kbp) 
• MP, mate-paired (long inserts); PE, paired-end (short inserts); SS, strand-specific.
b Read pairs in the case of lllumina reads; single reads in the case of PacBio reads.
c Not used in the assembly.
d Average read length (up to ~4s,ooo nt).

Genomic lllumina MiSeq reads Assembly Genomic PacBio reads

Trimming: Trimoiratic Cutadapt Correct PacBio with lllumi�a reads: Colonnap 

for usual contaminants and F'aen,gill(}sa Self correction Canu 
...----....LI----, 

+ 

Read decontamination: blast/Alignments j J 

i Read error correctlo�: R-corrector C-corrected reads
Uncorrected reads R-corre!'ed reads I 
L Assembly by: canu version 1.8 

Assembly by: Ce/era no ltimming, leninamCorro,;tionErrorRate 

+ + 
lllumina assembly 

29,368 contigs) 
PacBio assembly 

3,521 contigs 
,_ 

Remove redundant 
contlgs: Dedupe 
(92% ctgs kept) 

Contig merging Remove redundant 
contigs: Dedupe
(95% ctgs kept) 

+ 
lllumlna assembly 

deduplicated 
(27,148 contigs) 

PacBto assembly 
dedupllcatcd 
(3,330 contigs) 

Genomic lllumina reads Transcripts 
+ + 

Selection of lllumina contlgs 
to which align 'unmapped' 

reads/transcripts 
Coverage>1 Oxgenomic 

+ >= 1 x RNA-seq) 

Mapping on PacBlo assembly: 
Bowtie2 (reads) 

GMAP (transcripls/ 

7.1% unmapped genomic reads 
0.4% unmapped transcripts 

1111 I 

827 lllumina contigs missing 
In PacBio assembly 

1a _s__l 

Supplementary Figure SS. Procedure of nuclear 

genome assembly and contig merging. The procedure 

consists of the 'Assembly' phase in which short 

(lllumina MiSeq) and long (PacBio) reads are assembled 

separately. In the subsequent 'Contig merging' phase, 

genomics reads and transcripts (the latter from RNA­

Seq assembly) were identified that do not align to the 

PacBio assembly. Then, the contigs in the lllumina 

assembly were selected to which these sequences 

could be mapped. These lllumina contigs were merged 

with the PacBio contigs and then deduplicated. 

Subsequent polishing steps are depicted in 

Supplementary Figure S6. 
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Detection & splitting of chimeric contig 

1ary merged, deduplicated assembly (4,021 contigs) 
+ 

Low coverage Mapping on assembly: Low coverage 
lllumlna positions &lwtie2 (lllumina reads) 

(153,652 positrons merged +- minrmap (PacBkl reads) - (63 ��:.����
1

�:�ged 
Into 54,970 Intervals) GMAP(transcripts) 

I 
Coverage by transcripts l

,nto 36,985 Intervals) 

1 
Intersect the low coverage sites and transcripts: bee/tools intersect 

I 
25,646 chimeric sites 

Merge the chimeric positions into intervals: bedtools intersect 

13,046 chimeric intervals 

Cut contig sequences at chimeric sites: cut_chimera_fasta.py 

2ndary merged, assembly deduplicated and cut (13,417 contlgs) 

Remove contigs shorter than 100 bp: ramove_sma/1.py 

2ndary merged assembly, deduplicated, cut, 
with contigs >=100 bp (6,725 contlgs) 

Supplementary Figure S6. Procedure of assembly 

polishing. Potentially mis-assembled (chimeric) contigs 
are recognized by a sudden drop in read coverage. The 
screen for low-coverage (LC) genomic positions is 
performed separately for short and long reads. 
Adjacent LC positions are merged into intervals. Then, 
shared LC intervals from lllumina and PacBio contigs 
are determined and compared with the locations 
where transcripts align to the genome. Only LC 
intervals that are not spanned by transcripts are 
further processed. In the next step, adjacent LC 
intervals are again combined, and the contigs are then 
split at the interval borders. Contig pieces shorter than 
100 bp are eliminated to yield the final assembly. 

Transcriptome assembly 

Transcript sequences were obtained by de nova 
assembly of about 645 million reads from the two 
strand-specific poly-A RNA libraries PA and DPA2 
(see Supplementary Table S3), using the Trinity 

software. The inferred transcriptome contains nearly 
200,000 contigs (transcripts) with a cumulative length of -16 Mb (Supplementary Table S4). Transcript sequences assisted 
in the structural genome annotation, and a subset of the sequences referred to as 'high-confidence transcriptome' (mRNAs) 

were employed for detecting mis-joined contigs (see section Genome assembly). The nearly 22,000 high-confidence 
mRNAs were selected based on the presence of a Spliced-Leader (SL) sequence at their 5' end and a minimum overall read 
coverage of 100. 

As a measure of genome completeness complementary to the BUSCO benchmarking (see below), we determined the 
rate of mapping transcriptome-derived reads to the genome sequence. Out of 174,212,093 RNA-Seq reads >40 nt (after 
contaminant filtering, as well as quality and adaptor trimming), 96.8% mapped onto the genome. Of the remaining reads, 
2,608,091 (representing 1.5%) mapped exclusively onto the transcriptome assembly (usually onto transcripts split across 
multiple genomic contigs ), while 2,930,982 reads (representing 1. 7%) could not be mapped onto either assembly. Many of 
the unmapped reads contained homopolymer tracts (e.g., poly-A) and low-complexity repeats. These observations suggest 
that the D. papillatum genome assembly version 1.0 contains essentially all actively transcribed regions. 

Supplementary Table S4. Statistics of genome and transcriptome assemblies. 

Assembly Total length 
Nr. of 

Contig size range NSO 
Average A+ T content 

contigs (range) 

Genome Dp_vl.0 
280,293,864 bp 6,181 200 - 1,009,103 bp 190,080 

44.8% 
(20.0%-75.6%) 

Transcriptome (de
161,272,633 nt 194,546 182 - 43,150 nt I 

43.8% 
nova) (16.4%-73.3%) 
High-confidence 

46,055,449 nt 21,747 298 - 43,118 nt I 
40.9% 

transcriptome• (22.6%-68.6%) 
•Minimum read coverage per contig lO0x; SL sequence at S'end (see text) 

Structural genome annotation 

Structural genome annotation, also referred to as gene-model prediction, denotes the identification of genome regions that 
have the potential to code for proteins or specify structural (non-(protein-)coding) RNAs. Our automated annotation pipeline 
constructed about-37,000 gene models, predominantly protein-coding gene models (Supplementary Table S5, S6). Most 
D. papillatum protein-gene model structures are simple, lacking introns and isoforms. Furthermore, most models are
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complete with standard start/stop codons. Only a small minority appear to be incomplete either at the 5' (-2.5%) or the 3' 
(-2.5%) end, and an even smaller proportion (-1.5%) lack both start and stop codons. 

To further assess the completeness of protein-coding gene models, their respective conceptually translated sequences 
were benchmarked against the so-called 'universal single-copy ortholog' set of proteins (BUSCO (SEPPEY et al. 2019)) 
using vl0 of the Eukaryota OrthoDB (built 2019-11-20 (KRrvENTSEVA et al. 2019) (Supplementary Table S7, S8). The 
results indicated that 84% of models are complete with -17% in duplicate, whereas only 4% were reported as fragmented, 
and 11 % (29) as apparently missing. As for the models reported as duplicated, around 1/3 are exact copies and thus might be 
due to either recent genomic duplications or assembly errors, whereas non-identical duplicates most likely represent 
paralogs. 

A closer inspection of the orthologs for which BUSCO reported missing matches revealed that four are also absent in 
other diplonemids and one is missing in the sister group, Kinetoplastida, whereas 16 are in fact present in D. papillatum but 
are divergent to the degree that falls short ofBUSCO's cut-off criteria. Eight BUSCO Hidden Markov Models (HMMs) 
have inconclusive hits that would need further verification. In summary, BUSCO completeness is above 90% when 
excluding models known to be missing from Euglenozoa. Since detecting the remaining :Sl0% ofBUSCO orthologs appears 
to be hampered by extreme sequence divergence, potential assembly errors, or incorrect gene modelling, we consider the D. 

papillatum genome assembly version 1.0 as quasi complete. 
Structural annotation also included the prediction of spliced-leader trans-splicing sites (for details see below), which 

were pinpointed by aligning RNA-Seq reads to the genome assembly and determining the positions where soft-clipped 
portions of the reads consist of the spliced leader sequence. 

Supplementary Table SS. Summary of structural genome annotation. 

Prediction type 

Protein-coding genes 

Non-coding RNAs 
rRNA' 

tRNAs' 

Small nucleolar (sno) RNAs ' 

Spliceosomal (sn) RNAs' 

MicroRNAs 

Other RNAs'·' 

Total 

• Identified by Rfam HMM

b Includes rRNAs fragments

c Identified by tRNAScan-SE

Initial, fully automated 

annotation 

35,978 

7,362 
5,111' 

375 

9 

202 

1,250 

417 

43,340 

d includes pseudo tRNAs, and those with undetermined anticodon

• HDV ribozymes, rsrG Hfq binding RNA, etc.

Supplementary Table S6. Summary of protein-coding gene models. 

Count Average 
Feature Status 

(percent) length 
Median length 

Complete 36,763 (94%) 4,044 bp 2,424 bp 

Transcripts Incomplete 2,354 (6%) 4,381 bp 2,070 bp 

Single exon 21,485 (55%) 1,823 bp 1,333 bp 

All 39,117 4,065 bp 2,409 bp 

Initial 15,259 832 bp 516 bp 

Exons Internal 23,016 616 bp 284bp 

Terminal 15,113 593 bp 279bp 

Single 21,384 1,319 bp 927 bp 

All 74,764 857bp 472 bp 

UTRs ' 3' UTR 21,896 1020 bp 777bp 

5' UTR 20,251 144bp 66bp 

Intrans 36,604 1,528 bp 671 bp 

Annotation 

partially 

expert-curated 

37,054 

573 
151 

211 

9 

202 

0 

0 

37,627 

Average 
Median coding 

coding 
length 

length 
1,699 bp 1,152 bp 

2,126 bp 1,206 bp 

1,318 bp 927 bp 

1,724 bp 1,155 bp 

I I 
I I 

I I 
I I 
I I 
I I 
I I 
I I 

• Statistics were calculated based on annotated UTRs, i.e., genes that lack UTR annotations were ignored.
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Supplementary Table S7. BUSCO report. 

BUSCO report for 

assembly version 1.0 Complete 

215/255 {84.3%) 

Nr. of models reported 

duplicate fragmented 

42 {16.5%) 11 (4.3%) 

Supplementary Table SB. BUSCO benchmarking of assembly completeness. 

Busco category 

Complete 

Complete and single-copy 

Complete and duplicated 

Fragmented 

Missing 

Total 

Total (percentage) 

215 {84.3%) 

173 (67.8%) 

42 {16.5%) 

11 (4.3%) 

29 {11.4%) • 

255 (100%) 

missing 

29 {11.4%) 

• Manual cu ration showed that 16 of these are present in 0. papillatum but divergent, and that 4 are absent from all 11

diplonemids, for which RNA-Seq data are available.

Quality assessment of the automated structural annotation 

Models of genes predicted to encode a protein delineate exons, introns, and 5' and 3' !InJ)anslated Regions (UTRs). Here 
we assess the accuracy of predicted gene models via inspection by an expert. The structural annotation of the automated 
pipeline was validated by human curation of the three longest contigs (tig00022654_12, tig00022740_1, and tig00022679). 
Together these contigs represent -1 % of the total assembly and contain 319 predicted protein-coding genes 
(Supplementary Table S9). As detailed in the following, inaccuracies in automated gene-model prediction include 
omissions, false positives, and incorrect UTR termini and exon-intron boundaries. The underlying causes for these 
shortcomings will be discussed. 

5' UTRs. The nuclear gene expression of diplonemids (and kinetoplastids) relies on the addition ofa short sequence called 
spliced leader (SL) upstream of a primary transcript containing a coding sequence (CDS) to generate the 5' end of the 
mRNA (STURM et al. 2001; CLAYTON 2019). SL addition takes place by a trans-splicing reaction that is catalyzed by the 
nuclear spliceosome. Several inspected gene models were lacking a 5' UTR annotation, which was generally due to the 
concealed .S.pliced 1eader (SL) Irans-.S.plicing (SLTS) acceptor site upstream of the predicted ORF. Visual inspection 
revealed spurious, short matches of the 3' moiety of the SL to other locations upstream of the gene, thus counteracting the 
diagnostic soft-clipping at the SL TS site. The RNA-Seq read-mapping algorithm considers such matches valid when the 
interval is flanked by the GT and AG dinucleotides to model an intron. This mapping artifact can misplace the inferred 
SL TS-site up to a dozen kbp upstream or impede identification of the splice site and the 5' UTR. In all validated cases, the 
matches of the SL to upstream regions were short (::,6 nt), making alternative splicing unlikely. 

3' UTRs. The structural annotation algorithm was trained to place a gene's end, i.e., the 3' terminus of its 3' UTR, at the 
position where a transcript aligning with the genomic region ended. However, we observed a sharp drop in RNA-Seq read 
coverage downstream of many �o.Qing .S.equences (CDSs) coinciding with low complexity or highly repetitive regions, 
followed further downstream by a coverage similar to the CDS. In most such instances, the region immediately downstream 
of the annotated CDS was predicted to contain a short ORF without a SL TS acceptor site, strongly suggesting that these 
ORFs were spurious. We reasoned that the fluctuating RNA-Seq read coverage indicated a 3' UTR extending beyond the 
pipeline-assigned end and that the premature positioning of the gene termini was actually due to artificially shortened 
transcripts. Indeed, during transcriptome assembly by the Trinity software (GRABHERR et al. 2011 ), transcript sequences are 
not further elongated in two instances: (i) when the number of reads is high with no clear path along the assembly graph e.g., 
in highly repetitive regions; or (ii) when the number ofreads is low, e.g., in a homopolymeric stretch that is not efficiently 
sequenced. The gene model DIPP A_ 17048 is a typical example. The region covered by the transcript sequence terminates 
with a succession of-50 bp-long T, G and C homopolymeric runs forming an -6.7 kbp-long 3' UTR. However, downstream 
of the predicted end of the gene, a reasonable coverage of RNA-Seq read extends for an additional -2.5 kbp. Thus the 3' 
UTR is considered to have a total length of -9.2 kbp, which is 2.5 kbp longer than predicted by the annotation pipeline. 
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Supplementary Table S9. Expert validation of gene-models from the three largest contigs. 

Contig ID 

Total tig00022654_12 tig00022740_1 tig00022679 

Gene All• 334 131 108 95 

models Before curation 319 123 104 92 

UTRs, introns corrected b 125 47 38 40 

New' 15 8 4 3 

False positive d 68 15 32 21 

After cu ration, unsupported e 34 10 18 6 

After cu ration, supported 232 107 57 68 

Corrections 5' UTR 1 51 18 9 24 

3'UTRg 101 38 32 31 

lntrons 23 7 9 7 

Gene models 

with spliced Automated detection h 181 90 52 39 

leader 

Addit. Expert detection; 27 11 (10+1) 4 (1+3) 12 (3+9) 

No evidence i 18 6 (3+3) 1 (0+l) 11 (5+6) 

5LT5 sites Genes with multiple sites k 30 14 11 5 

• The sum of all processed gene models combining those prior to cu ration and the newly added ones.

b UTR boundaries and/or introns were corrected.

'Unrecognized by the automated annotation pipeline, but evident from transcriptome data.

d Models that became obsolete, because e.g., located within a newly recognized intron.

e Models that are typically a part of a transposable or other repetitive element and without detectable SLTS site or RNA-Seq read

coverage.
1 Generally, the UTR has been shortened (see text).

g In most cases, the UTR has been considerably extended (see text).

h Recognized by the soft-clipped spliced-leader (SL) sequence of 2:11 bp in RNA-Seq reads; only counting a single, primary site per

gene model.
1 Failure to detect the site by the automated approach was due to (i) misaligned reads, or (ii) soft-clipped SL segments of �10 bp.

i Soft-clipped SL sequences are absent, while the gene has RNA-Seq read coverage. The failure to detect the SL may be due to

repeats or low-complexity regions upstream of the CDS impeding correct alignment of RNA-Seq reads. In addition, the gene's 5'

UTR region may have a low read coverage.

k Exclusively sites reported by the automated procedure were counted.

Repercussions of repetitive genome regions. Repeats, and tandem repeats in particular, represented a major source of 
difficulty for the annotation algorithm caused by the incorrect alignment of transcripts and RNA-Seq reads to the genome 
assembly. This problem affected all gene features, but most frequently led to the annotation of spurious introns and to 

missed genes. For example, two genes in a tandem arrangement were often annotated as a single gene. We also detected 
multiple cases where tandemly repeated portions of a CDS flanked by different UTRs or including different intron 
sequences were annotated as a single gene by combining the 5' moiety of the upstream CDS and 3' moiety of the 
downstream CDS. DIPPA_l 7054 represented such a case. Curation consisted in splitting off its 3' portion, from which the 
new gene model DIPPA _ 70071 was generated. In all such instances the accuracy of the genome assembly in the 
corresponding region was verified by inspecting the mapped PacBio reads. 

Missing gene models. Rarely, protein-coding genes were not recognized by the annotation pipeline despite unequivocal 
evidence from transcript (RNA-Seq) data, and the absence of other issues such as complex repeats. Missing models tended 
to cluster within contigs; the largest cluster comprised 11 consecutive unidentified gene models in contig tig00023309 _ 11. 

The reason for this problem remains unclear. Nevertheless, most of these omissions could be rectified by a post-processing 
procedure that used transcripts carrying a SL sequence at their 5' ends as a lead. 
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Non-coding (structural) RNAs. Transfer RNA genes were searched with tRNAscan-SE, and rRNAs, snoRNAs and 
microRNAs with Hmmerscan using profile HMMs from Rfam (GRIFFITHS-JONES et al. 2003). The employed version of the 
annotation procedure did not report if a gene is incomplete, which explains the large number of rRNA gene models initially 
reported, which was corrected secondarily (see Supplementary Table SS). 

METHODS 

Genome assembly 

Read cleaning. For the genome assembly, we first cleaned Illumina and PacBio reads. We used cutadapt v 1.2.1 
(http://joumal.embnet.org/index.php/embnetjoumal/article/view/200) on MiSEQ reads to clip adaptors (-e 0.1, -0 10 -m 20) 
and then trimmed low-quality sequences at the ends of reads (-q 20 -m 20). Reads with more than three non-defined bases 
('N') in a row were discarded. PacBio reads were self-corrected and quality trimmed with Canu (KOREN et al. 2017) and 
then corrected with CoLoRMap (HAGHSHENAS et al. 2016) ( default options) by mapping onto these long reads a set of 
Illumina reads equivalent to 50X of the genome coverage. Using the CoLoRMap program suite, we applied a scrupulous 
two-step correction, first using the shortest-path algorithm and second the One-End-Anchor based algorithm. The quality of 
libraries was evaluated along the cleaning process with Prinseq v.0.20.4 (SCHMIEDER AND EDWARDS 2011) and FastQC 
(EDWARDS, 2010, https://www.bibsonomy.org(bibtex/2b6052877491828ab53d3449be9b293b3/ozbom). 
Read decontamination. Illumina and PacBio reads were screened for potential contaminations with sequences from other 
organisms and organelles. For that, we generated a crude assembly. Illumina reads were assembled with the Celera package 
(DENISOV et al. 2008) executed by the script runCA release 8.3.rc2 (http://wgs­
assembler.sourceforge.net/wiki/index.php/RunCA), and long reads with Canu. We downloaded 16S and 18S rRNA 
sequences from the SIL VA database (QUAST et al. 2013) (file SIL VA_ 128 _ SSURef_ Nr99 _tax _silva.fasta) and performed a 
BLAST search against the provisional assemblies, shaft contigs and remaining non-assembled reads. We selected all hits 
with an E-value larger than 1.0e-2, a length above 300 bp, and a similarity >80%. Only four species remained after the 
filtering: Pseudomonas fluorescens, an uncultured Bacillus sp., Candidatus amoebophilus, and Streptococcus agalactiae. To 
the list of possible contaminants were further added the phage PhiX, which is used as a spike-in during sequencing, E.coli 
and Homo sapiens. The complete genome sequence of all contamination candidates was downloaded from NCBI. 
Diplonema reads from all genomic libraries were mapped onto the 'contaminant' genome sequences with Bowtie2 v.2.3.4 
(LANGMEAD AND SALZBERG 2012) in local mode (--local), and aligning reads (plus their mates) were discarded. As a final 
decontamination step, we removed reads originating from the mitochondrial genome. Because previous analyses suggested 
that some mitochondrial sequences may be present in the nuclear genome (NUMTs ), we discarded read pairs where both 
mates aligned with mitochondrial sequences (GenBank acc. Nos. EU123536-8 and HQ28819-33) after mapping with 
Bowtie2. Among unpaired reads, we removed those whose sequence identity with mtDNA was above 95%. 
Genome assembly. Canu was used with parameters specifying the expected error rate and not allowing the trimming of read 
ends (errorRate=0.035, corMinCoverage=0). For Celera we used parameters (defined in the specification file) to fit the 
memory and threads available on our server and to set error correction thresholds ( cnsErrorRate=0.10, ovlErrorRate=0.10). 
Duplicated contigs were removed with dedupe2.sh (https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/dedupe­
guide/, http://sourceforge.net/projects/bbmap/), setting the parameters as follows: maxedits= l0 (allows up to 10 
substitutions or indels), minidentity=90 (absorbs contained sequences with at least 90% identity), findoverlap=t (finds 
overlaps between con ti gs) and cluster=t (groups overlapping contigs into clusters); the other parameters were default. The 
command used was: 

$ dedupe2.sh in-genome.fasta out-genome dedup.fasta threads-4 absorbrc-t absorbmatch-t absorbcontainment-t 
overwrite=true rnaxedits=lO rninidentity=90 findoverlap=t cluster=t outd=genome_del.fasta 

As expected, the long-read (Canu) assembly was more contiguous, while the short-read assembly (Celera) was more 
complete as assessed by the number of transcripts mapped to the contigs. 

Merging of the short- and long-read assemblies. The two assemblies were merged by adding to the long-read assembly 
those contigs that were exclusively present in the short-read assembly. To identify contigs missing in the long-read 
assembly, we mapped short reads and selected transcripts against the long-read assembly. The mapping of the Illumina reads 
was performed using Bowtie2 with specific parameters (--end-to-end -no-unal -un-conc -no-mixed) to extract the 
unmapped reads. 

1. Build genome index and map reads:
$ bowtie2-build -f PacBioAssembly dedup.fasta PacBioAssembly dedup 
$ bowtie2 --end-to-end --no-unal �p 40 --un-conc MiSeq.unmapPect --no-mixed -x PacBioAssembly_dedup -1 
MiSeqReads_l.fastq.gz -2 MiSeqReads_2.fastq.gz -U MiSeqReads_S.fastq.gz l> MiSeqReads.mapped.sam 2> 
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MiSeqReads.mapped.log sambamba view -S -f barn /dev/stdin I sambamba sort /dev/stdin -o 
MiSeqReads.mapped.bam sambamba index MiSeqReads.mapped.barn 

Transcripts were mapped to the long-read assembly, and unmapped transcripts collected. 
1. Build genome index and map transcripts with the split-read aligner gmap version 2017-11-15 (Wu AND WATANABE

2005): 
$ gmap build -D . -d PacBioAssembly dedup PacBioAssembly dedup.fasta > gmapbuild.out 2>&1 
$ gmap---format gff3 gene --nofails--t 12 --min-identity�0.90 --min-intronlength�20 --gff3-add­
separators=O -D. -d-PacBioAssembly_dedup/ transcripts.fasta > ranscrpits.mapped.gff3 2> 
transcripts.mapped.log 
2. Extract the complete transcripts list:
$ grep ''> '' transcripts.fasta I cut -d '' '' -f 1 I cut -d ''> '' -f2 I sort > transcripts.list 
3. Extract the list of mapped transcripts:
$ awk 'NR>2 {if($3��"gene") {split($9, a, ";"); split(a[ll, b,"�"); split(b[2], c,"."); print c[l]}}' 
transcripts.mapped.gff3 I sort I uniq > transcripts.mapped.list 
4. Extract the list of unmapped transcripts:
$ awk 'NR��FNR{a[$0]�l;next}!a[$0]' transcripts.mapped.list 

transcripts.list > transcripts.unmapped.list 
5. Retrieve transcripts that do not align with long-read contigs:
$ xargs samtools faidx file.fasta <transcripts.unmapped.list > transcripts.unmapped.fasta 

To identify the short-read contigs that were absent from the long-read assembly, we mapped the Illumina reads that did not 
align with the long-read assembly, against the short-read assembly. 

1. Build genome index and map reads with Bowtie2 in a way that labels non-primary-mapping reads. Then extract a list
of mapped reads sorted by the number of occurrences per contig: 
$ bowtie2-build -f MiSeqAssembly dedup.fasta MiSeqAssembly dedup 
$ bowtie2 -p 40 -x MiSeqAssembly=dedup -1 MiSeq.unmapped.l�fastq.gz -2 MiSeq.unmapped.2.fastq.gz --no-unal 
-k 2 l> MiSeqReads.unmapped.mapped.sam 2>Dp_Mi_M-B_ctg_dedup-unmapped.log 

From the above short reads, we removed the non-primary mapped Illumina reads and generated a list ofreads aligning to the 
short-read (but not the long-read) assembly and then sorted them by the number of occurrences per contig. 

1. Remove non-primary mapping reads:
$ samtools view -Sh -F 256 MiSeqReads.unmapped.mapped I grep -v "XS:i:" > 
MiSeqReads.unrnapped.rnapped.no_mult.sam 
2. Generate the sorted list oflllumina reads:
$ grep -v 'A@'MiSeqReads.unmapped.mapped.no mult.sam I cut -f 3 I sort I uniq -c I sort -rn > 
nbReadsMappedToMiSeqCtgs. list 

-

Similarly, we mapped the transcripts not aligning with the long-read assembly onto the short-read assembly. For that step, 
we used gmap. Subsequently, we generated a list of transcripts that aligned with the short-read (but not the long-read) 
assembly, sorted by the number of occurrences per contig. 

1. Build genome index and map transcripts:
$ gmap build -D. -d MiSeqAssembly dedup MiSeqAssembly dedup.fasta > gmapbuild.out 2>&1 
$ gmap---format gff3 gene --nofails -t --min-identity�0�90 --min-intronlength�20 --gff3-add-separators�O -
D. -d MiSeqAssembly=dedup/ transcripts.unmapped.fasta > transcripts.unmapped.mapped.gff3 2> 
transcripts.unmapped.mapped.log 

2. Generate the sorted list of transcripts:
$ grep 'gene' file.gmap.gff3 I grep -v ''#' I cut -f 1 I sort I uniq -c I sort -rn > 
nbTranscriptsMappedToMiSeqCtgs.list 

Based on the above outputs, we then selected short-read contigs to be added to the long-read assembly by applying two 
criteria: coverage by either (i) one or more transcripts, or (ii) more than 1 Ox coverage of Illumina reads on a given contig. 
This was performed by the following seven steps. 

1. Combine the lists short reads aligning to the short-read (but not the long-read) assembly:
$ awk 'NR��FNR { split($0, s, " "); a[s[2JJ�s[l]"\t"s[2]; next } {split($0, ss, " "); if(ss[2] in a) 
{print ss [l] "\t"ss [2] "\t"a[ss [2]]} else {print ss [l] "\t"ss [2]} } ' nbTranscriptsMappedToMiSeqCtgs.list 
nbReadsMappedToMiSeqCtgs.list > nbReads+TranscriptsMappedToMiSeqCtgs.list 

2. Count the length of each contig in the short-read assembly with the in-house script 'en':
$ en MiSeqAssembly_dedup.fasta > MiSeqAssembly_dedup.cn 
3. Add counts to the file generated in step 1 and arrange data in four columns: NameOfCtg, LengthOfCtg, NbReads,

Nb Transcripts
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$ awk 'NR--FNR { split ($9, s, "-"); a[$1]-s[2]; next ) {if($2 in a) {print $2"\t"a[$2] "\t"$1"\t"$3) ) ' 
MiSeqAssembly_dedup.cn nbReads+TranscriptsMappedToCtgs.list > 

ctgLengt+nbReadsMappedToCtgs+nbTranscripts.list 
4. Add in the 1st column the coverage calculated by NbReads*200/(LengthCtg+ 1) (Average of200 bp per Illumina read):
$ awk '{print ($3*200)/($2+1)"\t"$0 >> "ctgLengt+nbReadsMappedToCtgs+nbTranscripts+cov.list")' 
ctgLengt+nbReadsMappedToCtgs+nbTranscripts.list 

5. Parse the file generated in 4. To retain only contigs with at least one transcript (unmapped_ transcript) mapped or 1 Ox
short-read coverage: 
$ awk '$1>10 I I $5 > 0 ' ctgLengt+nbReadsMappedToCtgs+nbTranscripts+cov.list >> 
ctgLengt+nbReadsMappedToCtgs+nbTranscripts+cov_covgtl0_transcgt0.list 
6. Create the list of short-read contigs absent from the long-read assembly:
$ awk '{print $2)' ctgLengt+nbReadsMappedT0Ctgs+nbTranscr1pts+cov_covgtl0_transcgt0.list > 
miseq_ctg_to_extract.list 

7. Extract the contig sequences:
$ xargs samtools faidx MiSeqAssembly_dedup.fasta < rniseq_ctg_to_extract.list > 

MiSeqAssembly_dedup_missingctg.fasta 

Contigs from the short-read assembly that were absent from the long-read assembly were combined with those from the 
long-read assembly and, after merging, the assembly was deduplicated. 

1. Concatenate short-read contigs missing in long-read assembly:
$ cat MiSeqAssernbly_dedup_missingctg.fasta PacBioAssembly_dedup.fasta > merged_genorne_assembly.fasta 

2. Deduplicate assembly:
$ dedupe2.sh in=rnerged_genome_assembly.fasta out=merged_genorne_assernbly_dedup.fasta threads=40 absorbrc=t 
absorbmatch=t absorbcontainment=t overwrite=true maxedits=l0 minidentity=90 findoverlap=t cluster=t 
outd=merged_genome_assembly_del.fasta 

Correction of mis-junctions. We realized that both assemblies contained incorrectly assembled contigs (referred to as 
chimeric contigs, or briefly "chimera"). To detect mis-junctions, we screened contigs for read and transcript coverage. This 
involved mapping ofreads against the merged assembly followed by computing the read coverage for each position. 

I. Build genome index and map Illumina reads to the assembly with Bowtie2 using options to consider relevant reads

only, and sort barn file with sambamba v.0.6.7 (TARASOV et al. 2015) : 
$ bowtie2-build -f merged genome assembly dedup.fasta merged genome assembly dedup 
$ bowtie2 --local --no-unal -p 40 --no-mi�ed --no-discordant--x merged genom€ assembly dedup.fasta -1 
MiSeqReads 1.fastq.gz -2 MiSeqReads 2.fastq.gz -U MiSeqReads S.fastq.g� 2> MiSeqReads.�apped.log I 
sambamba view -S -f barn /dev/stdin T sambamba sort /dev/stdin -o MiSeqReads.mapped.sorted.bam; sambamba 
index MiSeqReads.mapped.sorted.bam 

2. Calculate the coverage by position with bedtools genomecov (BEDTools v.2-2.25.0, (QUINLAN AND HALL 2010)):
$ bedtools genomecov -bga -ibam MiSeqReads.mapped.sorted.bam > MiSeqReads.mapped.sorted.genomecov.bedgraph 
3. Extract genome positions where the read coverage is below 3:
$ awk '{if($4<3) print $0)' MiSeqReads.mapped.sorted.genomecov.bedgraph > 
MiSeqReads.mapped.sorted.genomecov.lowcov.bedgraph 

A similar procedure was performed with long reads, using the long-read mapper minimap2 (LI 2018) with recommended 
options for this type of reads. 

1. Build genome index and map PacBio reads to assembly with minimap2 and sort output:
$ minimap2 -t 40 -d merged genome assembly dedup.mmi merged genome assembly dedup.fasta 
$ minimap2 -ax map-pb -t 40 merged genome assembly dedup.mmi PacBiOReads.£aSta 2> PacBioReads.mapped.log 
sambamba view -s -f barn /dev/stdin-1 sambamba sort-/dev/stdin -o PacBioReads.mapped.sorted.bam; sambamba 
index PacBioReads.mapped.sorted.bam 

2. Keep the reads with a mapping quality >O and a length> I, and remove unmapped reads:
$ sambamba view -£ barn -F 11not unmapped and sequence_length > 1 mapping_quality > 0" -o 
PacBioReads.mapped.sorted.filtered.bam PacBioReads.mapped.sorted.bam 
3. Extract genome positions where the read coverage is below 2:
$ bedtools genomecov -bga -ibam PacBioReads.mapped.sorted.filtered.bam > 
PacBioReads.mapped.sorted.filtered.genomecov.bedgraph 
$ awk '{if($4<2) print $0)' PacBioReads.mapped.sorted.filtered.genomecov.bedgraph > 
PacBioReads.mapped.sorted.filtered.genomecov.lowcov.bedgraph 

A similar procedure was performed with transcripts. 

1. Build genome index and map transcript sequences to assembly with gmap and sort output:
$ gmap build -D. -ct merged genome assembly dedup merged genome assembly dedup.fasta > gmapbuild.out 2>&1 
$ gmap --format gff3 gene --nofails -t --min-identity=0.9O --min=intronlength=20 --gff3-add-separators=0 -
D. -ct merged genome-assembly dedup/ transcripts.fasta > transcripts.mapped.gff3 2> transcripts.mapped.log 
$ awk 1 NR>3 1 transcripts.mapp€d.gff3 I sort -k 1,1 -k 4,4n > transcripts.mapped.sorted.gff3 

Next, we examined which low-coverage positions were spanned by transcripts or long reads, and would therefore not be 

considered as mis-junctions anymore. 
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1. Intersect short-read low-coverage positions with intervals spanned by at least one transcript and report
absence of overlap: 
$ bedtools intersect -v -a MiSeqReads.mapped.sorted.genomecov.lowcov.bedgraph -b 
transcripts.rnapped.sorted.gff3 > MiSeq_lowcov-Transcripts.intersect.bedgraph 

2. Intersect non-overlapping positions from step 1 with intervals oflow (<2) long-read coverage and report overlap (i.e.,
report that none of the datasets provides evidence for contiguity of the contig): 
$ bedtools intersect -a MiSeq_lowcov-Transcripts.intersect.bedgraph -b 
PacBioReads.mapped.sorted.filtered.genomecov.lowcov.bedgraph > MiSeq lowcov-Transcripts-
PacBio_lowcov.intersect.bedgraph -

3. Sort positions and merge them to create intervals:
$ sort -kl,l -k2,2n MiSeq_lowcov-Transcripts-PacBio lowcov.intersect.bedgraph > MiSeq_lowcov-Transcripts­
PacBio lowcov.intersect.sorted.bedgraph 
$ becttOols merge -i MiSeq_lowcov-Transcripts-PacBio_lowcov.intersect.sorted.bedgraph > MiSeq_lowcov­
Transcripts-PacBio_lowcov.intersect.sorted.merged.bed 

Finally, we cut the merged genome at the mis-junction sites and removed the resulting contig 'pieces' that are shorter than 
100 bp. 

1. Cut contigs with the in-house script 'cut_chimera_fasta.py':
$ cut_chimera_fasta.py -b MiSeq_lowcov-Transcripts-PacBio_lowcov.intersect.sorted.merged.bed -f
merged_genome_assernbly_dedup.fasta -o merged_genome_assembly_dedup_cut.fasta 
2. Remove all contigs shorter than 100 bp with the in-house script 'remove_small.pl':
$ remove_small.pl 100 merged_genome_assembly_dedup_cut.fasta > 

merged_genome_assernbly_dedup_cut_longerlOO.fasta 

Transcriptome assembly 
RNA-seq reads (Illumina HiSEQ) from the two stranded poly-RNA libraries PA and P A2 were collectively assembled de

novo with Trinity v.2. 6. 6 (https:/ / github.com/trinityrnaseg/trinityrnaseg; ( GRAB HERR et al. 2011)) using default parameters. 
We also generated a genome-guided transcriptome assembly, again with default parameters. A set of high-confidence 
transcripts was generated to test whether genomic contig regions with low-read coverage were due to mis-joining or were 
spurious (see Section 1.5. Correction of mis-joining). These were selected based on two criteria: (i) presence ofa Spliced­
Leader (SL) sequence at the 5' end, and (ii) an overall read coverage of> 100. To quantify gene expression, the 
corresponding transcript sequence was first inferred for each protein ID from the 'submission' proteome (see below). Next, 
the poly-A RNA-Seq reads mentioned above were mapped on individual transcripts using bowtie2 v2.4.5 (LANGMEAD AND 
SALZBERG 2012) in the end-to-end mode, assuming the maximum insert length of 600 bp and only allowing alignment 
concordant with strand-specific expression. The SAM file was converted to a BAM file with sambamba vO. 7 .1 (T ARASOV et

al. 2015). Transcript levels were then calculated using salmon vl.9.0 (PATRO et al. 2017) in the alignment mode (default 
parameters, library type 'ISF'). 

Structural genome annotation 

The structural genome annotation pipeline employed here was implemented similarly as described earlier (GRAY et al.

2020). 
Structural annotation of protein-coding genes. Compared to the earlier pipeline, we used a modified RNA-Seq read­
mapping step here. Briefly, the genome assembly was first masked for simple repeats using RepeatScout vl.0.5 (PRICE et al.

2005) and RepeatMasker v4.0.9 [unpublished: https://www.repeatmasker.org/l. 
$ build lmer table -sequence Dp PB-MI 190104 dedup cut 1100.fasta -freq lmer table.txt 
$ RepeatScout -minthres 150 -sequence-Dp_PB-MI_l90104_dedup_cut_ll00.fasta -output repscout.fasta -freq 
lmer table.txt 
RepeatMasker -xsmall -gff -s -pa 40 -lib repscout.fasta Dp_PB-MI_l90104_dedup_cut_ll00.fasta 

RNA-Seq reads were then mapped to the genome assembly using STAR v2.6.lb (DOBIN et al. 2013) to retrieve the 
positions of SL sequences, inferred within soft-clipped regions, using an in-house script. 

$ STAR --runThreadN 40 --runMode genomeGenerate --genomeDir STAR-index --genomeFastaFiles Op PB-
MI 190104 dedup cut 1100.fasta --genomeSAindexNbases 13 

-

$ STAR --runThreadN-40 --genomeDir build-index --alignEndsType Local --readFilesin PA+DPA2_1.fastq.gz 
PA+DPA2_2.fastq.gz --outSAMtype BAM SortedByCoordinate --outSJfilterintronMaxVsReadN 100 300 500 -­
alignintronMin 19 --alignintronMax 20000 --outFileNamePrefix STAR --outSAMattributes All -­
outSAMattrIHstart O --outSAMstrandField intronMotif --limitBAMsortRAM 27643756136 --readFilesCornrnand zcat 

Reads were then depleted of the SL sequence (5'-AACCAACGATTTAAAAGCTACAGTTTCTGTACTTTATTG), using 

trimmomatic v0.30 (BOLGER et al. 2014): 
$ java -classpath trimmomatic-0.30.jar org.usadellab.trimmomatic.TrirnrnomaticPE -threads 24 -phred33 
PA+DPA2_1.fastq.gz PA+DPA2_2.fastq.gz PA+DPA2_1.filtered.fastq PA+DPA2_2_unpaired.fastq 
PA+DPA2_2.filtered.fastq PA+DPA2_2_unpaired.fastq ILLUMINACLIP:splicedleader.fasta:3:30:9:10 MINLEN:50 
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and then remapped to the genome assembly using STAR 
$ STAR --runThreadN 40 --genomeDir build-index --alignEndsType Local --readFilesin PA+DPA2_1.fastq.gz 
PA+DPA2_2.fastq.gz --outSAMtype BAM SortedByCoordinate --outSJfilterintronMaxVsReadN 100 300 500 -­
alignintronMin 19 --alignintronMax 20000 --outFileNamePrefix STAR_ --outSAMattributes All -­
outSAMattrIHstart 0 --outSAMstrandField intronMotif --limitBAMsortRAM 27643756136 --readFilesCommand zcat 

The SL-trimmed reads, both unmapped and mapped, were assembled de novo and guided by the genome assembly, 
respectively, using Trinity v2.6.6 (GRABHERR et al. 2011). 

$ Trinity --seqType fq --max_memory 150G --left PA+DPA2_2.filtered.fastq --right PA+DPA2_1.filtered.fastq 
--CPU 40 --output trinity-denovo --full_cleanup --SS_lib_type RF 
$ Trinity --genome_guided_max_intron 20000 --max_memory 250G --CPU 40 --genome_guided_bam 
STAR_Aligned.sortedByCoord.out.bam --output trinity-gg --full_cleanup --SS_lib_type RF 

The resulting transcriptome assemblies were combined into a single file, trinity-comprehensive.fasta, and aligned to the 
genome assembly using PASA v2.3.3 (HAAS et al. 2003). 

$ Launch PASA pipeline.pl -c alignAssembly.config -C -r -R -g Dp PB-MI 190104 dedup cut 1100.fasta -t 
trinity-Comprehensive.fasta.clean -T -u trinity-cornprehensive.faSta --ALIGNERS gmap�blat --CPU 40 --TON 
tdn.accs -I 20000 --stringent_alignrnent_overlap 30.0 -transcribed is aligned_orient 

The alignments were then combined into a single, comprehensive assembly: 
build comprehensive transcriptome.dbi -c alignAssernbly.config -t Op PB­
MI_19O104_dedup_cut=l100.sqlite.assemblies.fasta --min_per_ID 95 --�in_per_aligned 95 

Protein sequence accessions GCA_000002725.2, GCA_000002845.2, GCA_000002875.2, GCA_000209065.1, 
GCA_000227375.1, GCA_000691245.1, GCA_001457755.2, GCA_001680005.1, GCA_002087225.1, GCA_002157705.1, 
GCA_003719475.1, GCA_003719485.1, GCA_900002335.1, GCA_900005765.1, GCA_900005855.1, GCA_900090025.2, 
GCA_900090045.1, GCA_900097015.1, GCA_900240055.1, along with other available sequences from Discoba, were 
aligned to the genome using Spain v2.2.2 (GOTOH 2008). 

$ spaln -Cl -012 -Q5 -yL20 -yx -t40 -dDp_PB-MI_l90104_dedup_cut_ll00 all_protein_data.faa 
The ab initio predictors employed were Genemark v4.33 with intron intervals as hints derived from RNA-Seq read mapping 
(LOMSADZE et al. 2014), 

$ gmes_petap.pl --soft 1000 --ET�introns.gff --et_score�3 --cores�40 --sequence�Dp_PB­
MI_190104_dedup_cut_l100.fasta 

CodingQuarry v2.0 was run with transcript alignments as hints (TESTA et al. 2015): 
$ CodingQuarry -p 40 -f Dp_PB-MI_l90104_dedup_cut_l100.fasta -t pasa_transcripts.gff3 

Augustus v3.3.2 (STANKE et al. 2006) was employed with spliced-leader-sequence genomic positions as transcription-start­
site (tss) hints, along with protein sequence alignments, RNA-Seq read coverage, and transcript alignments (as described at 
https://bioinf.uni-greifswald.de/bioinf7wiki/pmwiki.php?n=Augustus.Augustus), and Snap (KORF 2004) trained on Augustus 
models with a score of 1 (as per the instructions on https://github.com/KorfLab/SNAP). Finally, the PASA assembly, Spain 
alignments, as well as Augustus, Snap, and Codingquarry gene models, were combined into a single consensus with 
Evidencemodeler vl.1.1 (HAAS et al. 2008) following the instructions at https://evidencemodeler.github.io/. 
The comprehensive, non-redundant transcript and protein sequence collection was generated by first combining the 
manually curated gene models with the remaining automated models. Models manually identified as split were conceptually 
translated and reassembled. Those combined sequences were clustered with the assembled transcripts containing ORFs 
using CD-HIT (default parameters of v4.8.1) (Fu et al. 2012). Transcript sequences with no corresponding matches were 

combined with the curated and automated model sequences and the nucleotide sequences were then conceptually translated. 
This comprehensive sequence collection was used for downstream analyses. 
Structural annotation of non-coding RNA genes. Modeling of tRNAs was performed using tRNAscan-SE vl.3.1 (LOWE 
AND EDDY 1997): 

$ tRNAscan-SE --brief --codons --output tRNAscan-SE.out Dp_PB-MI_l90104_dedup_cut_ll00.fasta 

Infernal vl.1.1 (NAWROCKI AND EDDY 2013) was used to identify other classes of non-coding RNAs using the covariance 
models from Rfam v12.1 (GRIFFITHS-JONES et al. 2003): 

$ cmscan --rfam --fmt 2 -E le-3 --nohmmonly --oskip --clanin Rfam.clanin --cpu 40 --tblout rfam.out -noali 
Rfam.cm Dp_PB-MI_190104_dedup_cut_ll00.fasta 

Functional annotation of protein-coding gene models 

Coding sequences from gene models were extracted from the output of Evidencemodeler and conceptually translated. The 
translated sequences were then searched against UniProt/SWISS-PROTKB (downloaded March 23, 2018; (BOUTET et al. 

2007)), as well as the GenBank accessions and other Discoba sequences used for structural annotation, to identify the single 
best hit below the maximum threshold E-value of 1.0e-7 using Blastp v2.2.31 +. 

$ makeblastdb -dbtype prot -in all protein data.faa 
$ blastp -db all_protein_data.faa =num_threads 40 -outfmt '6 qseqid sseqid stitle pident length qlen slen 
evalue bitscore' -max_target_seqs 5 -evalue le-7 -query Dp_PB-MI_l90104_dedup_cut_ll00.faa -out Dp_PB­
MI_l90104_dedup_cut_ll00.faa.blastp_all_protein_data 
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Product names were transferred to D. papillatum gene models by taking the single best hit against the SWISS-PROT 
database, i.e., lowest E-value below a global cutoff of I e-7. Precedence was given to hits of GenBank accessions if the E­
value was lower than a competing hit to the SWISS-PROT database, otherwise the product name was automatically 
transferred in the absence of a SWISS-PROT hit provided the E-value was below the global cutoff. All remaining models 
without hits below the threshold were assigned 'hypothetical protein' as their 'product'. Hmmer v3.1 b 1 was also used to 
search for conserved domains described in Pfam v31.0 using the model-specific noise threshold as E-value cutoff. Blastp 
and Hmmer search hits were included in the 9th column of the gff3 file 
(https://www.ncbi.nlm.nih.gov/genbank/genomes gff/) as 'product' and 'inference' attributes, respectively, as per the NCBI 
eukaryotic genome annotation guidelines 
(https://www.ncbi.nlm.nih.gov/ genbank/eukaryotic genome submission annotation/). 

Genome viewing and annotation curation 

For viewing contigs, read coverage, gene models and functional assignments, and editing structural and functional 
annotations, we used the web-based Apollo software v.2.6.2 (https://github.com/GMOD/Apollo/releases/latest; (DUNN et al. 
2019). Apollo allows real-time, collaborative and simultaneous genome annotation editing, whereby models can later be 
exported in gff3 format. Manually curated models were exported from Apollo in gff3 format and incorporated into the 
automated annotation. 
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3. The ploidy level of Diplonema papillatum

INTRODUCTION 

Most eukaryotes alternate between a diploid and a haploid phase. Such an alternation is a consequence of sexual 
reproduction, because gamete fusion leads to a diploid phase and meiosis to a haploid phase (MABLE AND OTTO 1998). 
However, the duration of these phases varies considerably across eukaryotes. In most metazoans and land plants, the diploid 
stage of the life cycle is the predominant state, i.e., mitotic cell divisions occur exclusively in the diploid phase. Other types 
of alternation are observed in fungi and diverse protist groups. In the haplontic cycle, mitotic cell division occurs entirely in 
the haploid form (e.g., in the fission yeast Schizosaccharomyces), whereas in the haploid-diploid cycle, mitosis takes place 
in both phases, often forming morphologically different organisms (e.g., in jellyfish). 

Diplonema papillatum has never been observed to reproduce sexually. Here we attempt to infer the ploidy status of the 
strain propagated in the laboratory over many years, via the heterozygosity of its nuclear genome. 

RESULTS AND DISCUSSION 

Extremely low heterozygosity of the Diplonema nuclear genome 

Heterozygosity of a genome is typically determined by analyzing either single-nucleotide polymorphisms (SNPs) in reads 
aligned to the reference genome -which requires an assembly- or k-mers occurring in sequencing reads -which does not 
require a genome assembly. 

The approach using SNPs (also called single-nucleotide variants (SNVs)) relies on accurate read mapping to the 
reference genome. However, -50% of the 280.4 Mbp Diplonema nuclear genome assembly consists ofrepeats up to >20 
kbp long, some of which occur in nearly 5,000 copies. These repeats cause erroneous mapping oflllumina reads to the 
assembly, and thus generate spurious polymorphic sites. Therefore, for this analysis we only used read pairs that 
congruently and uniquely align with the Diplonema genome assembly and we excluded all variants that fall in repeat 
regions. After removing sites with low mapping quality and other biases (strand bias, etc.), only 557 SNPs remained in the 
142 Mbp-long genome portion outside repeats. As commonly observed, nucleotide transitions (327) are more frequent than 
transversions (230) in this final set of variants (Supplementary Table SlO). The resulting heterozygous SNP rate of the 
Diplonema nuclear genome is extremely low. With only 4 e-06 per 1 kbp, it is merely 0.2% of that of a diploid eukaryote, 
e.g., human (SACHIDANANDAM et al. 2001). In addition, the profile of allele frequencies within the Diplonema genome
(Supplementary Figure SS) shows no peaks, in contrast to profiles from diploid and polyploid organisms.

The second approach to evaluating genome heterozygosity counts k-mers directly in reads. In theory, k-mer profiles of 
homozygous (haploid or higher ploidies) genomes are Poisson distributions centred at the average read coverage, but several 
biases cause distortions. Repeats in the genome over-amplify certain k-mers, thus adding a drifting-off shoulder at higher 
coverage, whereas sequencing errors generate numerous low-frequency k-mers, adding a high peak toward zero coverage. 
For analysing the k-mer distribution, we used nuclear Illumina reads (57,742,700 reads totalling 13,139,885,848 bp; 
mitochondrial reads were removed; see Methods). The resulting k-mer profile (Supplementary Figure S9) resembles a 
Poisson distribution typical for homozygotic genomes. The only slight deviation from a true Poisson distribution is most 
likely due to sequencing errors and repeats. 

K-mer frequencies ofreads also allow one to estimate the genome size, notably based on the total number ofk-mers
and the peak position of the distribution. For the k-mer length range of 17, 19, 21, and 23, the average inferred genome 
length is 259,725,615 bp. 
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Supplementary Table SlO. Single nucleotide variants•. 

Reference 

allele 

A 

A I 

C 32 

G 105 

T 33 

Sum of alternative alleles 170 

Total transitions 

Total transversions 

'Significant variants after filtering; see Methods 
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Supplementary Figure SS. Allele frequency outside repeat regions 

of the D. papil/atum nuclear genome. After filtering sites for 

mapping quality, strand and location biases, a total of 557 SNPs are 

retained in the 142,402,538 Mbp nuclear genome regions outside 

repeats. Bars represent bins for allele frequencies. The left-most 

and right-most bins most likely include sequencing and base-calling 

errors. The absence of pronounced peaks in the frequency range of 

0.2 to 0.8 and the low heterozygosity level corroborate that the 

genome is haploid. 

Supplementary Figure S9. K-mer profile of reads from the D.

papillatum nuclear genome. X-axis, k-mer coverage, i.e., number 

of 'individuals' per k-mer species; Y-axis, number of distinct k-mer 

species. Black line, the 17-mer profile of Diplonema nuclear Ml­

Seq reads. The shape differs only marginally from those for 19-

mers, 21-mers and 23-mers. Green dotted line, Poisson 

distribution centered at the mean coverage. The reads' k-mer 

distribution lacks a shoulder left to the main peak, otherwise 

indicative of heterozygosity. The high number of unique k-mers 

and k-mers with a very low coverage is most probably due to 

reads with sequencing errors. 
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Diplonema is most likely haploid 

The lack ofheterozygosity is inherent in haploid genomes but also in diploid lines originating from recent spontaneous 
chromosome duplication (autodiploidization leading to whole genome duplication). Lack ofheterozygosity can also occur 
when haploid cells in a clonal population mate and when homolog chromosomes fail to separate during meiosis, thus giving 
rise to diploid gametes. 

With computational methods, it is impossible to distinguish homozygous haploid from homozygous 2N or >2N 
genomes. However, gene replacement experiments are evidence for a haploid Diplonema nuclear genome (KAUR et al. 
2018). In diploid organisms, gene replacement leads nearly always to two gene versions, the original one on one 
chromosome, and the replaced one on the other, which can be tested by PCR amplification and Southern hybridization of the 
corresponding genomic region. In multiple knock-in transformation experiments in Diplonema with an engineered gene 
version, only a single allele was ever detected, strongly suggesting haploidy. 

It should be noted that the statement ofhaploidy refers to the D. papillatum culture used in the laboratory. Here, the 
exclusive form of reproduction appears to be mitosis, which is probably the predominant reproduction mode in Diplonema 's 
natural habitat. While as of now, sexual reproduction or a diploid stage have not been observed in this protist, the gene 
repertoire (see main text) implies that this organism has the potential to form diploid zygotes that undergo meiosis. 

METHODS 

Mapping of reads onto the nuclear genome sequence. We used all genomic MiSeq reads of Diplonema generated by us 
and removed mitochondrial reads by eliminating those that aligned with sequences of complete mitochondrial chromosomes 
(GenBank acc. nos. EU123536.1; EU12353637.1; HQ288823.1, HQ288824.l ;  JQ302962.l ,  JQ314396.1) using Bowtie2 
version 2.3.4.3 (command line arguments --local --un) (LANGMEAD AND SALZBERG 2012). The -58 million 'cleaned' reads 
(-13 Gbp) were mapped to the reference assembly using Bowtie2 (--no-discordant --no-mixed --no-unal) yielding 98.7% 
alignment rate. The resulting sam output file was converted with Samtools vl .8 subcommand view (Lr et al. 2009) to the 
barn format, and further processed with the Picard tools v.1.139, using subcommands Sortsam, MarkDuplicates, AddGroup, 
and IndexBam (httos://broadinstitute.zjthub.io/picard/), all in default mode. 

Determination of single nucleotide variants. Sequence variants across reads per alignment column were called with 
Freebayes vl.2.0-2-g29c4002 (--ploidy 4 to allow for higher ploidy) (GARRISON E AND MARTH G 2012). To remove from 
the resulting vcffile variants that fall into genomic regions containing repeats, we used the corresponding gfffile generated 
by our genome annotation pipeline (Sarrasin et al., unpublished). This pipeline calls Repeatmasker v.4.0.6 
(http://repeatmasker.org) developed by AF.A. Smit, R. Hubley & P. Green, and uses RepBase24.06, release 06-20-2019 
(JURKA et al. 2005). The relative complement between repeat intervals and variant positions in the vcffile were obtained by 
executing BEDTools v2-2.28 subcommand intersect (-a -v) (QUINLAN 2014). Then, indels and low quality variants were 
removed with Vcftools v0.1.12b (--minQ 30 -remove --indels --recode --recode-INFO-all) 
(http://vcftools.sourceforge.net/docs.html; (DANECEK et al. 2011 )), and variant sites were further filtered by read placement 
score (RPP >20) and strand bias (SRP <20) using an in-house script. The number of single-nucleotide variants (with 
frequencies between >O and <1) recovered at each step are listed in Supplementary Table Sll. The vcffile was converted 
to an allele-frequency table with the Genome Analysis ToolK.it (GATK; (MCKENNA et al. 2010) ) subcommand 
VariantToTable, by extracting two fields, the reference allele observation count (RO) and the alternate allele observation 
count (AO). The table was then imported into Excel to generate the chart. 

Supplementary Table S11. Number of single-nucleotide variants at the diverse filtering steps. 

Type of variants 

Initial variant count across the entire genome and including indels and substitutions 

Nr. of variants outside repeats 

Nr. of variants after indel removal and quality filtering (minQ 30) 

Nr. of variants after read-placement and strand-bias filtering (RPP>20; SAP, SRP<20) 

Count 

2,469,945 
871,013 

16,640 
587 

Determination of k-mer distribution and estimation of genome size. We 'decontaminated' Illumina reads from those 
containing mitochondrial sequences by mapping reads against the nuclear genome assembly. A total of 58 million 
'decontaminated' reads remained summing up to 13 Gbp. The k-mer distribution of these genomic reads was calculated with 
the k-mer counter Jellyfish (MAR<;:AIS AND KINGSFORD 2011) using the command jellyfish count with the option -C for 
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counting k-mers from both strands and -m 17 to -m 23 for k-mer sizes from 17 to 23. The histogram ofk-mer occurrences 
were generated with jellyfish histo and default parameters following the tutorial described at http://koke.asrc.kanazawa­
u.ac.jp/HOWTO/kmer-genomesize.html. Histograms were plotted with R, including the comparison with a Poisson 
distribution and the estimation of the genome size inferred from the total number ofk-mers (area under the curve) divided 
by the mean k-mer coverage. The size estimates based on the k-mer counts oflengths 17, 19, 21, and 23 are listed in 
Supplementary Table S12. 

Supplementary Table S12. Genome-size estimation based on K-mer distribution. 

K-mer length 17 19 21 23 Average 

Size estimate 250,341,083 bp 258,503,293 bp 267,598,590 bp 262,459,497 bp 259,725,615 bp 

Determination of allele frequencies. From the vcf file containing only single-nucleotide variants of high quality, we 
extracted the allele frequencies (AD) and coverage (DP) with the GATK subcommand VariantsToTable (-GF AD -GF DP). 
Then the numbers were imported into Excel to calculate the quotient AD/DP for each allele and generate a frequency graph. 
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4. Intron splicing and structural RNAs

INTRODUCTION 

Nuclear protein-coding genes of eukaryotes often contain intervening sequences, which are removed from pre-mRNAs by 
RNA splicing. The large majority of these spliceosomal introns have a GT dinucleotide at their 5' end and an AG at their 3' 
end, and are referred to as the 'major intron type'. Introns with AT-AC splice-site combinations (the 'minor intron type') 
occur occasionally in embryophyte plants and most metazoan groups, but have also been reported in oomycetes, 
mycetozoans, and a few basally-branching fungal lineages. Among all introns in plant and animal nuclear genomes, less 
than 0.5% have AT-AC boundaries, while those of baker's and fission yeast are exclusively of the major type (TuRUNEN et 
al. 2013). 

GT-AG and AT-AC introns are processed by the major and minor spliceosome, respectively, that are composed of 

five small nuclear RNAs (U RNAs) and several proteins (PATEL AND STEITZ 2003; TURUNEN et al. 2013). The most clear­
cut diagnostic feature for distinguishing the two spliceosome types is their RNA-subunit composition, with Ul, U2, U4, U5, 
and U6 RNAs defining the major spliceosome, whereas Ul I, Ul2, U4atac, U5, and U6atac RNAs are hallmarks of the 
minor spliceosome. Thus, the two spliceosome types share U5, whereas Ul and Ul 1, U2 and U12, U4 and U4 atac, and U6 
and U6atac are functionally analogous. They share most features of their two and three-dimensional structure but differ 
significantly in sequence (TARN AND STEITZ 1996b; TARN AND STEITZ 1996a). Yet, in some eukaryotes, intron splice sites 
deviate from the conserved GT-AG or AT-AC motifs (e.g., AT-AG), and in others, the number of 'minor introns' has 
increased significantly in both absolute numbers and relative proportion (LARUE et al. 2021). Therefore, the notion of 
'major' and 'minor' introns or spliceosomes has been abandoned in favour ofU2-type and Ul2-type. Note also that based 
on intron boundaries, one cannot infer with certainty whether the intron is spliced by a Ul2 or a U2-spliceosome (SHARP 
AND BURGE 1997). 

Both U2- and Ul2-type introns and their cognate spliceosomes are believed to derive from a common eukaryotic 
ancestor (RUSSELL et al. 2006). This view is corroborated by the recent publication of the draft nuclear genome sequence 
from Andalucia godoyi, a slowly-evolving member of the early-branching Discoba supergroup (GRAY et al. 2020), whose 
nuclear genome encodes exclusively U RNA counterparts of the U2-type spliceosome. The same is true for the rapidly 
evolving discoban group, kinetoplastids, although their U RNAs are highly derived (GONZL 2010). 

The spectrum ofU-RNA variants across eukaryotes is likely much larger than currently appreciated. Although U 
RNAs are best identified using covariance models (CM) that capture the conserved, distinct sequence features and higher­
order structure ofU RNAs, recognition ofhomologs from poorly studied eukaryotic groups can still be challenging because 
available CMs (e.g., those compiled in the RFAM database (KALVARI et al. 2021)) are built with a taxonomically biased set 
of sequences. 

The spliceosome not only catalyzes cis-splicing, i.e., intron excision and exon joining within the same pre-mRNA 
molecule, but also trans-splicing by which separate transcripts are joined. More specifically, in some metazoan groups and 
in euglenozoans including Diplonema, a short (-15-50 nt) leader sequence termed spliced-leader (SL) RNA is added to the 
5' end ofpre-mRNAs. SL-trans-splicing in euglenozoans provides a 5' cap structure to mRNAs and resolves long 
polycistronic transcripts into single-gene RNAs (HASTINGS 2005). Among euglenozoans, the spliceosome oftrypanosomes, 
and in particular Trypanosoma brucei, has been studied in great detail. It belongs to the U2-type and is responsible for both 
the predominant SL-trans-splicing, as well as for cis-splicing of the rare introns (the T. brucei nuclear genome contains only 
two introns, one in a gene encoding a poly(A)-polymerase and the other in an RNA-helicase gene) (MICHAELI 2011). 

RESULTS AND DISCUSSION 

Intron types and spliceosome components in D. papillatum 

The large majority ofintrons in the D. papillatum nuclear genome assembly are canonical, bearing GT at their 5'-end and 
AG at the 3'-end (U2-type). In addition, non-canonical introns with GC-AG splice-site combinations were also detected. As 
in the case of numerous animals, fungi, and plants (FREY AND PUCKER 2020), GC-AG introns from Diplonema are most 
likely spliced by the same major U2-type spliceosome as GT-AG introns. 

The lack of Ul2-type spliceosomal introns (AT-AC and variants thereof) in Diplonema is consistent with the lack of 
the U4atac, U6atac, Ul 1, and U12 RNAs among the set of spliceosomal RN As detected. To guarantee a highly sensitive 
identification ofU RNAs, we used the corresponding RFAM CMs (KALVARI et al. 2021), and constructed new CM versions 
representing the largest range possible for eukaryotes (for details, see Methods). Compared to the RF AM models, our 
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improved CMs yielded significantly higher scores in identifying U RNAs of Diplonema and across eukaryotes as a whole, 
which strongly suggests the absence of a U 12-type spliceosome in D. papilla tum. 

To identify potential structural variations of the five Diplonema spliceosomal RNAs, we designed two-dimensional 
(2D) diagrams following the characteristics of the human and yeast counterparts for which atomic structures are available 
((YAN et al. 2015; ZHANG et al. 2017) (Supplementary Figure S10). Contrary to the situation in kinetoplastids (GONZL 
2010), all five U-RNAs from Diplonema closely resemble their homologs from human and yeast U2-type spliceosomes 
regarding conserved sequence motifs and 2D structure. This lends further support to the view that the U2-type spliceosomal 
machinery has an ancient evolutionary origin and generally underwent only minor changes except in certain extremely fast­
evolving species such as Trypanosoma. 

Conservation of spliceosomal proteins is far more difficult to assess and interpret. According to the most recent data 
in the UniProt database (UNIPROTKB 2021 ), more than 200 spliceosomal proteins have been identified in human, but only 
67 in yeast. When searching the complete set of Diplonema proteins for homologs of the yeast spliceosomal proteins using 
the highly sensitive Hidden Markov model (HMM) search algorithm (EDDY 2011 ), not more than a half returned hits below 
a confidence E-value threshold of 1.0 e-5. Among these, it was often difficult to distinguish between true orthologs and 
other members of the corresponding protein family, or even to detect the mere presence of conserved protein domains. This 
leaves U-RNA sequences and structures as the only clear-cut criterion for diagnosing the presence ofU2- versus Ul2-type 
spliceosomes in organisms that are phylogenetically distant from human and yeast. In summary, from the intron-boundary 
sequences and U RNA features, we conclude that Diplonema possesses a single kind of spliceosome, the U2-type 
spliceosome. 
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Diplonemo spliceosomal RNAs. The 
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Spliced-leader RNA genes 

The gene encoding the SL RNA in D. papillatum was determined already two decades ago (STURM et al. 200 I). It is 114 hp­
long and includes in its 5'-portion the 39-bp non-coding exon (outron) that will be covalently linked to the 5'- terminus of 
pre-mRNAs via trans-splicing. We found as many as 109 SL-RNA gene copies (at 2:95% sequence identity) in the 
Diplonema nuclear genome assembly. All these genes are part of a tandem repeat, which also contains the 5S rRNA and U2 
snRNA genes and occurs in multiple contigs (Supplementary Figure S11) (see also the Supplementary Information on 
repeats). This particular gene organization appears to be shared by all euglenozoans (KELLER et al. 1992; SANTANA et al. 
2001; STURM et al. 2001). Our nuclear genome assembly confirms the earlier conjecture that all SL-RNA genes of 
Diplonema occur in SL-5S-U2 repeat clusters. However, we note that hundreds of fragments of the SL RNA gene-a vast 
majority representing partial 39 hp-long exon portion-are spread across the genome. These do not appear to be functional 
because the SL sequences capping mRNAs are identical in Diplonema, unlike in some dinoflagellates (ALACID et al. 2022). 
Furthermore, because virtually all SL gene fragments occur in intergenic regions and introns of protein-coding genes, we 
hypothesize that they arose as a collateral damage ofretrotransposon mobility, i.e., reverse transcription ofmRNAs. 

When inspecting mRNA sequences in RNA-Seq data, we realized that the 5'-most A (indicated in lower case in the 
sequence: 5'-aACCAACGATTTAAAAGCTACAGTTTCTGTACTTTATTG-3') of the SL sequence was consistently 
missing. Apparently, the 5'-A fails to be synthesized during the reverse-transcription step of RNA-Seq library construction, 
because of nucleotide modifications that diplonemids most probably share with kinetoplastids: studies in trypanosomes have 
revealed a distinctive cap-4 structure at the 5'-terminus of their SL RNA that arises from the methylation of seven sites 
within its first four nucleotides (AACU). More specifically, the cap consists ofm7guanosine -ppp- N6,N6,2'-O­
trimethyladenosine -p- 2'-O-methyladenosine -p- 2'-O-methylcytosine -p- N3,2'-O-methyluridine, of which the m7 guanosine 
is added by a guanylyltransferase, and the other nucleotides are chemically modified in situ (BANGS et al. 1992). 

------- SL-5S-U2-repeat unit (1,240 bp)------•---

SL 

(114 bp) 
(374 bp} __ 5_5_ ( 41 bp)

(120bp} 

500 

Spliced-leader trans-splicing 

__ u_2 
_ _,(197 bp)

(194 bp) 

1,000 bp 

Supplementary Figure 511. Repeat unit 

including the spliced-leader RNA gene of D. 

papil/atum. Genes are represented as orange 
rectangles. Transcribed spacers are shown as 
dark yellow bars. The sizes of the elements are 
shown in parentheses. The SL-5S-U2-repeat 
unit comprises the genes specifying the 
spliced-leader RNA (SL), the 55 rRNA (55), and 
the U2 spliceosomal RNA. 

We identified spliced-leader trans-splicing (SLTS) sites by an automated procedure that searched for SL-sequence matches 
in soft-clipped segments of RNA-Seq reads (see Materials and Methods). Of the 23,720 SLTS sites detected in the genome 
assembly, about half are located exactly at the 5' end of gene models, which is expected since SLTS sites were used in the 
annotation procedure as one of the hints supporting protein-coding gene models. The vast majority of the remaining sites 
occurred in close vicinity of gene starts, which indicates that many genes possess multiple SL TS sites. The site closest to the 
5' end of a gene model is typically the highest scoring one and thus represents the primary SL TS site. 

According to this automated search, only "'41 % of Diplonema gene models possess at least one associated upstream 
SL TS site. This suggested initially that only a fraction of the Diplonema protein-coding genes require the attachment of an 
SL, as for example, in Drosophila (LASDA AND BLUMENTHAL 2011 ). Yet, this observation contrasts with the situation in 
kinetoplastids, in which an SL is trans-spliced to each protein-coding gene transcript. Therefore, we re-examined the RNA­
Seq read alignment to the three longest and expert-validated contigs of the D. papillatum assembly (see Supplementary 
Information on D. papillatum genome assembly and annotation). Upon visual inspection, we found that 90% of the gene 
models had at least one upstream SLTS site (with 14% of genes having multiple sites). The principal reason for SLTS sites 
not being recognized by the automated procedure was the short length (:'.':10 bp) of the soft-clipped SL portion in RNA-Seq 
reads. About half of the remaining gene models with a seemingly absent SLTS site were preceded by repeats or low­
complexity regions that complicated read mapping. The other half had an RNA-Seq read coverage that was low throughout 
or decreased progressively towards the 5' end of the gene model. Based on these observations, we conclude that all cytosolic 
mRNAs of Diplonema are decorated with an SL. 
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Sequence context of acceptor and donor splice sites in cis- and trans-spliced introns 

In kinetoplastids, a large body of experimental data document that trans-splicing of the SL sequence requires only a few 
SL TS-specific factors, but otherwise, the set of spliceosomal proteins is the same as for splicing ( the few) cis introns 
(reviewed in (MICHAELI 2011)). Further, the AG-splice acceptor motif in kinetoplastids has a slight preference for an 
upstream C residue (DILLON et al. 2015). In Diplonema, we observed a similar trend at the corresponding position and a 
bias toward a G residue immediately downstream of the AG acceptor (Supplementary Figure S12A). We did not note 
significant differences in sequence composition between primary and non-primary sites or between automated and expert­
curated datasets within a window of 30 bp up and downstream of the SL TS sites. 

In D. papillatum, the upstream-sequence context of the AG-splice-acceptor from trans-spliced introns is very 
similar to that of cis-spliced introns, only that the latter have an even more pronounced preference for the upstream C 
(Supplementary Figure S12B). In contrast, the downstream sequences differ, which is expected because they fall into 

functionally different regions, 5' UTR and CDS, which in Diplonema are slightly more A+G- and C+G-rich, respectively 
(Supplementary Figure S12A,B). 

The acceptor site motif of cis-introns in Diplonema conforms to the 5'-YAG-3' motif largely conserved across 
eukaryotes (Supplementary Figure S12C). In contrast, the GT-donor site motif of the Diplonema GT-type cis-introns is 
slightly more divergent, albeit still within the range of variation observed in other organisms (Supplementary Figure 
S12D,E). The only atypical aspect in D. papillatum is a higher than usual frequency of A and G at two positions just 
upstream of the donor site motif. Interestingly, in almost all of the few GC-AG-type cis-introns, the GT-donor site is 
preceded by an AG (Supplementary Figure S12F). 

The 5' splice-site recognition motif of the Diplonema Ul RNA is 5'-CAUACCU-3' (see box in Supplementary 

Figure SlO), which is reverse complementary to the motif5'-aGGTaTG-3' at the 5' boundary of GT-AG introns (lower 

case indicates less conserved positions). In GC-AG introns of D. papillatum, the AG-splice acceptor context is 5'-
AGGCa tg-3 '. Thus, the A-C mismatch between the A4 of the Ul -RNA motif and splice acceptor region of GC-AG introns 

is compensated for by base pairing between 07 of the spliceosomal RNA and a strongly conserved A in the adjacent exon of 

this intron type. 
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Supplementary Figure 512. Sequence logos of splicing acceptor and donor motifs in Diplonema and other eukaryotes. Sequence 

logos are displayed as probabilities or bits (left and right column, respectively). The number of analyzed unique sequences is 

indicated in parentheses. A, Spliced-leader trans-splicing (SLTS) acceptor sites in D. papil/atum. B, Cis-intron acceptor sites in D. 

papillatum. C, Cis-intron acceptor sites in selected eukaryotes (see Methods). 
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Supplementary Figure 512, continued. Sequence logos of splicing acceptor and donor motifs in Diplonema and other 

eukaryotes. Sequence logos are displayed as probabilities or bits (left and right column, respectively). The number of analyzed 

unique sequences is indicated in parentheses. D, GT-type cis-intron donor sites in D. papillatum. E, GT-type cis-intron donor sites 

in selected eukaryotes. F, GC-type cis-intron donor sites in D. papillatum and Saccharomyces cerevisiae. 

STRUCTURAL RNAS INVOLVED IN PROTEIN SYNTHESIS 

Ribosomal RNA genes and rDNA clusters 

In eukaryotes, the RNA components of the cytosolic ribosomes are encoded by the following genes: rns or 18S associated 
with the small subunit (SSU), and rnl or 25S-28S, rrn5.8 or 5.8S, and rrn5 or 5S associated with the large subunit (LSU). 
The genes rns, rrn5.8, and rnl are arranged in tandem, forming the classical rDNA repeat from which all three components 
are co-transcribed. In the D. papillatum genome assembly, an rDNA repeat unit plus the adjacent spacer has a total length of 
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7,628 bp (Supplementary Figure S13). The assembly includes a total of21 such rDNA units (at 2:90% sequence identity) 
with contigs containing up to two adjacent ribosomal DNA clusters situated in most cases at contig boundaries. This 
arrangement indicates that in reality, the clusters are more extended but were not assembled due to multiple conflicting 
solutions. 

As mentioned above and similar to the situation in other eukaryotes, the gene of the cytosolic 5S rRNA component is 
not part of the rns-rrn5.8-rnl rDNA repeat unit but is rather located in a separate repeat unit. 

-------rDNA-repeat unit (6,698 bp}-------+ 

ETS 
(490 bp) 

ITS1 lTS2 
(159 bp) (349 bp) 

2,000 4,000 6,000 

NTS 
(-932 bp) 

Supplementary Figure 513. The 

+---- ribosomal DNA-repeat unit of D. 

papillatum. Genes are represented as 

orange rectangles. Transcribed spacers 

are shown as dark yellow bars, and non­

transcribed spacer regions as light-blue 

bars. The sizes of the elements is shown 

in parentheses. The rDNA-repeat unit 

consists of the external transcribed 
8,000 bp spacer (ET5), two internal transcribed 

spacers (IT51, IT52), and the genes 

encoding the small subunit rRNA (185), the 5.85 rRNA (5.85), and the large subunit rRNA (285). The non-transcribed spacer (NT5) 

separates the tandemly arranged rDNA repeat units. Note that in other euglenozoans (kinetoplastids, euglenids), post­

transcriptional excision of additional IT5s generates more fragmented cytosolic L5U rRNAs (for details, see for example (MArzov 

et al. 2020)). 

Transfer RNA genes and codon usage 

A stringent tRNA-SE scan retrieved 211 tRNA genes in the D. papillatum genome assembly. This gene set allows the 
recognition of all standard amino acids. Several tRNA genes occur in multiple identical copies with numbers varying from 
two (trnA(UGC)) to 10 (trnK(CUU)). Further, up to five tRNA genes have the same anticodon but a distinct sequence (e.g., 
trnR(ACG)). The set of tRNA genes represents 47 out of 64 possible anticodons. Isoacceptor tRNAs missing from the 
Diplonema gene complement coincide with those that have been reported absent from many species either across all 
domains of life or throughout eukaryotes (EHRLICH et al. 2021) (Supplementary Table S13). The only exception is the 
apparent absence oftrnL(UAA). It could either be missing in the D. papillatum genome assembly, or be a diplonemid or D. 
papillatum-specific gene loss. Since TTA codons do exist in essential nucleus-encoded and mitochondrion-encoded protein­
coding genes of Diplonema, these codons might be decoded by tRNAs with anticodons other than UAA and carrying 
nucleotide modifications (JACKMAN AND ALFONZO 2013). Transfer RNALeu(UAA) is most likely functionally substituted by 
one of the tRNALeu(CAA)-for which two identical gene copies exist-provided C34, the wobble position, has been post­
transcriptionally deaminated to U. In Trypanosoma, an adenosine deaminase complex acting on tRNAs (ADAT2/3) is 
responsible not only for A-to-I, but also for a C-to-U modification in trnT(AGU) (RUBIO et al. 2006; RUBIO et al. 2017). 
The D. papillatum genome encodes homologs of both deaminase subunits (DIPP A_ 163 50: ADAT2, and DIPP A_ 33161: 
ADAT3), which would allow Diplonema to compensate for the missing anticodon by tRNA modification. Even if the 
process were not efficient, this limitation might not be detrimental since UUA is the most rarely used codon across all 
Diplonema nuclear genes (Supplementary Table S14). Not only UUA, but A+U-rich codons in general are under­
represented, with an A+T content of Diplonema's nuclear coding sequences amounting to only 38.72%. The bias towards 
G+C-rich codons is especially prominent at the third position (74.74%). 

Supplementary Table 513. Missing genes for specific isoacceptor tRNAs in the D. papillatum genome assembly• 
Anticodon AAA ACA ACC ACU AUA AUC AUG AUU GAC GAG GAU GCG GGA GGC GGG GGU UAA 
Amino acid Phe Cys Gly Ser Tyr Asp His Asn Val Leu 

Taxa b A,B,E A,B,E A,B,E A,B,E A,B,E A,B,E A,B,E A,B,E E E 
'Data from taxa other than D. papillatum taken from (EHRLICH et al. 2021) 
• A, Archaea, B, Bacteria, E, Eukaryota, D. p., D. papillatum, this report. 

lie Arg Ser Ala Pro Thr Leu 
E E,B E E E E D. p. 
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Supplementary Table S14. Codon frequency of D. papil/atum nuclear protein-coding genes• 

F TTT 0.22 s TCT 0.09 y TAT 0.14 C TGT 0.18 

F TTC 0.77 s TCC 0.19 y TAC 0.85 C TGC 0.81 

L TTA 0.02 s TCA 0.08 * TAA 0.18 * TGA 0.53 

L TTG 0.15 s TCG 0.30 * TAG 0.28 w TGG 1.00 

L CTT 0.11 p CCT 0.15 H CAT 0.20 R CGT 0.09 

L CTC 0.30 p CCC 0.26 H CAC 0.80 R CGC 0.28 

L CTA 0.03 p CCA 0.12 Q CAA 0.30 R CGA 0.12 

L CTG 0.37 p CCG 0.46 Q CAG 0.69 R CGG 0.28 

ATT 0.20 T ACT 0.11 N AAT 0.18 s AGT 0.06 

ATC 0.69 T ACC 0.33 N AAC 0.81 s AGC 0.26 

ATA 0.10 T ACA 0.15 K AAA 0.28 R AGA 0.08 

M ATG 1.00 T ACG 0.39 K AAG 0.71 R AGG 0.13 

V GTT 0.14 A GCT 0.14 D GAT 0.21 G GGT 0.13 

V GTC 0.39 A GCC 0.31 D GAC 0.78 G GGC 0.43 

V GTA 0.07 A GCA 0.15 E GAA 0.40 G GGA 0.15 

V GTG 0.38 A GCG 0.38 E GAG 0.59 G GGG 0.27 

• Coding regions of 21,747 assembled mRNAs carrying a 5' spliced leader

From among the three usual stop codons, UGA appears to be the most frequent in D. papillatum (Supplementary 
Table S14). Yet, in addition to the set of genes encoding tRNAs that load standard amino acids, the genome assembly also 
contains two distinct genes specifying selenocysteine tRNA (tRNAsec(UGA)). In the nascent polypeptide chain, 
selenocysteine incorporation at UGA codons that otherwise signal translation termination is directed by a particular 
structural signal in the mRNA (COMMANS AND BOCK 1999). However, automated gene predictors do not recognize such 
signals and will infer truncated open reading frames in genes containing selenocysteine codons. Therefore, we inspected the 
gene models of two proteins known to contain Sec, notably Selenoprotein SelG (DIPPA_Ol860) and glutathione peroxidase 
BsaA (DIPPA_26877). Compared to homologs from other taxa, the reading frame ofDIPPA_Ol860 was slightly shorter in 
the C-terminal region, whereas that ofDIPPA_26877 was considerably shorter in its N-terminal region. This is because the 
start codon chosen as the N-terminus of the latter gene was the first ATG codon downstream of the TGA codon. Replacing 
the TGA-stop codons in the conceptual translations by "X" clearly improved the alignment of the Diplonema inferred 
proteins with counterparts from other eukaryotes (Supplementary Figure S14). This strongly suggests that the cytosolic 
translation in D. papillatum indeed decodes certain TGA codons as Sec. 

A 

D. discoideum 80 ... GGSGPSKGPDNGSNNRRGD ILA! SASGSl!:GPK* 
D. melanogaster 77 ... GRPGSGSGGLRP-NRRIGRIQPTMSC AGGG.llG* 
DIPPA _01860 71 ... GGGGGGGGRGTRGNVH-GL- -PKGCMSSGATAGXGR* 

4 

B 

s. aurelia 30 ... VNTASECGFT-SQFEGLQSLYEKYKDQGFVILGFP QFG .. . 
A. thaliana 35 SKCGTLDANYKE YEKYKEQGLEILAFP QFG .. . 
8. taurus 4 6 ••• ENVASLXGTTVRDYTQ�LQRRLGPRGLVVLGFF QFG .•• 
DIPPA_26877 l AS GLTDATYKASVA-Kl!NRNAPKFEILAFP QFG ... 

Supplementary Figure S14. Multiple sequence 

alignments of selenocysteine-containing proteins. 
The residue selenocysteine is represented by an 'X'. 

A, Selenoprotein SelG. D. discoideum, Dictyostelium 

discoideum (sp I Q55EX3); D. melanogaster, 

Drosophila melanogaster (sp I Q7Z2C4), and the 

tentative homolog from D. papil/atum. B, Glutathione 

peroxidase BsaA/GPX. 5. aureus, Staphylococcus 

aureus (sp I Q6GHD0); A. thaliana, Arabidopsis 

thaliana (sp I 004922); B. taurus, Bos taurus 

(sp I P00435); and the homolog from D. papillatum. 

Finally, one tRNA gene was identified to carry a UUA anticodon, classifying it as an ochre suppressor codon. 
However, the predicted codon recognition of this gene is at odds with the observation that the TAA termination codon is 
used frequently in D. papillatum nuclear genes (as well as mitochondrial genes that are translated exclusively with imported, 
nucleus-encoded tRNAs). Since this potential suppressor-tRNA is an abundant transcript with an RNA-Seq read coverage 
higher than that of many regular tRNA genes, it must play another yet unknown role, for instance, as a regulator of certain 
biological processes (RAINA AND lBBA 2014). It should be noted that we only detected transcripts comprising the 5' half of 
tRNA(UUA). Such tRNA fragments could arise by premature transcription (e.g., termination at modified bases) during 
RNA-Seq library construction since we also observed this phenomenon in certain regular Diplonema tRNAs. However, the 
5' half oftRNA(UUA) could also be a tRNA-derived RNA fragment (tRFs) produced by specific RNase processing (MEGEL 
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et al. 2015) and function for example, as a signaling molecule in stress response or as a regulator of gene silencing 
(MARTINEZ et al. 2017). 

METHODS 

Construction of covariance models used for the identification of spliceosomal RN As 
Most covariance models (CM) available in the RFAM database ((KALVARI et al. 2021); https://rfam.xfam.org/) have been 
built with sequences related to biochemically well-investigated species such as human, yeast andArabidopsis, i.e., they are 
biased towards animals, fungi, and plants. The bias in taxon sampling makes these models less sensitive when attempting to 
identify structural RNAs in evolutionarily remote protists, leaving some homologs unrecognized due to structural variation 
or low sequence conservation. To improve CM sensitivity, we have assembled a broad, taxonomically balanced collection of 
nuclear genome sequences from GenBank, including select representatives from each of the major eukaryotic groups. For 
example, Metazoa are represented by five taxa: human, C. elegans, a cnidarian, a demosponge, and a placozoan. The final 
collection includes a total of207 eukaryotic genome assemblies. The first step of building more sensitive CMs involved 
searching our genome collection with cmsearch (Infernal package; (NAWROCKI AND EDDY 2013)) using a given RFAM 
model. The -A option of cmsearch was applied to produce structured nucleotide sequence alignments of the search results, 
from which only the first best hit was retained for each species. The alignment was visually inspected, manually corrected 
for apparent errors, and used to build a new CM with a balanced eukaryotic taxon sampling. For further refinement, the 
process of searching, alignment, manual curation and CM building was repeated three times. The final CMs almost always 
have elevated scores for detecting homologs across eukaryotes, particularly in protists. The CMs of spliceosomal U RNAs 
built by us are available upon request. 

Protein sequence search and identification 
The identification of protein function was performed as detailed in the Supplementary Information: Section 2. Assembly 
and annotation of the nuclear genome and transcriptome of Diplonema papillatum. 

Spliced-leader trans-splicing acceptor site detection 

We detected SLTS sites by exploiting soft-clipped regions of RNA-Seq reads mapped onto the nuclear genome assembly. 
The SAM file of poly-A RNA reads for a given contig was parsed to retrieve soft-clipped sequences that exactly matched at 
least 11 of the 3' terminal nucleotides of the SL sequence 
(5'-ACCAACGATTTAAAAGCTACAGTTTCTGTACTTTATTG-3'). 
To each SLTS site we assigned a score corresponding to the number of instances that the soft-clipped sequence matched. If 
multiple SLTS sites were detected within a 5-kbp region, only a single representative (the one with the highest score) site 
was selected. The portion of the read that had not been soft-clipped was used to determine the position of the SLTS site in 
the contig sequence. Because the acceptor site sequence for the SL RNA is AG in the pre-mRNA and the terminal 
nucleotide of the SL sequence is a G, the SLTS site annotation was placed at the G of the mapped AG acceptor site. 
Although the G nucleotide is not encoded by the gene but originates from the trans-spliced SL, this choice of representing 
the SL allowed us to determine an SLTS site presence quickly, because all protein-coding gene models for which we 
detected an SLTS site start with a G. For statistical purposes, only unique SL TS sites were considered, i.e., if the region 60 
bp up and downstream of the detected site was identical (e.g., tandem gene repeats), the site was counted only once. 

Genome analysis - Splice-site collection and logo generation 

Splice-site datasets of protein-coding genes were mainly collected from the VEuPathDB (httos://veupathdb.org) (AMOS et 

al. 2021), except from datasets for Drosophila melanogaster (https://flybase.org; (LARKIN et al. 2021)), Saccharomyces 
cerevisiae (https://www.yeastgenome.org; (NG et al. 2020)), and Oxytricha trifallax (https://oxy.ciliate.org; (SWART et al. 
2013)). Based on available annotations, we retrieved exon-intron boundaries together with up- and downstream flanking 
regions of-30 bp, and extracted a sequence representative for each splice site. The sequence logos were created with 
WebLogo v3.7.4 (CROOKS et al. 2004). 
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5. Untranslated regions of nuclear genes

INTRODUCTION 

The term Uniranslated Region (UTR) refers to the sequence region upstream of the start codon (5' UTR) and downstream 
of the stop codon (3' UTR) ofa protein-coding gene; these regions are part of the mature transcript. The 5' UTR and the 3' 
UTR include signals for translation initiation and termination, respectively, and harbor binding sites for small RNAs and 
proteins that regulate mRNA localization, stability and translation. One of the recently discovered roles ofUTRs is the 
regulation of protein features that are not specified in the amino acid sequence (HINNEBUSCH et al. 2016; MAYR 2019; RENZ 
et al. 2020). 

In contrast to most eukaryotes that primarily control nuclear gene expression via transcription initiation, kinetoplastids 
-and likely all euglenozoans- transcribe genes in bulk (i.e., polycistronically) and regulate the expression of individual
genes post-transcriptionally (reviewed in (CLAYTON 2019)). In these organisms, the control ofmRNA stability seems
essential. Translation and decay rates of an mRNA are first and foremost influenced by its 3' UTR, which serves as a
landing platform for a wide variety of RNA-binding proteins (RBPs) (KOLEV et al. 2014). Messenger RNAs of
kinetoplastids have been known to carry 3' UTRs of similar extended length as those from vertebrates and much longer than
reported for other eukaryotes (KOLEV et al. 2014; DILLON et al. 2015).

RESULTS AND DISCUSSION 

To explore the potential of nuclear mRNAs from Diplonema to interact with regulatory RNA-binding proteins, we analyzed 
the length ofUTRs and compared them across several eukaryotic species. Diplonema stood out in two aspects. While 5' 
UTRs are quite short (-70 bp median length) as seen in most eukaryotes, 3' UTRs are remarkably long, with a median size 
of -860 bp. Second, for most organisms, the 3' UTR tends to be approximately twice as long as the 5' UTR, but in 
Diplonema, the two median values differ by a factor of -13 (Supplementary Table S15, Supplementary Figure S15). The 
corresponding analyses were also performed with the subset of about 300 expert-curated gene models. In the case of 5' 
UTRs, the values for the curated and non-curated gene set differed only marginally ( 65 bp vs 70 bp ), whereas the 
automatically predicted 3' UTRs were about 30% too short (-720 bp vs 970 bp). 

In euglenozoans, including diplonemids, 5' UTRs of genes can be easily inferred via detection of spliced-leader 
acceptor (SLTS) sites. Still, when 3' UTRs are long, the correct determination of their 3' terminus is challenging unless 
RNA-Seq reads in the kbp-size range are available. In kinetoplastids, for example, 3' UTR sizes have been underestimated 
by automated annotations because of the difficulty in mapping short transcriptomic reads to repetitive and low-complexity 
regions that occur in 3' UTRs (CLAYTON 2019). Because of their importance for gene regulation, mapping the 3' UTRs will 
be critical for future functional studies in all euglenozoans. 

It is possible that what appears to be 3' UTRs may contain unrecognized coding sequences. For the three longest 
contigs (see also the Supplementary Information: Section 2. Assembly and annotation of the nuclear genome and 
transcriptome of Diplonema papillatum, in particular the section on the expert validation of gene models), we screened 3' 
UTRs for additional ORFs > 100 codons long. A vast majority consist of very short ORFs that are probably spurious because 
no homologs were detected in other organisms, including diplonemids (not considering fragments of mobile-element ORFs). 
While we currently cannot rule out that genuine ORFs occur in long 3' UTRs, this is probably not a frequent phenomenon in 
Diplonema. Alternatively, the short ORFs might serve a regulatory function, similar to short (mostly upstream) ORFs in 
fungi or plants (HELLENS et al. 2016; SCHLESINGER AND ELSASSER 2022). Resolving this issue will require the future 
application of experimental techniques such as ribosome profiling and deep proteomics. 

Alternative processing events add another layer of complexity to the picture. For example, in Leishmania, the 
predominantly used SL TS and poly-adenylation (PA) sites are generally closer to CDS boundaries than the alternative sites, 
which seem to play important roles in the cell (DILLON et al. 2015). In D. papillatum we detected alternative SLTS sites in 
-10% of genes. In addition, the observed variation in RNA-Seq coverage at the 3' end of certain Diplonema genes may 
reflect alternative transcript processing events, indicating that gene regulation in this organism is at least as complex as in
trypanosomes.
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Supplementary Table S15. Length of UTRs in nuclear genes from D. papillatum and other eukaryotes. 

Organism Lineage 

Aspergil/us Fungi; 

nidulans Ascomycota 

Saccharomyces Fungi; 

cerevisiae Ascomycota 

Schizasaccharomyces Fungi; 

pombe Ascomycota 

Cryptococcus Fungi; Basidiomycota 

neoformans 

Allomyces Fungi; 

macrogynus Blastocladiomycota 

Rhizophagus Fungi; 

irregularis Glomeromycota 

Spizellomyces Fungi; 

punctatus Chytridiomycota 

Homo Metazoa; 

sapiens Chordata 

Drosophila Metazoa; 

melanogaster Arthropoda 

Phytophthora SAR; 

parasitica Oomycota 

Saprolegnia SAR; 

dic/ina Oomycota 

Toxoplasma SAR; 

gondi• Apicomplexa 

Vitrella SAR; 

brassicaformis Chromerida 

Oxytricha SAR; 

trifallax Ciliophora 

Leishmania Discoba; Euglenozoa 

major 

Trypanosoma Discoba; Euglenozoa 

brucei 

Diplonema Discoba; Euglenozoa 

papillatum 1 

'Only 5' UTRs >10 bp were considered. 

b Only 3' UTRs >20 bp were considered. 

5'UTR median 3'UTR median Gene Source d 

length [bp] • length [bp] b number < 

116 208 6,037 FungiDB 

49 116 2,849 SGD 

177 267 4,524 FungiDB 

93 143 6,181 FungiDB 

145 133 9,088 FungiDB 

100 157 11,216 FungiDB 

103 159 6,331 FungiDB 

225 593 21,838 UTRDB; 

(GRILLO et al. 2010) 

140 214 16,671 FlyBase 

88 160 6,986 FungiDB 

42 74 9,053 FungiDB 

680 675 5,194 ToxoDB; 

(HASSAN et al. 2012) 

90 253 16,306 CryptoDB 

34 78 17,040 (SWART et al. 2013) 

233 517 8,841 (DILLON et al. 2015) 

102 389 5,474 TriTrypDB 

66 857 15,369 this work 

c The number of genes used for the analysis, selected by the criteria that both UTRs were annotated and had a 5' and 3' UTR 

length of 2::10 bp and 2::20 bp, respectively. 

d References: FungiDB, https:ljfungidb.org/: SGD, http://www.yeastgenome.org : UTRDB, 

http:ljutrdb.ba.itb.cnr.it/home/download ; FlyBase, https://flybase.org/ ; ToxoDB, https://toxodb.org/ : CryptoDB, 

https://cryptodb.org/ ; TriTrypDB, https://tritrypdb.org/. 

• Toxoplasma gondi is exceptional for having very long 5' and 3' UTRs with nearly identical median-length values.
1 The numbers for D. papil/atum refer to uncurated genes.
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MATERIALS AND METHODS 

Data on untranslated regions (UTRs) of protein-coding genes were collected from several databases and publications (see 
Supplementary Table S15). Several filtering steps were implemented to ensure consistency across datasets. First, we 
considered only 5' and 3' UTRs of2':10 bp and 2':20 bp length, respectively. Second, both 5' and 3' UTR had to be mapped for 
a gene to be considered. To avoid duplication, we focused on primary (predominantly used) mRNA processing sites; 100% 
identical UTR sequences were removed from Saccharomyces cerevisiae and Homo sapiens data, but otherwise, for practical 
reasons, alternative UTRs were kept. Lastly, we included only species for which the protein-coding genes that passed all 
filtering stages represented at least 50% of all genes in the corresponding nuclear genome. In addition to Diplonema, the 
final dataset contained 15 species representing the Fungi, Metazoa, SAR and Discoba lineages. We then calculated the 

median 5' and 3' UTR lengths for comparative purposes. 
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6. Repetitive sequences in the nuclear genome of Diplonema papillatum (assembly v _ 1.0)

INTRODUCTION 

Nuclear DNA of almost all eukaryotes contains a considerable portion of intergenic regions, from 70% in Arabidopsis 
thaliana (Arabidopsis Genome AGI 2000) to 30% in Saccharomyces cerevisiae (WOOD et al. 2001) and Trypanosoma 
brucei (ASLETT et al. 2010). A major portion of intergenic regions consists of sequence motifs that occur multiple times 
throughout the genome. 

Repetitive DNA is commonly subdivided into two major families, tandem repeats and dispersed repeats (RICHARD 
et al. 2008). Tandem repeats are defined as a sequence motif of two or more nucleotides repeated multiple times adjacently 

head to tail. In more general terms, tandem repeats are a subclass of low-complexity regions (LCRs ), since the latter 
category is defined as arrays of sequence patterns with biased composition (GGT-GTT-TTG; or GGT-GGT-GGT) and thus 
comprises arrays of identical repeat units. Long tandem repeats can contain multiple copies of a protein-coding gene or of 
the rDNA cluster consisting of the small subunit (SSU) rRNA, 5.8S rRNA, and large subunit (LSU) rRNA. Tandem repeats 
not including genes are often referred to as Satellite DNA. 

Satellite DNA is subdivided into three subclasses according to the length of the repeat unit (note, however, that 
there is no strict convention as to size ranges): unit sizes of 2-10 bp define microsatellites, 11 to 99 bp-long units are 
categorized as minisatellites, and arrays of 100 bp and beyond as macrosatellites. Microsatellites, also denoted 'short 
tandem repeats' (STRs), include the much-studied trinucleotide repeats occurring within protein-coding regions, since 
retractions and expansions of such arrays have been linked to human disease (RAMAKRISHNAN AND GUPTA 2021 ). 
Minisatellites are typically located in intergenic and subtelomeric regions, whereas macrosatellites are prevalent in 
centromeric regions of nuclear chromosomes (MELTERS et al. 2013 ). 

The second family ofrepetitive DNA encompasses the dispersed (or interspersed) repeats, i.e., sequence-motif 
copies that occur in different locations of the genome. Many of the dispersed repeat units have no apparent origin or 
function, and others include tRNAs, rDNA, gene copies, and transposons. The notion of 'junk DNA' or 'selfish elements' 
alludes to repetitive sequences being vestiges of self-replicating and mobile elements (OHNO 1972; ORGEL et al. 1980). 
However, in the meantime, certain genomic repeats have been shown to play a role in genetic variation and gene regulation, 
and they have been suggested to shape the three-dimensional folding of nuclear DNA (MEHROTRA AND GOYAL 2014). 
Locating and characterizing tandem repeats by bioinformatics methods remains a challenge because the various unit copies 
may contain substitutions and indels, and because of complex, nested structures of repeat arrays. As imperfect, degenerated 
repeat units are modelled differently by the various repeat-detection algorithms (e.g., RepeatMasker (SMIT AND GREEN), 
RepeatScout (PRICE et al. 2005) and Tandem Repeats Finder (BENSON 1999)), it is not surprising that the results for the 
same sequence but analyzed by different software often differ. 

RESULTS AND DISCUSSION 

Several publications have used RepeatMasker (SMIT AND GREEN) to analyze repeats in a genome, since it returns 
information about low-complexity regions, simple repeats, and satellites in a readily readable form. However, the 
RepeatMasker documentation explicitly states that the program is not suited for this task; its purpose is masking repeat 
regions in the genome prior to structural annotation to avoid spurious matches in database searches. To get an appreciation 
of the repeat content in the D. papillatum nuclear genome, we employed dedicated tools to identify tandem and interspersed 
repeats. 

With less than 6%, tandem repeats of unit length 2 to 50 bp cover only a small portion of the Diplonema nuclear 
genome (Supplementary Table S16). The longest tandem array consists of 409 copies of a 48-bp unit that extends to nearly 
20 kbp (tig00023097 _5, positions 169,920-189,538) and is located in an intergenic region without any evidence for 
transcription. Homopolymers ( 1-bp units) of either A, C, G, or T were also found. Mononucleotide tracts longer than 600 bp 
turned out to be artifacts introduced by single PacBio reads. Still, shorter tracts have reliable long-read support, such as the 
169-bp long T-run in contig tig00023828_2, positions 11,191-11,359.

Dispersed repeats represent the predominant type in the D. papillatum nuclear genome and constitute as much as 
46% of the assembly. The number of distinct dispersed repeats detected by the RepeatScout tool is nearly 10,000 with a 
length ofup to nearly 20 kbp long (e.g., R=44: 19,085 bp). The unit with the largest number of copies (:::0:90% identity) is 
R=O, a 226-bp long motif that occurs 6,030 times in the genome. 

Tandem repeats rarely contain coding regions of validated protein-coding genes, but instead include parts or 
complete spurious gene models that lack support by RNA-Seq data. This contrasts with structural RNAs, which are often 
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arranged tandemly. In addition, tandem arrays can be part of dispersed repeats that occur in multiple copies across the 
genome. For example, half of the dispersed repeat R=121 (15,715 bp) is made up of the rDNA repeat unit that is composed 
of the genes for small subunit (SSU or 18S) rRNA, 5.8S rRNA, and large subunit (LSU or 28S) rRNA; (the genes are 
referred to as rnl, rns, rrn5, and rn5.8). R=121 is found nine times in the genome assembly, when considering copies of 
c::90% identity. Similarly, the dispersed repeats R=75 (18,233 bp) and R=163 (7,201 bp), which occur in the assembly 4 and 
7 times (at :'.":90% identity), respectively, include tandem repeats of alternating 5S rRNA, spliced-leader RNA and 
spliceosomal U2 RNA-genes. Structural RNA genes identified in the D. papillatum nuclear genome assembly and their 
arrangement in repeat arrays are described in more detail in the Supplementary Information: Section 4. Intron splicing and 
structural RNAs. 

About 2% of dispersed repeat motifs include small pieces of rRNA genes together with unrelated sequences of 
unknown identity. Among the four rRNA genes, fragments of rnl are most abundant, followed by rns, with pieces of 30-200 
bp occurring -2,400 and 1,100 times in the genome sequence, respectively. 

Since introns in Diplonema nuclear genes can be several dozen kbp long, we investigated whether they include 
long dispersed repeats. One of the longest intronic regions covered by dispersed repeats is included in the gene 
DIPPA_27122 encoding a homolog of cholesterol-7-desaturase. The longest repeat unit that falls in the 9,167-bp long intron 
1 is R=510 (7,674 bp), covering 84% of the intron 1. When considering copies ofc::90% sequence identity, R=510 occurs in 
21 other positions in the Diplonema genome, totalling to six located in introns and 15 in untranscribed, intergenic regions. 
Introns of similar sequence but located in distinct genes are suggestive of containing mobile genetic elements. Conceptual 
translation indeed revealed a 1,866 amino acid-long reading frame (ORF; included in R=5 l O and named orf_ R _510) 
carrying three protein domains diagnostic for mobile elements: an Exo _ endo _phos domain in the N-terminal third of the 
sequence, an RT_like superfamily domain in the middle, and an RNase_H_like domain in the C-terminal third of the 
protein. A Pfam domain search retrieved RVT _ 1, RVT _3, Exo _ endo _phos, and RNase _ H. The search for free-standing 
sequences (i.e., outside introns) in the inferred D. papillatum proteome that are similar to orf _ R _510 retrieved proteins from 
1,008 distinct gene models. The corresponding function annotations indicated either 'Retrovirus-related Pol polyprotein', 
'Ribonuclease HI', 'RNA-directed DNA polymerase from mobile element', or 'LINE-I reverse transcriptase homolog'. A 
search for nucleotide sequences in the D. papillatum nuclear genome that can be conceptually translated into orf _ R _ 510-like 
proteins retrieved another 500 matches, of which 21 displayed 100% protein-sequence identity. 

The above result is consistent with the extraordinary expansion of transposable element (TE)-ORFs detected in the 
analysis of gene family evolution in D. papillatum, indicating that the Diplonema nuclear genome is permeated with ORFs 
typically encoded by transposable elements. Indeed, the analysis of the function assignments of the inferred proteins 
revealed signatures of both transposon classes-retrotransposons and DNA transposons- and a total of 12 subclasses. 
Retrotransposon ORFs make up the majority of subclasses (75%) and the predominant portion of instances (95%; 
Supplementary Table Sl 7). Retrospectively, the observed repetitiveness and complex repeat arrangement of the D. 
papillatum nuclear genome explains why the sequence assembly engines did not generate longer and fewer contigs. In tum, 
the fragmentation of the current assembly represents a limitation in the rigorous characterization of repeats. 

Supplementary Table S16. Repeat analysis•. 

Tool 

TandemRepeatsFinder 

RepeatMasker 

RepeatScout (repeat unit 

detection) & glsearch 

(mapping of units to 

genome) 

Interspersed classified 

repeats 

Count: 2,412' 

Cumullen=264,094 bp 

Dispersed unclassified repeats 

Count: 9,783 

LenRange: 51 - 19,085 bp 

Medlen=236 bp 

Cumullen: 128,855,866 bp (46%) 

Satellite DNA/Tandem repeats 

Count: 100,426 

Len Range: 2-50 bp 

Cumullen: 17,042,328 bp (6%) 

ArraylenRange: 25-29,859 bp 

Count: 93,490 

Len Range: 1-6 bp' 

Cumullen: 5,388,838 bp' 

'Count: number of motif instances; LenRange: length range of repeat motifs (units); Medlen=median length of repeat units; Cumullen, total 

(cumulative) length of all motif instances, after merging;% of total genome (size 280,385,187 bp); ArraylenRange: length range of tandem arrays. 

'RepeatMasker-reported types of retrotransposons and mobile DNA elements known from human: 1,577 LINEs, 321 SIN Es, 22 LTRs; 492 DNA 

elements. A compilation of Euglenozoan transposable elements is not available. 

'RepeatMasker uses a fixed unit length of 6 bp, referred to as simple repeats. 

'These numbers are considerably smaller than NSEG and TandemRepeatsFinder's results because RepeatMasker has not been designed to detect 

repeats or low-complexity DNA regions comprehensibly. 
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Supplementary Table S17. Similarity of inferred D. papillatum proteins to ORFs of transposable elements 

Transposon class Element Count Explicit function annotation 

designation 
Retrotransposons 

(Class I transposons) 

All retrotransposons 

DNA transposons' 

(Class II transposons) 

Copia-like 

BS 

LINE 

Opus 

Rl 

R2 

R2DM 

X 

SLACS 

MULE 

TATE 

Tes 

2 

115 

245 

1 

1 

304 

212 

266 

66 

1,212 

46 

12 

1 

All DNA transposons 69 

product=Retrovirus-related Pol polyprotein from transposon 17.6 

product=Probable RNA-directed DNA polymerase from transposon BS; 

note=Reverse transcriptase (RNA-dependent DNA polymerase); 

product=Probable RNA-directed DNA polymerase from transposon BS; 

note=Endonuclease/Exonuclease/phosphatase family; 

product=Probable RNA-directed DNA polymerase from transposon BS; note=Astacin 

(Peptidase family M12A); 

product=LINE-1 reverse transcriptase homolog; 

product=LINE-1 retrotransposable element ORF2 protein; 

product=Retrovirus-related Pol polyprotein from transposon opus 

product=Retrovirus-related Pol polyprotein from type-1 retrotransposable element 

Rl; 

product=Retrovirus-related Pol polyprotein from type-1 retrotransposable element 

R2; 

product=Retrovirus-related Pol polyprotein from type-2 retrotransposable element 

R2DM; 

product=Probable RNA-directed DNA polymerase from transposon X-element; 

note=Reverse transcriptase (RNA-dependent DNA polymerase) 

product=Retrotransposable element SLACS 132 kDa protein; 

product=SLACS reverse transcriptase, putative [Trypanosoma equiperdum]; 

product=SLACS reverse transcriptase, putative [Trypanosoma theileri]; 

product=hypothetical protein; note= MULE transposase domain; 

product=hypothetical protein; note=Transposase, Mutator family; 

product=TATE DNA Transposon [Trypanosoma theileri]; note=Phage integrase 

family; 

product=hypothetical protein; note=TcS transposase DNA-binding domain; 

'The nine D. papil/atum proteins carrying the annotation "product=hypothetical protein; note=containing Helitron helicase-like domains" are not 

listed here, because the relationship of these proteins to Helitron transposons is uncertain. 

NUMTs in the D. papillatum nuclear genome 

A particular subtype of dispersed repeats in the nuclear genome of D. papillatum is NU clear MiTochondrial segments 
(NUMTs). These regions originate from intracellular transfer of the mitochondrial DNA (mtDNA) to the nucleus. NUMTs 
have been reported in almost all eukaryotic genomes studied so far, but the number and sizes of transferred mtDNA 
segments vary considerably (KLEINE et al. 2009). It is important to distinguish NUMTs from originally mitochondrion­
encoded genes that have migrated to the nucleus, a process that took place during the transformation of the endosymbiotic 
alpha-proteobacterium to an integral organelle of the eukaryotic cell. These relocated genes code for mitochondrial 
components, implying that the corresponding gene products are targeted to organelles. NUMTs in contrast, are considered 
not to be expressed ((HAzKANI-COVO et al. 2010) but see (NOUTSOS et al. 2007; ROGERS AND GRIFFITHS-JONES 2012; 
WANG et al. 2014)). Here we examined to what degree the incorporation of mtDNA has contributed to the large size of the 
Diplonema nuclear genome. 

Our search for NUMTs in the D. papillatum nuclear genome took into consideration the unusual mitochondrial 
genome architecture and gene structure in this organism, which appears to be a shared feature of diplonemids (KIETHEGA 
et al. 2011; V ALACH et al. 2017; KAUR et al. 2020). Mitochondrial DNA in Diplonema is organized in about 80 distinct 
circular chromosomes of 7-8 kbp length. Only 40-550 bp of these circles is coding, constituting fragments of genes, also 
called 'modules'. Gene modules are flanked by short stretches of unique sequence ('flanking sequence'). In contrast, the 
remaining 90% of a mitochondrial chromosome, referred to as 'constant region', is common to all chromosomes in the 
Diplonema mitochondrial genome (KIETHEGA et al. 2013; MOREIRA et al. 2016; VALACH et al. 2016). Constant regions are 
characterized by tandem repeats and low sequence complexity. 

Approximately 1.2% of the D. papillatum nuclear genome assembly vl .0 consists of NUMTs. This percentage is 
likely an underestimation because NUMTs are known to accumulate mutations leading to divergent sequences that are 
difficult to spot. Therefore, only the relatively recently transferred NUMTs will be recognized. The NUMTs that we 
detected in the Diplonema nuclear genome fall into two categories (i) "anchored" NUMTs representing high-confidence 
matches including mitochondrial gene modules; and (ii) constant-region NUMTs (cr-NUMTs) that exclusively contain 
portions of the constant region of mitochondrial chromosomes. 
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We retrieved 60 anchored NUMTs with a cumulative length of-82.8 kbp. These NUMTs contain sequences from 25 
distinct modules. As many as 11 NUMTs represent entire mitochondrial chromosomes; the accuracy of the nuclear genome 
assembly in these regions was confirmed by inspecting long PacBio reads. Additional 26 NUMTs consist of a part of a gene 
module, and another 23 also contain segments of flanking or constant regions. NUMTs comprising partial mitochondrial 
chromosomes add up to -9. 7 kbp (Additional File 2 numts). Most anchored NUMTs are located in intergenic regions of 
nuclear contigs or in an intron of a nuclear gene; intronic location also applied to two of the NUMTs consisting of full­
length mitochondrial chromosomes. Six anchored NUMTs reside within UTRs of nuclear genes and are transcribed together 
with the rest of the host genes. Interestingly, about one third of anchored NUMTs are arranged in tandem repeats. The 
longest array, residing in contig tig00023746 _ 1, is 485 bp long and consists of eight copies of a -40-bp long portion of 
module XIS, which is an unidentified mitochondrial gene or gene fragment (MOREIRA et al. 2016). A somewhat shorter 
array (379 bp) occurs in tig00023753 and contains four copies of a 95-bp piece of module #1 of the mitochondrial LSU 
RNA (rnl-ml). 

Searches for cr-NUMTs retrieved 1,359 instances with a median size of 128 bp and totaling nearly 260 kbp. Certain 
cr-NUMTs are also arranged in tandem. The longest array consists of 164 copies of a 68-bp motif and makes up an 11-kbp 
region within an intron of the gene DIPPA_33001. Nevertheless, most cr-NUMTs are dispersed individually across the 
nuclear genome, just as their anchored counterparts. They occur predominantly in intergenic regions (1,097 instances) and 
non-coding segments of genes (168 in introns, 95 in UTRs). Only five cr-NUMTs overlap by up to 120 bp a protein-coding 
region, usually at a CDS terminus (Additional File 2 numts). 

The total length and proportion of the Diplonema nuclear DNA whose origin can be traced to mtDNA is within the 
range published for other organisms, especially animals and plants (MICHALOVOVA et al. 2013; Ko AND KIM 2016; 
CALABRESE et al. 2017). However, it should be noted that the reported contribution ofNUMTs to nuclear genomes is 
generally an approximation because the underlying assemblies, unless built from long reads, are probably not entirely 
correct. Moreover, even within a given species, NUMTs might vary across ecotypes, as was recently documented in A. 
thaliana. The commonly studied ecotype Columbia-0 contains an enormous NUMT corresponding to the entire 
mitochondrial genome, which was confirmed by fluorescence in situ hybridization (FISH) on metaphase chromosomes 
(STUPAR et al. 2001). In contrast, recent nuclear genome sequencing of the two ecotypes Niederzenz-1 and Landsberg by a 
long-read technology revealed the absence of these insertions (PUCKER et al. 2019). 

METHODS 

Repeat identification 

RepeatMasker v.4.1.1. (http://www.repeatmasker.org/) was executed in sensitive mode, run with rmblastn v.2.9.0+. 
TandemRepeatsFinder v.4.09 (BENSON 1999) was used with the command line parameters 2 7 7 80 10 50 2000 -h -m -ngs, 
i.e. with a maximum unit length of 2,000 bp. The corresponding output was filtered for further analyses to retain the repeat
units of up to 50 bp. Low-complexity repeats including satellites with units <500 bp were identified with the tool nseg
vl.0.0 (Wooton and Federhen, 1993), but only used for comparison with the output ofTandemRepeatsFinder, without
further following up the nseg results. De novo detection of dispersed repeats was performed with RepeatScout v.1.0.5
(PRICE et al. 2005). The first step is the generation of an kmer (hner) table
$ build_lrner_table -s sequence Dp_vl.O.fasta -freq lrner_table_vl.O.txt 

that serves as input for RepeatScout 
$ RepeatScout -sequence Dp_vl.0.fasta -output repS_vl.0.fasta -freq lrner_table vl.O.txt 

The output (reps_ vl. 0. fas ta) is then filtered by the script filter-stage-1.prl that is provided with the RepeatScout 

distribution to remove from the initially determined repeat motifs those that consists of tandem repeats and low-complexity 
regions: 
$ cat repS_vl.O.fasta I /share/supported/apps/RepeatScout-1.0.5/filter-stage-l.prl > repS_vl.0-filterl.fasta 

The output is a collection of distinct dispersed-repeat sequences but does not include their positions in the genome sequence. 
The authors ofRepeatScout recommend mapping the repeat sequence to the genome by using RepeatMasker and providing 
the repS sequences as database. We generated a gfffile that lists repS positions in the genome with the following command: 
$ RepeatMasker -s -pa 38 -engine ncbi -dir . -lib repS_vl.0-filterl.fasta -gff -xsmall Dp_vl.0.fasta 

However, the result was unsatisfactory because certain repeats were not identified in all expected positions. For finding 
repeat copies exhaustively, we used a global-query and local-database similarity search, notably glsearch of the fasta suite 
v.36.3.8g (PEARSON 2016). Glsearch allows defining the sequence identity threshold ofrepeat copies reported:
$ glsearch36 -T 40 -E l.Oe-5 -mBCB repS_vl.0-filterl.fasta Dp_vl.0.fasta >glsearch-out-repS_vl.0-filterl­
vs-Dp_vl. 0-e-5 

The chosen generous E-value allows detection of copies of the shortest repS motifs ( 50 bp) at a minimum identity of -60%. 
The output file was then filtered to extract motif copies of a given percentage of identity. We experimented with 7 5%, but 
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the subsequent analyses were performed with repeat copies of at least 90% identity. From the file glsearch-out-
repS _ vl. 0-fil terl-vs-Dp _ vl. 0-0. 9ident we generated bed and gff files with in-house scripts, and calculated 

the number of occurrences (frequency) at which the repeat units occur in the genome sequence. To calculate the length and 
proportion of the genome covered by repeats, intervals covered by different repeats were merged with the BEDTools utility 
merge (BEDTools v.2-2.29.2 (QUINLAN 2014): 
$ bedtools merge -i repS_vl.0-filterl-0.9ident.bed -c 4 -o distinct > repS_vl.0-filterl-0.9ident-merged.bed 
To determine the overlap ofrepS copies with genes, exons, and introns, we generated from the conventional genome gfffile 

(Dp _ vi .O.gff3) one that lists only protein-coding genes and indicates introns explicitly. For that we used the GenomeTools 
system v. l. 6.1 (http://genometools.org/tools.htrnl) embedded in an awk script: 
$ awk 'BEGIN {FS-OFS-"\t"}s {split($9, a, "[;-]"); $9-"gene id \""a[4]"\"; transcript id \""a[4]"\""}1' 
Dp_vl.0.gff3 I gt gtf_to_gff3 -tidy 2>/dev/null I gt gff3 -sort -tidy -retainids -addintrons lgrep -v ''#' > 
out 

Subsequently, we replaced the gene identifiers in the out file, which were introduced by the command gt 

gtf _ to _gff3, with our gene identifiers DIPPA_ <number>. The final gfffile Dp _ vl. 0-DIPPA+introns. gff3 

contains explicit intron, exon, and gene features. This latter file was used to determine the overlaps of individual repeats 
with exons or introns employing BEDTools intersect: 
$ bedtools intersect -wo -a repS_vl.0-filterl-0.9ident.bed -b Dp_vl.0-DIPPA+introns.gff3 > repS_vl.0-filterl-
0.9ident-intersect-genes 

To determine the portions of genes, exons, or introns covered by repeats, the unmerged bed file was used as input file 
specified by -a. Finally, selected, long dispersed repeat motifs were conceptually translated with a home-made script and 
protein sequences >= 1,000 residues were retained. For example, the protein sequence file orf _ R=510. faa represents the 
longest reading frame contained in the dispersed repeat R=510 detected by RepeatScout. Sequences in the inferred 
Diplonema proteome with similarity to orf _ R=51 0 . f aa were detected with phmmer v.6.1 (EDDY 2011) using an E-value 

threshold of 1.0 e-5O. Protein domains were retrieved from the output of BLAST searches (ALTSCHUL et al. 1990) in the 
non-redundant database at the National Center for Biotechnology Information (NCBI; https://www.ncbi.nlm.nih.gov/) and 
from a search in the protein-family database Pfam (http://pfam.xfam.org/; (EL-GEBALI et al. 2019)) using hmmscan via the 
HMM webserver v.2.41.2 employing HMM release 3.3.2; http://hmmer.org/ (EDDY 2011)) ofEMBL-EBI 
(https://www.ebi.ac.uk/Tools/hmmer/search/hmmscan) (POTTER et al. 2018). 
Ribosomal RNA genes and gene fragments included in the genome sequence were searched with BLAST v2.2.26 
(ALTSCHUL et al. 1990). 
The identification of transposable-element types described in the main text was performed by extracting distinctive 
keywords from the automated function annotation. More specifically, we parsed the 'product' field (populated via function 
transfer from matches with UniProt/SwissProt proteins) and the 'note' field (containing information derived from matches 
with unreviewed domains) of the gff3 file. The search terms included 'gag protein', 'ingi', 'LINE', 'LlTc', 'mobile 
element', 'polyprotein', 'reverse transcriptase', 'retrotranspos', 'retrovirus', 'ribonuclease HI', 'TcC31 ', 'SLACS', 
'transcriptase'. The retrieved annotations were human-inspected. 
To validate the automated function annotation '(putative) trans-sialidase', initially assigned to 330 genome-inferred 
proteins, we performed a local HMM search with phmmer against the collection ofreviewed trans-sialidases in Swissprot 
and further by HMMscan against all PFAM protein domains using web service at https://www.ebi.ac.uk/Tools/hmmer/. We 
realized that the function assignment of-95% 'trans-sialidase' proteins was erroneous due to annotation transfer from 
incorrectly annotated proteins in GenBank. 

NUMT identification 

The 82 mitochondrial gene modules identified previously (MOREIRA et al. 2016) were searched against the nuclear genome 
assembly vl.O using the Discontiguous MegaBLAST tool of the BLAST+ v2.2.28 package (CAMACHO et al. 2009). The 
scoring scheme was optimized for -9O% identity searches (i.e., matchlmismatchlopen gaplextend gap = 21-31512) (STATES 
AND BOTSTEIN 1991 ), with an initial E-value threshold of I Oe-5 and a size threshold of 34 bp (i.e., longer than the 3 x 
search-word size of 11 bp). Matches with contigs lacking gene annotations were ignored as these contigs might originate 
from incomplete removal of mitochondrial contigs from the nuclear genome assembly. To extend the matches to 
mitochondrial gene modules, we extracted from the contig the sequence interval that spans 8 kbp upstream and downstream 
of the match, 8 kbp being the maximum length of a mitochondrial chromosome. This nuclear genomic interval was then 
used as a query sequence to search by BLAST against a comprehensive mitochondrial sequence database. The target 
database consisted of all complete mitochondrial chromosome sequences (three and two from A and B class, respectively), 
all 81 cassettes, and all 18 mature transcripts (KIETHEGA et al. 2013; MOREIRA et al. 2016; V ALACH et al. 2018). To verify 
whether a nuclear genomic region that included a NUMT was correctly assembled, we examined whether multiple distinct 
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long PacBio reads covered the NUMT and connected it to unique and reliable nuclear sequences. PacBio reads were aligned 
with the nuclear genome sequence using Minimap2 v2. l 7 (Lr 2018), and the resulting alignments were visually inspected. 
We considered only reads of a minimum length of 5 kbp; support by one or two such reads was counted as weak evidence, 
and support by five or more reads counted as strong evidence for the candidate being located in the nuclear genome. All 
other pairwise and multiple sequence alignments were performed using MAFFT v7.388 (KATOH AND STANDLEY 2013). For 

searching cr-NUMTs derived from constant regions of mitochondrial chromosomes, we used the corresponding sequences 
of the complete chromosomes A46 (encoding nad7-m6 and nad9-m3; GenBank Acc. nr. HQ288824) and B03 (coxl-m4; 
EU123537) as representatives of the A and B class, respectively. The same parameters of BLAST+ and filtering were used 
as for the module-anchored searches described above. Overlapping hits were merged. For example, when A- and B-class 
mitochondrial chromosomes share a highly similar sequence, they will match a similar but not necessarily identical nuclear 
region; in such cases, the entire matched region was considered as a single NUMT. 
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7. Polycistronic transcription units in the nuclear genome of Diplonema papillatum

INTRODUCTION 

In most eukaryotes, each nuclear protein-coding gene has its own promoter, with the consequence that neighboring genes 
may or may not be located on the same DNA strand. In contrast, all nuclear genomes ofkinetoplastids analyzed to date have 
gene clusters of up to 100 kbp in length, grouping up to a hundred members arranged in the same orientation (EL-SAYED et 
al. 2005; JACKSON et al. 2016). Genes within these clusters are frequently co-transcribed, with the corresponding gene 
arrays referred to as folycistronic Iranscription 1[nits (PTUs; (MARTINEZ-CALVILLO et al. 2003)). In Trypanosoma, 
promoters were pinpointed systematically upstream of PTUs, but some promoters were also found within PTU arrays 
(KOLEV et al. 2010). Polycistronic primary transcripts are processed by a specialized spliceosome via trans-splicing that 
involves the attachment of a short (39 nt-long in Trypanosoma) spliced-leader (SL) RNA----decorated by a hyper-modified 
cap--to the 5' end of each individual mRNA (reviewed in (MICHAELI 2011)). Messenger RNA maturation is finalized by 
cleaving off the portion downstream of the transcript's 3' UTR followed by the addition of a poly(A) tail (reviewed in 
(CLAYTON AND MICHAELI 2011)). 

RESULTS AND DISCUSSION 

Inspection of the annotated Diplonema genome assembly showed that many predicted protein-coding genes in a given 
contig were arranged head-to-tail, suggesting co-transcription. Therefore, we examined in more detail clusters of five or 
more protein-coding genes (referred to here as 'unidirectional gene arrays') occurring in contigs larger than 50 kbp. 

About 87% (1,159) of these contigs carried at least one unidirectional gene array, with the median size of 
approximately nine genes in a row and with the longest array having> 120 members (for details, see Additional File 3 

polycistTranscripts ). The longer contigs, in particular, contained several shorter arrays in a row having the same orientation, 
most often separated by a single gene model on the other strand. Closer scrutiny of several dozen such cases revealed that 
virtually all 'trend-disrupting' genes lacked evidence for transcription. Further, most of them were related to open reading 
frames contained in transposons or dispersed repeat elements that are uniquely found in the D. papillatum genome sequence 
(see also the Supplementary Information: Section 2. Assembly and annotation of the nuclear genome and transcriptome of 
Diplonema papillatum, in particular, the section on the expert validation of gene models). 

Based on the three longest contigs whose gene models we manually curated, we estimated the extent ofpolycistronic 
transcription units in the genome of D. papillatum. For example, of the initial 11 strand switches in contig tig00022679, only 
a single one remained after curation, leading to arrays comprising up to 52 genes. By extrapolation, the Diplonema genome 
is believed to contain two to three times longer unidirectional gene arrays compared to the prediction by the automated 
structural annotation. Among the expert-confirmed arrays, the longest extends to more than 1 Mbp (tig00022654_12). 

In Trypanosoma, arrays of about a hundred unidirectional genes are transcribed into several polycistronic RNAs 
(KOLEV et al. 2010). Therefore, it is possible that the gene arrays in Diplonema, too, contain multiple promoters. These are 
likely located in intergenic regions that stand out for their large size. For example, contig tig00022654_12 includes six 
intergenic regions that are > 10 kbp long. Given these predictions, it will be interesting to examine transcription initiation 
and termination positions of Diplonema nuclear genes by experimental means. For example, it was shown in kinetoplastids 
that modified bases provide the signal for transcription termination (VAN LUENEN et al. 2012; SCHULZ et al. 2016). 

In conclusion, D. papillatum and kinetoplastids appear to share an organization of nuclear genes into sizeable PTUs, 
and a relatively small number ofRNAP II transcription start sites per chromosome. While the organizational principle may 
be the same in the two sister taxa, the actual gene order is very different, since we did not detect any signs of synteny 
between the genomes of D. papillatum on the one hand and Trypanosoma brucei, Leishmania tarentolae or Bodo saltans on 
the other. 

MATERIALS AND METHODS 

The orientation of protein-coding genes along a contig was extracted from the genome annotation file (gff). The 
identification of spliced-leader trans-splicing sites is described in the Supplementary Information : Section 2. Assembly 
and annotation of the nuclear genome and transcriptome of Diplonema papillatum. 
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8. DNA modifications (SmC and J)

INTRODUCTION 

Genomic DNA consists primarily of four bases, adenine (A), guanine (G), cytosine (C), and thymine (T). However, 
derivatives of this basic alphabet have been documented in numerous organisms, with around 50 naturally occurring 
modified bases identified so far (SOOD et al. 2019; DAI et al. 2021). Out of these, the two most frequently encountered 
modified bases are 5-methyl-cytosine (5mC) and N6-methyl-adenine (6mA) in eukaryotic and prokaryotic genomes, 
respectively, which serve as epigenetic marks (SUN et al. 2015; DE MENDOZA et al. 2019). 

Most unconventional bases occur across the tree of life, but some display a constrained phylogenetic distribution. A 
prime example of the latter category is the hyper-modified thymine derivative, �-D-glucopyranosyl-oxymethyluracil, 
referred to as base J. This nucleotide is restricted to euglenozoans ((GOMMERS-AMPT et al. 1993; VAN LEEUWEN et al. 1998; 
Doorrns et al. 2000), reviewed in (BORST AND SABATINI 2008)). The metabolism of base J has been extensively studied in 
trypanosomes and leishmanias, in which its biosynthesis relies on three protein families: JBPl/2, JGT, and JBP3. JBPI and 
JBP2 are DNA-binding thymidine hydroxylases (TH). JBP2 generates de novo the modification of thymine to 
hydroxymethyl-uracil (5hmU), and JBPl then propagates this base across a larger region (CROSS et al. 1999; DIPAOLO et al. 

2005). Subsequently, the intermediate 5hmU is transformed by the glycosyltransferase JGT to base J (BULLARD et al. 2014). 
The most recently identified J-interacting protein JBP3 binds to DNA enriched in J and recruits additional factors to the 
modified sites forming a regulatory protein complex (KIEFT et al. 2020). 

RESULTS 

In Diplonema nuclear DNA, modified bases were experimentally identified more than two decades ago, notably the 
taxonomically wide-spread 5mC and the euglenozoan-specific base J (VAN LEEUWEN et al. 1998). We searched in the D. 
papillatum genome assembly for homologs of proteins known to be implicated in the metabolism of these two minor DNA 
bases. 

The nuclear genome of Diplonema codes for five distinct proteins of the cytosine-5 DNA methyltransferase (DNMT) 
family, a class of enzymes responsible for the biosynthesis of 5mC (DIPPA_02667, DIPPA_l 1195, DIPPA_01326, 
DIPPA _ 70042, and DIPPA _ 70054). The latter three belong to the DNMT2 subfamily and most likely act as tRNA 

methyltransferases. Interestingly, DIPPA_02667 and DIPPA_l 1195, which are members of the more prominent DNMT3/5 
family, affiliate in phylogenetic analyses with de novo DNA methyltransferases from bacteria that are also sporadically 
found in protists and certain fungi (BEWICK et al. 2019). This distribution suggests that D. papillatum acquired these genes 
via horizontal transfer. We also detected homologs of a dozen oxidative demethylases belonging to the AlkB family. Some 
of these predicted enzymes might be specifically responsible for the C5-demethylation of nuclear DNA. 

We also searched in the inferred Diplonema proteome for homologs of the three protein families involved in the base J 
metabolism from kinetoplastids. D. papillatum (and all other examined diplonemids and Euglena) seems to lack JBP2, but 

encodes two paralogs of JBPl, namely DIPPA_70009 (DpJBPlB) and DIPPA_70011 (DpJBPlA). The latter possesses in 
addition to TH and J-DNA-binding domains, an atypical C-terminal methyltransferase domain (PF13489). The top 
candidate for being a JGT homolog is DIPPA_30303, which encodes a glycosyltransferase. 

Lastly, we identified two JBP3 homologs in Diplonema (as well as in other diplonemids), which we refer to as JBP3A 
(DIPPA_l 7973) and JBP3B (DIPPA_28081). The latter protein is more closely related to the sole JBP3 in kinetoplastids. 
Leishmania JGT and JBP3 were shown to form a complex together with the proteins PPl, Wdr82/Swd2, and PNUTS (KIEFT 
et al. 2020). However, among dozens of potential homo logs, Diplonema has no clear orthologs of PP! and Wdr82, and 

further appears to lack PNUTS. The base J metabolism either has been rewired, or its components have considerably 
diverged during euglenozoan evolution. 

DISCUSSION 

In eukaryotes, C5 methylation plays various roles ranging from gene and transposon silencing to nucleosome positioning 

(HUFF AND ZILBERMAN 2014; SCHMITZ et al. 2019). Given the abundance of non-transcribed repetitive and transposable 
elements in the D. papillatum genome, we posit that 5mC is involved in their transcriptional repression. 

Base J, a hallmark feature of euglenozoans, often has a predominantly telomeric localization but is also found 
elsewhere in the nuclear genome (GENEST et al. 2015). While this base functions as a critical genomic silencing marker, its 
precise role varies. In Leishmania, the rare extra-telomeric J bases participate in transcriptional termination of polycistronic 
units (VAN LUENEN et al. 2012), while in trypanosomes, the role of base J is auxiliary to a histone H3 variant (SCHULZ et al. 
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2016). Given the more than 100 kbp-long polycistron-like gene clusters in Diplonema (see main text), we predict that in this 
protist, base J has the same primary function as in kinetoplastids. At the same time, D. papillatum differs in two key aspects 
from kinetoplastids: the richness of silent repetitive DNA and transposable elements in the nuclear genome and the 
assortment of proteins involved in the base J metabolism. Hence, investigating the diplonemid system promises to provide 
new insights into the adaptability of this epigenetic pathway. 

METHODS 

The identification of protein function was performed as described in the Supplementary Information: Section 2. Assembly 
and annotation of the nuclear genome and transcriptome of Diplonema papillatum. 
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9. RNA interference (RNAi)

INTRODUCTION 

RNA interference (RNAi) is a process thought to have evolved as a defence mechanism against retrotransposons and 
invading double-stranded ( ds) RNA viruses (MALONE AND HANNON 2009). The last eukaryotic common ancestor (LECA) 

must have been already equipped with a minimal eukaryotic RNA silencing pathway comprising an RN ase III-like 
endonuclease Dicer, PIWI-domain containing proteins (Argonaute [Ago] and Piwi), and an RNA-dependent RNA 
polymerase (RdRP) (BURROUGHS et al. 2014; SWARTS et al. 2014). Mechanistically, Dicer processes long dsRNAs into 
small interfering (si) RNAs that are then loaded onto PIWI-domain proteins. The siRNAs recognize target RNA molecules 
through complementary base pairing. Subsequently, the target transcript is cleaved, thereby silencing the expression of the 
corresponding gene. RdRP can either initiate or enhance the response by amplifying the amount of the dsRNA that triggers 
the cascade. 

RESULTS 

The Diplonema inferred proteome contains all the elementary components of a functional RN Ai pathway (Supplementary 
Table SIS). The genome assembly includes two homologs of the Dicer-like protein (DCL), notably DpDCLl 

(DIPPA_01275) and DpDCL2 (DIPPA_00339). DCLI is an unusually large gene spanning three contigs; the protein 
sequence was manually assembled with the help of transcriptome data. Other diplonemids appear to contain only a single 
Dicer-one that most closely resembles DpDCLl. DpDCL2 likely originated in D. papillatum by gene duplication and 
divergence, as this protein lacks a C-terminal domain that all other diplonemid DCLs otherwise share. 

A total of eight PIWI domain-containing proteins were identified in the D. papillatum inferred proteome. The five 
genes coding for Piwi proteins (DIPPA_27834, DIPPA_27835, DIPPA_27840, DIPPA_27841, and DIPPA_70076) are 
identical in sequence and arranged in a tandem array; the correctness of the assembly at the corresponding locus was 

verified by examining PacBio reads. In contrast, three members of the Argonaute family (DIPPA_09821, DIPPA_23819, 
and DIPPA_13995) are distinct in sequence (pairwise identity 93%) and are encoded in different genomic loci. Other 
diplonemids seem to possess a similar assortment of homologs. 

The Diplonema genome also encodes a single homolog ofRdRP (DIPPA_03987). The protein is characterized by three 
distinct regions: an N-terminal helicase domain (pfam families DEAD (PF00270) and Helicase_C (PF00271)), a central 
RdRP domain (pfam family RdRP (PF05183)), and a C-terminal low-complexity region. While kinetoplastids are known to 
lack RdRP (KOLEV et al. 2011 ), other disco bids, such as the heterolobosean Naegleria gruberi, have undergone an 
expansion of this family (BURROUGHS et al. 2014). 

Lastly, we searched for homologs of two novel kinetoplastid-specific RNAi factors discovered in Trypanosoma brucei, 
i.e., TbRIF4, which is responsible for generating single-stranded siRNAs from duplexes, and TbRIF5, which is a cofactor of

Trypanosoma DCLI (BARNES et al. 2012). In Diplonema (and in several other diplonemids), we found a single homolog of
TbRIF4 (DIPPA_70075, another large gene spanning three contigs in the assembly). Still, a counterpart of the Dicer
cofactor was not detected.

Supplementary Table S18. Proteins involved in RNAi of D. papil/atum. 

Dicer 

DIPPA_01275 (DCLl) 

DIPPA_00339 (DCL2) 

Argonaute 

Piwis Agos 

DIPPA_27834 DIPPA_09821 

DIPPA_27835 DIPPA_23819 

DIPPA_27840 DIPPA_13995 

DIPPA_27841 

DIPPA_70076 

RdRP 

DIPPA_03987 

Co-factors 

DIPPA_70075 (RIF4) 
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DISCUSSION 

The predicted RNAi-implicated protein repertoire in D. papillatum, and diplonemids in general, indicates a less streamlined 
pathway compared to kinetoplastids. In particular the finding of a signal-amplifying RdRP gene in the Diplonema nuclear 
genome suggests a more conventional RNAi machinery. 

In addition, all examined diplonemids possess multiple Piwi and Ago proteins, which contrasts with kinetoplastids. For 
instance, in T. brucei, its sole AGOl is responsible for all forms ofmRNA silencing, irrespective of whether siRNA 
duplexes are generated by the cytoplasmic Dicer-like (DCL) enzyme 1 or the nucleus-located DCL2 (KOLEV et al. 2011). 
The function of the PIWI-only TbPWil is unclear, but the protein is apparently not involved in RNAi (DURAND-DUBIEF 
AND BASTIN 2003). Curiously, in phylogenetic trees, kinetoplastid Piwi (Kiwi) and Ago proteins cluster together to the 
exclusion of Argonautes and Piwis from all other eukaryotes (SWARTS et al. 2014). Based on our phylogenetic analysis, all 
diplonemid Ago proteins belong to the same family, including their kinetoplastid counterparts (Supplementary Figure S16, 
'euAgo' group, for �lenozoan Mill). In contrast, the Piwi proteins of diplonemids associate with the RNAi-implicated 
members of the Piwi-like family from other eukaryotes. This indicates that not only Agos, but also Piwis likely contribute to 
silencing responses in diplonemids. 

Traditionally, RNAi has been considered to be involved in post-transcriptional gene regulation and transposon 
repression. Both processes are critical for Diplonema given polycistronic transcription and the large population of 
transposable elements lingering in its nuclear genome. However, while the Diplonema RNAi machinery might well suppress 
transcripts originating from mobile elements, it has apparently not contained their massive spread throughout the nuclear 
genome. Alternatively, RNAi in Diplonema could be predominantly involved in other processes such as small-RNA-driven 
translational silencing, genome methylation, or centromere formation, functions that have been documented in various 
organisms, including animals, plants, fungi and certain protists alike (KETTING 2011; GUTBROD AND MARTIENSSEN 2020). 
Determining more precisely what roles the individual RNAi pathway components perform in Diplonema will require 
experimental scrutiny. 

METHODS 

Protein identification and function assignment across diplonemids were performed by searches with BLAST and profile 
Hidden Markov Models (HMMs) as described in the Supplementary Information on functional genome annotation. To 
determine the phylogenetic relationships among Piwi and Ago proteins, sequences from diplonemids and selected 
eukaryotes and prokaryotes from a previous study (SWARTS et al. 2014) were pre-aligned with Muscle (EDGAR 2004) and 
realigned with an HMM search (built with the initial Muscle alignment) using hmmsearch (HMMER 3.3, Nov 2019) (EDDY 
2011 ). Only amino acids aligned with a PP value of 1.0 were retained for phylogenetic analysis, which was performed by a 
Bayesian and maximum likelihood (ML) approach. For the former, we used PhyloBayes (LARTILLOT et al. 2013) by 
running four independent chains, six gamma categories and the CAT-GTR model. For the ML approach, we used IQ-TREE 
with default parameters and the option to calculate 1,000 ultrafast bootstrap replicates (MINH et al. 2020). 
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Supplementary Figure S16. Phylogeny of Piwi-domain containing proteins. The phylogenetic tree was constructed with 

Bayesian (A) and maximum likelihood (B) methods using the Piwi-domain sequences of proteins across eukaryotes and from 

several prokaryotes as outgroups (pAgos). Posterior probabilities (Phylobayes) and UF bootstrap support values (IQ-TREE) are 

indicated next to each branch. Both approaches resolve the tree into several clusters of related sequences, namely: conventional 

Piwi proteins from various eukaryotes (Piwi), conventional Ago proteins from various eukaryotes (Ago), nematode-specific Ago 

protein expansion (wAgo), kinetoplastid and diplonemid Ago proteins (euAgo), kinetoplastid-specific Piwi proteins (Kiwi), and 

prokaryotic Ago proteins (pAgo). Diplonemid taxa are highlighted in darker background shades. 
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10. The cytosolic ribosome of Diplonema papillatum

Gel electrophoresis under denaturing conditions demonstrated that the Diplonema cytosolic ribosome ( cytoribosome) 
contains the usual four eukaryotic rRNA species: 18S, 5.8S, 26S, and 5S. The bipartite Diplonema large subunit (LSU) 
rRNA (5.8S + 26S) stands in marked contrast to the cytosolic LSU rRNAs of other euglenozoans, where the 26S rRNA 
component is further fragmented into six distinct pieces in kinetoplastids (GRAY 1981; CAMPBELL et al. 1987; SPENCER et 

al. 1987; HASHEM et al. 2013; LIU et al. 2016) and 13 separate pieces in the euglenid Euglena gracilis (SCHNARE et al. 
1990; SCHNAREAND GRAY 1990; HALAKUC et al. 2022). Although some of the additional processing sites are in a similar 
site in kinetoplastid and euglenid LSU rRNAs (SCHNARE et al. 1990), these positionally equivalent processing events must 
have arisen independently in the two lineages, given that diplonemids are evolutionarily intermediate between kinetoplastids 
and euglenids (HALAKUC et al. 2022). 

The Diplonema genome encodes all 33 small subunit (SSU) ribosomal proteins (RPs) found in the human 
cytoribosome. In addition, the Diplonema SSU is predicted to contain an ortholog of a novel RNA-binding protein that has 
been identified by cryo-EM in the SSU ofkinetoplastids (BRITO QUERIDO et al. 2017) and E. gracilis (MATZOV et al. 2020). 
We also identified all 47 LSU RPs found in the human cytoribosome. 

To gain insight into the organization and evolution of cyt-RP genes in Diplonema, we carried out a detailed manual 
examination of SSU and LSU cyt-RP genes (of which there are in total 109 and 155, respectively), CDS and their predicted 
amino acid sequences. Several themes emerged from the study of identified cyt-RP genes. 

• As in other eukaryotes (LECOMPTE et al. 2002), multiple copies exist for each of the Diplonema SSU and LSU cyt­
RPs. Gene copies (2-9) may be localized in a single genomic scaffold (e.g., five copies ofuS3 on tig00023122 _3)
or distributed among two or more scaffolds. When copies are located on the same scaffold, they are invariably
found in the same transcriptional orientation and generally separated by several thousand base pairs.

• Just over half of the 109 SSU and 155 LSU cyt-RP gene copies (57 and 86, respectively) contain introns (1-3 per
copy). With few exceptions, intron-containing copies have the same number ofintrons, and these are invariably
located at the same position within the CDS. With very few exceptions (e.g., 13 in duplicate uS7 copies),
positionally equivalent introns differ considerably in size and display no significant sequence similarity with one
another. Intron size generally ranges from a few hundred to a few thousand bp, with an unusually long intron
(23,385 bp) in one uS13 gene copy (vs. 416 bp in the other).

• In duplicate copies of the uS8 gene, a single intron is present in the 3'-UTR, inserted after position 14 in copy #1
and position 16 in copy #2. Comparison of genome and transcriptome sequence data provides evidence of
alternative splicing of the copy #1 transcript, in which the 3' UTR intron removed is either 233 or 301 nt long (both
GT ... AG).

• In comparing CDS sequences of different copies of the same gene, no consistent pattern of sequence
conservation/divergence emerges. In some cases, CDSs are identical, in other cases quite divergent. For example,
duplicate copies of the uS8 gene are present in two separate genomic scaffolds. The duplicates on each scaffold
have an identical CDS, but the CDSs between duplicate pairs differ by 55 SNPs (86% identity) and predicted
protein sequences differ at 9 positions (93% identity). In other cases, the CDSs in multiple copies differ by only a
single or a few SNPs, all of which are at silent 1st or 3rd codon positions, whereas in other instances SNPs are
relatively numerous (e.g., 21 SNPs and 95.5% identity between the duplicate uS13 copies). But again, all SNPs are
silent so that the predicted amino acid sequence is unaffected.

• Yet another pattern is exemplified by the duplicate copies of uS2 (DIPP A_ 07808 and DIPPA _ 05951 ), whose CDSs
differ by 162 SNPs (82% identity) and predicted protein sequences differ at 61 positions (75% identity).
Nevertheless, despite their divergent sequences, BLASTp against NCBI nr with both protein variants retrieves the
same top hit (' 40S small subunit ribosomal protein uS2 [Euglena gracilis] ').

• Another type of variation arises from terminal extensions or truncations. For instance, the two uS 14 copies, located
on different contigs, have a length of 150 aa (DIPPA_22991) and 100 aa (DIPPA_33894). Notably, all the genes
discussed here are transcribed at an exceptionally high level.

• Overall, CDS identity between multiple copies of the same gene ranges from -80% to 100% and inferred amino
acid sequence between -87% and 100%, although the latter is generally >95%. These results indicate the
emergence of paralogs by gene duplication and divergence within the diplonemid lineages rather than by horizontal
acquisition of a new homolog.
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In summary, detailed examination of Diplonema cyt-RP genes did not reveal a consistent pattern that would allow one 
to draw meaningful conclusions about the mechanism of duplication and sequence divergence of these genes. The data do 
indicate the existence of sequence variants of a substantial number of individual Diplonema cyt-RPs. Although further work 
would be necessary to confirm transcription of individual cyt-RP gene variants that differ in sequence by only a few 
nucleotides, current evidence from transcript quantification indicates that essentially all copies of a particular cyt-RP are 
expressed in the form ofmRNAs. It remains to be determined what the protein levels are, whether expression is constitutive, 
and if certain variants are preferred under certain environmental or physiological conditions. These observations leave open 
the possibility that Diplonema cytoribosomes may be heterogeneous with respect to their composition of individual RPs. 

Compositional ribosome heterogeneity has been a subject of considerable conjecture and experimentation (GILBERT 2011; 
SLAVOV et al. 2015; SHI et al. 2017; GENUTHAND BARNA 2018; FERRETTI AND KARBSTEIN 2019; GHULAM et al. 2020; 
MARTINEZ-SEIDEL et al. 2020; NORRIS et al. 2021). 
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11. Meiosis in Diplonema papillatum?

INTRODUCTION 

Meiosis is a prerequisite for sexual reproduction as it produces haploid gamete cells. In D. papillatum and other 

diplonemids, meiotic processes have not been observed and are not induced by starvation as in many other systems. This 
raises the questions of (i) whether D. papillatum has the potential to reproduce sexually and, if so, (ii) whether the crossover 
is mediated by the synaptonemal complex, which is the preferred pathway in most examined eukaryotic species. 

At the cell-biology level, meiosis proceeds in two principal stages. First, homologous chromosomes pair with each other, 
followed by programmed double-strand breaks and strand exchange. Second, meiotic crossovers are formed, and then the 
joint molecules are resolved (KOHL AND SEKELSKY 2013). In organisms for which cytological evidence is lacking or 
genetics tools are not available, the potential for sexual reproduction is examined by scrutinizing the genome for homologs 

of genes involved in the meiosis of model organisms (Saccharomyces cerevisiae, Schizosaccharomyces pombe, Drosophila, 
and C. elegans). Below, we will briefly discuss the genes involved in the various steps of meiosis and report for which genes 
we detected homologs in the D. papillatum nuclear genome assembly version 1. 

RESULTS AND DISCUSSION 

Genes involved in early meiosis 
Pairing of homologous chromosomes proceeds in three steps, each catalyzed or controlled by a specific set of genes 
conserved across eukaryotes (KOHL AND SEKELSKY 2013). In the following, the names of genes and proteins that are 
meiosis-specific are shown in red, and those that also act in mitosis or other processes are shown in turquoise; genes 
detected in the D. papillatum nuclear genome are set in bold (Supplementary Table S19). 
The three steps of homologous chromosome pairing and the proteins involved in these steps are: 

1. Programmed DNA double-strand breaks (DSBs), induced by the SPOll endonuclease;

2. Processing of DSBs and ssDNA regions, performed by the Replication £rotein A (RP A), a heteromeric complex;
3. Formation of extended D-loops resulting in joint molecules, catalyzed by the recombinases DMCl and RAD51, and

assisted by HOP2 and MNDl.
In yeast, REC102, REC104 and RECl 14 have been shown to interact with SPOll (SASANUMA et al. 2007; KOHL AND 
SEKELSKY 2013), but they appear to have no homologs outside the fungi. 

The second part of meiosis 

Subsequent meiotic crossovers and the resolution of the joint molecule may follow either of two distinct crossover 
pathways, Pathway I or II. Most eukaryotes are equipped for both pathways but prefer using one or the other. 

Crossover Pathway I is characterized by the formation of a synaptonemal complex during meiotic prophase I, a structure 
that is thought to stabilize meiotic pairing. This pathway is the preferred route in, e.g., Caenorhabditis and Drosophila 
( (KOHL AND SEKELSKY 2013) and references therein). Genes encoding components of the synaptonemal complex, such as 
the lateral-element proteins RED! and HOPI and the recombination-nodule proteins ZIP!, ZIP2, ZIP3, and SP022 are 
specific for Pathway I. Further involved in this pathway are the DNA helicase MER3 and the mutS-homologs MSH4 and 
MSH5 (PAGE AND HAWLEY 2004). The latter two proteins also participate in general DNA repair. Note that eukaryotes 
typically encode four distinct mutS-homologs (yeast even has a total of six), which are highly similar to each other in their 
protein sequence. In the Diplonema nuclear genome, we were unable to retrieve any of the homologs of the meiosis-specific 

Pathway-I components RED!, HOPI and ZIPl-4, except a moderately supported MER3 (see phylogeny below). However, 
we detected homologs ofMSH4 and MSH5, and further MSH2, MSH3, MSH6 that are all probably involved in general 
DNA repair. 

Crossover Pathway II, the exclusive mode of crossover formation in the fission yeast, uses mitotic DNA-repair 
functions involving non-interfering crossovers. Thus, Pathway-II-specific meiosis genes do not exist. The complex that 
resolves meiotic crossovers in S. pombe is composed ofMUS81 and MMS4. Experimental evidence shows that 
Tetrahymena thermophila generates crossovers by the Class II pathway. According to their gene repertoire, i.e., absence of 
Pathway I genes and presence of MUS81, other ciliates are probably also capable of Class II crossovers ( see ( CHI et al. 
2014) and references therein). Note that MMS4 has not been detected in ciliate genomes, suggesting_that it is not essential 
for Pathway II. In the Diplonema nuclear genome, we detected a homolog ofMUS81, but no significant hit with MMS4. 
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Meiotic divisions 

Essentially all eukaryotes go through haploid and diploid phases, and depending on the predominant stage, a species is 
classified as being haploid or diploid. Consequently, there is no difference in the meiosis of haploid and diploid organisms. 
The ( either interim or long-term) diploid undergoes two rounds of specialized cell divisions, Meiosis I and II, without 
intervening S-phase. Prior to entry into Meiosis I, homologous chromosomes (originating from each parent) pair and 
undertake meiotic recombination, thereby generating new genetic combinations in the offspring. During this step, 
homologous chromosomes are segregated into daughter cells, whereas sister chromatids are segregated during Meiosis II. In 
the case of diploid organisms, the haploid products of Meiosis II function as sexual spores that fuse to form a zygote, which 
then multiplies by mitosis. In the case of haploid species, the haploid product of Meiosis II corresponds to the 'adult' 
organism that directly multiplies by mitosis. 

Meiosis II largely resembles mitotic division. One of the differences found, e.g., in yeast and human, is that the cohesin 
subunit Rad21 (termed SSCl in S. cerevisiae), which otherwise functions in mitosis, is substituted by a specialized meiotic 
form, named RECS (WASSMANN 2013). 

Distinction of closely related homologs 

Several meiosis proteins have closely related counterparts and are therefore easily confused. These include DMCl and 
RAD51; MSH2, MSH3, MSH4, MSH5 and MSH6; RAD21 and RECS; and MER3 and other ATP-dependent DNA and 
RNA helicases. All of the above function assignments of D. papillatum proteins have been confirmed by protein-domain 
content and arrangement. In the case of confounding paralogs, we performed phylogenetic analyses and transferred the 
function annotation ofa given SwissProt protein to the Diplonema protein, if they group together in a well-supported clade. 

Diplonema DMCl and RAD51 could be clearly distinguished based on their affiliation with the corresponding 
kinetoplastid homologs (Supplementary Figure Sl 7A). Similarly, MSH2 to MSH6 from diverse eukaryotic groups 
including D. papillatum form coherent clades (Supplementary Figure Sl 7B). To validate the DNA-helicase MER3 
candidates of Diplonema, we added to the dataset DEAD/DEAH box RNA helicases and U5 small nuclear RNA helicase 
that have significant sequence similarity to MER3. Of the initial three MER3 candidates in Diplonema, one affiliates with 
the MER3 clade, including confirmed orthologs from plants, human, and yeast (Supplementary Figure Sl 7C). 

Evidence of meiosis in Discoba 

Finding orthologs of genes whose involvement in meiosis has been demonstrated experimentally in model organisms does 
not prove that D. papillatum is indeed capable of sexual reproduction. The same caution applies, e.g., to the discoban 
Trichomonas (MALIK et al. 2007) and the dinoflagellate Symbiodinium. In these organisms, 'meiosis' genes had been 
identified, but otherwise, cytological or genetic evidence for sexual processes is lacking (CHI et al. 2014) . . In addition, 
meiosis genes can be present in a genome despite the absence of sexual reproduction, as was demonstrated in Giardia 
intestinalis where DMCl, SPOll, and HOPI act duringparasexual genetic recombination (CARPENTER et al. 2012). 
Further, in Acanthamoeba, meiosis genes are expressed constitutively, which led to the proposition that the corresponding 
gene products are involved in biological processes other than meiosis (MACIVER et al. 2019). 

Although protists had historically been considered to propagate only clonally, cytological evidence supporting meiotic 
processes exists for quite a number of groups (reviewed in (HEYWOOD 1976)). Among Discoba, conventional meiotic 
division has been demonstrated in trypanosomes by examining the inheritance of genetic markers. Meiosis is further 
supported by the finding that Trypanosoma brucei temporally expresses DMCl, HOPI, MNDl, and SPOll, and forms a 
synaptonemal complex that was demonstrated by immunofluorescence experiments ((PEACOCK et al. 2011) and references 
therein). 

In euglenids, traditionally believed to reproduce exclusively mitotically, indications for meiosis come from cytological 
studies of Hyalophacus (LEEDALE 1967). For Euglena gracilis, corresponding experimental data are not available. Still, its 
genome includes a complete set of meiosis-specific genes (EBENEZER et al. 2017), although DMCl, RECS, and SPOll 
seem not to be transcribed (under the conditions tested (EBENEZER et al. 2019)). 

Sexual reproduction of the heterolobosean Naegleria was suggested based on isoenzyme analysis (PERNIN et al. 

1992). However, isoenzymes can arise from conditions other than meiosis, for example paralogs that arose via gene 
duplication or post-translational processing. Therefore, isoenzyme analyses are only conclusive in connection with genetic 
crosses and the analysis of offspring as conducted for T. brucei (SCHWEIZER et al. 1994). Finally, several studies have 
provided indirect evidence for sexual processes in protists, e.g., by searching for the existence of genes encoding proteins 
that function in cell and nuclear fusion (SPEIJER et al. 2015). 
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Supplementary Table S19. D. papillatum homologs of genes involved in meiosis 

Protein Name/component• Geneb Distributionc Synonym Dp protein ID TPM (RNA-Seq)' 

Meiotic recombination DMCl* broad LIM15 DIPPA_08042 32.47744 (7,852) 

Mei-specific/SC lateral element HOPl* broad ASYl DIPPA_03672 2.049079 (622) 

Homol-pairing/Class 11 pathway HOP2* broad DIPPA_04049 0.756920 (101) 

ATP-dep DNA helicase/SC? MER3 broad HFMl DIPPA_l7120 0.138232 (224) 

Meiotic nuclear division MNDl* broad DIPPA_03210 0.74791 {96) 

DNA mismatch repair/SC MSH4 broad DIPPA_32943 0.426741 (408) 

DNA mismatch repair/SC MSHS broad DIPPA_30171 0.564389 {360) 

Meiotic recombination REC114 Ascom REC7 I I 

Meiotic recombination RECS* broad SYN2 I I 

Reductive division/SC axial element REDl Ascom RECl0 I I 

Meiotic recombination SPO11* broad REC12 DIPPA_09542 0.507504 (130) 

SC central element ZIPl Ascom I 

SC central element ZIP2 Ascom I I 

SC central element ZIP3 broad I 

SC central element ZIP4 Ascom SPO22 I I 

Complex formation of SPOll, SC REC102 Ascom I I 

Meiosis specific MEl4 Opisth I I 

Recombination protein MER2 Ascom REC107 I I 

DSB-repair MREll broad DIPPA_08235 11.030102 (2,396) 

DNA mismatch repair MSHl broad I 

DNA mismatch repair MSH2 broad DIPPA_28873 3.458633 (2,452) 

DNA mismatch repair MSH3 broad DIPPA_30820 7.495374 (5,815) 

DNA mismatch repair MSH6 broad DIPPA_04082 1.134347 (881) 

Cross-over junction endonuclease MUS81 broad DIPPA_25323 1.026156 (1,926) 

Sisterchromatid separation RAD21 broad SSCl DIPPA_12003 24.029910 (9,023) 

DNA repair RAD50 Ascom DIPPA_22997 3.062462 (1,702) 

DIPPA_20691 3.134435 (1,742) 

DIPPA_12463 5. 720618 (2,516) 

Homologous-recombination repair RAD51 broad DIPPA_21552 3.939032 {969) 

Antiviral SKIS REC103 Ascom SKIS I I 

Meiotic recombination REC104 Ascom I I 

Meiotic recombination REC114 Opisth I I 

Replication factor A protein 1 RPAl broad RPA 70 kDa DIPPA_33311 22.036753 (8,573) 

Replication factor A protein 2 RPA2 broad RPA 32 kDa DIPPA_08046 9.324137 (1,402) 

DNA repair XRS2 Ascom I I 

• Protein name/function from SwissProt or literature; SC, synaptonemal complex. 

'Asterisks indicate proteins considered to be a core meiotic component (PEACOCK et al. 2011; CHI et al. 2014); underscoring of protein names 

indicates homologs that require phylogenetic analysis for accurate function assignment; red, meiosis-specific proteins; blue, proteins that 

participate in meiosis and mitosis or other processes. 

'Taxonomic distribution. Ascom, Ascomycetes; Opisth, Opisthokonts. 

'Transcripts per Million (TPM) and RNA-Seq reads mapped, i.e., read count (in brackets). For details on transcript quantification based on RNA-

Seq read mapping, see Supplementary Information: Section 2. Assembly and annotation of the nuclear genome and transcriptome of 

Diplonema papillatum. 
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Supplementary Figure 517. Phylogenetic analysis of proteins involved in meiosis. Posterior likelihood values of bipartitions are 

indicated. The function assignment of clades (vertical protein name) is based on that of the proteins in UniProtKB 'reviewed 

(SwissProt)' that are part of the corresponding clad es. Branches of clad es uniting kinetoplastid and 0. papil/atum sequences are 

colored in purple. Protein candidates from 0. papillatum (DIPPA_) are shown in bold font. A, DMCl and RADSl. Taxon names 

are abbreviated as follows: Achl, Achl, Achlya hypogyna; Albu, Albugo laibachii; Ango, Angomonas deanei; Apha, Aphanomyces 
astaci; Athal, Arabidopsis thaliana; Babe, Babesia microti; Blas, Blastocystis sp.; Bodo, Bado saltans; Chro, Chroomonas 

mesostigmatica; Cowcz, Capsaspora owczarzaki; Crein, Chlamydomonas reinhardtii; Cryp, Cryptomonas paramecium; Cryt, 

Cryptosporidium andersoni; Cmero, Cyanidioschyzon mero/ae; Dmela, Drosophila melanogaster; Emil, Emiliania huxleyi; Enta, 

Entamoeba histalytica; Ente, Enterospara canceri; Fist, Fistulifera safaris; Giar, Giardia intestinalis; Greg, Gregarina niphandrodes; 
Guil, Guillardia theta; Hamm, Hammondia hammondi; Hemi, Hemise/mis andersenii; Hsapi, Homo sapiens; lcht, Jchthyophthirius 

multifiliis; Leis, Leishmania major; Lept, Leptomonas pyrrhocoris and seymouri; Mono, Monosiga brevicollis; Nann, 

Nannoch/oropsis gaditana; Ostr, Ostreococcus Jucimarinus; Oxyt, Oxytricha trifal/ax; Phae, Phaeodactylum tricornutum; Phyp, 

Physcamitrella patens; Phyt, Phytophthora nicotianae; Phys, Physarum polycephalum; Plah, Plasmopara halstedii; Reti, 

Reticulomyxa fi/osa; Rhiz, Rhizophagus irregu/aris; Sacc, Saccharomyces cerevisiae; Salp, Sa/pingoeca rosetta; Sapr, Sapro/egnia 

diclina; Spha, Sphaeroforma arctica; Spomb, Schizosaccharomyces pombe; Tetr, Tetrahymena thermophila; Trau, Thraustotheca 
clavata; Stri, Strigomonas culicis; Styl, Stylonychia /emnae; Tryp, Trypanosoma cruzi, Tryt, Trypanosoma thei/eri. RADSl in Giardia 

is probably a DMCl ortholog. B. MSH2 to MSH6. Taxon names are abbreviated as follows: At, Arabidopsis thaliana; Cm, 

Cyanidioschyzon mero/ae; Dm, Drosophila melanogaster; Es, Ectocarpus silicu/osus; Eg, Eug/ena graci/is; Hs, Homo sapiens; LI, 

Leishmania major; Mm, Mus musculus; Ot, Ostreocaccus tauri; Pf, Plasmadium malariae and falciparum; Sc, Saccharomyces 

cerevisiae; Tc, Trypanosoma brucei, cruzi cruzi ond theileri; Tt, Tetrahymena thermophila. C, MER3. Taxon names are abbreviated 

as follows: Aabop, Aureococcus anophagefferens; Acast, Acanthamoeba castellanii; Atha I, rabidopsis thaliana; Blast, Blastocystis 
sp.; Cowc, Capsaspora owczarzaki; Dzibe, Durio zibethinus; Esili, Ectocarpus silicu/osus; Gchor, Gracilariopsis chorda; Csulp, 

Galdieria sulphuraria; Haero, Ha/op/anus aerogenes; Haeth, Halorubrum aethiopicum; Hal6, Halorubrum sp.; Hamyl, Halogranum 

amylolyticum; Hmale, Halopenitus malekzadehii; Hpers. Halopenitus persicus; Hsapi, Homo sapiens; Mbact, Myxococcaceae 

bacterium; Mbrev, Monosiga brevicollis; Hchar, Momordica charantia; Mconr, Methanocella conradii; Ngrub, Naegleria gruberi; 

Osati, Oryza sativa; Ptetr, Paramecium tetraurelia; RBact, Rbact, Rickettsiales bacterium; Scere, Saccharomyces cerevisiae; 

Spomb, Schizosaccharomyces pombe; Tbruc, Trypanosoma brucei brucei; Tlact, Tieghemostelium lacteum; Tvagi, Trichomonas 
vagina/is. 

METHODS 

Homology detection by pairwise sequence alignment and Hidden Markov model searches 
We analyzed the proteins inferred from version 1.0 of the D. papillatum assembly. As query 'meiosis' proteins, we used 
those whose involvement in meiosis has been demonstrated (asterisks indicate proteins considered to be specific for 
meiosis): DMCl *,HOPI*, HOP2*, MER3, MNDl *, MSH4, MSH5, REC114, RECS*, RED!, SPOll *, ZIP!, ZIP2, ZIP3, 
ZIP4, REC102, MEI4, MER3, MREll, MSHl, MSH2, MSH3, MSH6, MUSS!, RAD21, RAD50, RAD51, REC103, 
REC104, REC114, RPAl, RPA2, and XRS2. Sequences were downloaded from UniProtKB release 2021_3 
(https://www.uniprot.org/help/uniprotkb). For similarity searches, we employed local blast and fasta as a rapid test. In 
addition, profile HMMs were generated for searches with HMMERsearch v3.3 from the HMMER suite (EDDY 2009) in the 
Diplonema inferred proteome. Further, we performed HMMscan of D. papillatum proteins against the PF AM profile 
database v35.0 (http://pfam.xfam.org) to test if candidates retrieved by similarity search do indeed contain the same 
conserved protein domains as the confirmed meiosis proteins. 

Distinction of orthologs and paralogs 

Meiosis proteins that are easily confused, notably DMCl and RAD51, MSHl to MSH6, RAD21 and RECS, and MER3 and 
other ATP-dependent DNA helicases, were distinguished via reciprocal blast and inspection of the protein-domain content 
and arrangement and via phylogenetic inference. For the latter analysis, proteins were pre-aligned with Muscle v3.S.155 and 
a profile HMM was built from the multiple alignment using HMMbuild with default parameters. The profile HMM served 
for building a final multiple protein alignment with HMMalign, default parameters, which then was used to construct a 
phylogenetic tree with Phylobayes v4. lc (LARTILLOT et al. 2009) using the options -cat -gtr -dgam 6 -de, essentially as 
described previously (V ALACH et al. 2017). The function assignment of clades as shown in the figures is based on that of the 
UniProt proteins labelled 'reviewed (SwissProt)' that make part of a clade. 
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12. CAZyme-coding genes in Diplonema papillatum

INTRODUCTION 

The complement of Carbohydrate-Active enzymes (CAZymes) of an organism can provide important clues about its 
metabolism and "lifestyle". CAZymes are highly diverse, with currently 173 Qlycoside flydrolase (GH) families, 42 
folysaccharide !,yase (PL) families, 20 �arbohydrate gsterase (CE) families, and 114 Qlycosy!Iransferase (GT) families 
(DRULA et al. 2022) (http://www.cazy.org). CAZymes may also include, in addition to catalytic domains, �arbohydrate­
-6.inding Modules (CBMs), which currently form 89 families. To get a glimpse at the nutrient resources and carbon storage 
of D. papillatum, we searched in its genome for homologs known from model organisms to be involved in the assembly and 
breakdown of glycans. We also compared the spectrum of CAZymes from Diplonema to that of two other euglenozoans: the 
free-living heterotroph Bodo saltans (Kinetoplastea) and the photoautotroph Euglena gracilis (Euglenida) (JACKSON et al. 
2016; OPPERDOES et al. 2016; EBENEZER et al. 2019). 

RESULTS 

CAZyme complement of D. papillatum 

The nuclear genome assembly of D. papillatum contains as many as 489 CAZymes for metabolizing diverse 
polysaccharides (Supplementary Figure S18, Additional File 4 cazymeList). The repertoire includes 52 out of the 173 
described GH families, 4 out of 20 CEs, 3 out of 42 PLs, 36 out of 114 GTs, and 11 out of 89 CBMs. Essentially all 
CAZyme genes we detected are transcribed, and most are likely translated, as peptides of 11 % of the enzymes were 
identified in low-depth mass-spectrometry data (Additional File 4 cazymeList). 

Based on the repertoire of CAZyme domains, D. papillatum appears to specialize strongly in plant biomass 
degradation. Genes involved in the breakdown of pectin (consisting primarily ofmethyl-esterified u-1,4-galacturonic acid 
units) are the largest and most diverse group. The corresponding 122 genes (all expert-validated) belong to nine distinct 
CAZyme families (GH28, GH53, GH54, GH78, GH145, CE8, CE13, PLl, and PL4). Most of these enzyme families have 
undergone significant expansions, exemplified by the GH28 family, which comprises 25 members. In addition, a total of 82 
proteins belong to CAZyme families that degrade the �-1,4-linked glucose polymer cellulose (GH5, GH6, GH7, and GH45, 
as well and the carbohydrate-binding module family CBM 1) or hemicelluloses, i.e., hemicellulose side chains ( GH51 ), 
xylan (GHIO), xyloglucan (GH74 and GHl 15), and �-linked xylo- and gluco-oligosaccharides (GH3). Further, Diplonema 
encodes a large set of enzymes (27 proteins from the families GH79, GH154, GH47, GH76, and GH92) for the digestion of 
the sulfated glucuronomannan (u-1,3-mannan with �-D-glucuronic acid side chains), which is the main polysaccharide 
present in the cell walls of diatoms (LE COSTAOUEC et al. 2017). 

The presence of genes encoding family members of GH55, GH72, GH128, GHl 52, GH81, and potentially GHl 6 in the 
Diplonema genome assembly suggests that this protist can digest the �-1,3-glucan laminarin, which is the storage 
polysaccharide of micro- and macro-algae such as haptophytes, stramenopiles, and diatoms (MICHEL et al. 2010), the latter 
organismal group being the most abundant primary producer in the oceans (FALKOWSKI et al. 1998). Laminarin is estimated 
to make up -10% of the carbon produced globally (BECKER et al. 2020). 

The D. papillatum genome assembly also revealed 18 genes encoding GH18, GH19, and GH20 enzymes, shown in 
model organisms to break down chitin (polymer ofN-acetylglucosamine), together with several GH56 and GHl 14 
enzymes, assumed to degrade glycoaminoglycans. Thus, Diplonema should be able to break down these polysaccharides 
usually encountered in animals and fungi. 

Finally, the genome encodes genes for 90 additional CAZymes (about equally divided between GTs and CBMs), 
whose substrates cannot be inferred with confidence. The CBM13 family is particularly large (25 members), with -75% of 
proteins containing multiple copies of this non-catalytic module. Seven CMB13 modules are appended to a PL4 domain 
likely to cleave pectin, suggesting that the PL4-CMB 13 proteins in Diplonema are involved in pectin degradation. 

117 



GH: pectin 

GH: cellulose & related 

GH: 13-1,3-glucan 

GH: glucuronomannan 

GH: chitin & related 

GH: N-glycan 

GH: oligomers and others 

GT: unspecified & specified 

CBM: unspecified 

0 30 60 90 120 

Supplementary Figure S18. 

Predicted carbohydrate­

targeting proteins in D. 

papillatum containing at least 

one CAZyme domain. Proteins 
were grouped by their cognate 
substrate class. GH, 
glycosylhydrolases; GT, 
glycosyltransferases; CBM, 
carbohydrate-binding 
modules. The subdivision of 
the bars by different color 
shades represents the number 
of enzymes in the following 

subgroups. GH: pectin - pectin hydrolases, pectin lyases, pectin acetylesterases, and pectin methylesterases. GH: cellulose & 
related - cellulases, xylan-a-glucuronidases, xylan/cellulose and xylan/xyloglucan hydrolases, hemicellulases, �-glucan/�-xylan 
hydrolases, and �-mannanases. GH: 13-1,3-glucan - no subgroups. GH: glucuronomannan - a-mannanases and �-glucuronidases. 
GH: chitin & related - chitinases, glycosaminoglycan, and glucosamine hydrolases. N-glycan - no subgroups. GH: oligomers and

others - a-glycosidases (including a-mannosidases, a-fucosidases, a-glucosidases, and unspecified), �-glycosidases (including �­
galactosidases, �-mannosidases, and unspecified), trehalases, an a-fucanase, and an invertase. GT: unspecified & specified -
various substrates. CBM: unspecified - no subgroups (all substrates remain unspecified). 

Comparative analyses of CAZymes profiles in Euglenozoa 
The CAZyme portfolio of D. papillatum appears to lack enzymes from families the GH22, GH23, GH25, GH73, and 
CBM50 that target bacterial cell wall components, which points to a strictly eukaryotic diet. This finding contrasts with the 
gene repertoire and feeding behaviour of free-living members of Diplonema' s kinetoplastid sister group, represented by the 
marine and freshwater protist B. saltans (MITCHELL et al. 1988; OPPERDOES et al. 2016). 

Further, the Diplonema genome assembly does not include any known a-glucan depolymerizing enzyme from families 
GH13 and GH77, which would suggest that this organism is unable to digest starch and glycogen, the carbon-storage 
compounds ofViridiplantae and Metazoa. However, we have demonstrated experimentally that Diploma readily utilizes 
amylopectin, a component of starch (see Supplementary Information: Section 13. Glycan and peptide assimilation by 
Diplonema papillatum). At the moment, it is impossible to identify the enzyme(s) responsible for this activity; they may be 
among the oligomer-targeting GH CAZymes or belong to novel families. 

On the other hand, the absence of GH13 and GH77, together with the absence of the glycosyltransferase families GT3, 
GT5 and GT35, indicates that the form in which Diplonema stores carbon is not starch or glycogen. It is instead a B-1,3-
glucan, as we found genes encoding members of the B-1,3-glucanase families GH55, GH72, GH128, GH152, and GH81. 
Supporting evidence for this form of carbon storage comes from the recent experimental identification of a B-1,3-glucan­
containing polymer in D. papillatum (SKODOV A-SVERAKOVA et al. 2020), a compound that has long been known from 
Euglena, called paramylon. B. saltans appears to store its carbon in the same form (reviewed in (RALTON et al. 2021)), 
which suggests that paramylon synthesis was already an attribute of the last common ancestor of Euglenozoa. 

Lastly, we compared the distribution ofCAZyme families in a systematic fashion across four euglenozoans, namely D. 
papillatum, its closest described relative D. japonicum (TASHYREV A et al. 2018), the free-living kinetoplastid Bodo saltans 
(JACKSON et al. 2016), and the euglenidEuglena gracilis (EBENEZER et al. 2019), as well as two representative, well­
studied saprophytic fungi, Trichoderma reesei and Phanerochaete chrysosporium (Supplementary Figure S19). The D. 
papillatum genome encodes a number and diversity of GT families comparable to that of the above-listed species. However, 
it possesses a substantially larger and more diverse repertoire of carbohydrate-degrading enzymes, i.e., GH, CE, and PL 
families, as well as carbohydrate-recognizing proteins (CBM families). In particular, the 122-member pectin-targeting 
cohort of D. papillatum stands out, with the closest relative D. japonicum having only a quarter and the other four species 
less than 10% of that number. Enzymes and CBMs that target xylans and B-1,3-glucans are similarly enriched in D. 
papillatum. In contrast, D.japonicum has nearly twice as many chitin-metabolizing proteins (GH18, GH19, GH20) as D. 
papillatum. 

The major limitation in comparing other diplonemids to D. papillatum is the lack of genomic information, with the 
proteome of D. japonicum being inferred from its reconstructed transcriptome alone. Although gene searches indicate that 
the coverage is good enough for retrieving well-conserved, low-expression genes ( e.g., regulatory proteins involved in cell 
cycle, splicing, or endosome formation), the poly-A RNA-Seq sequencing depth is -24 times lower than in our D. 
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papillatum dataset (-12 M vs. -290 M read pairs). Thus, the D.japonicum CAZyme cohort inferred here is almost certainly 

underestimated. To get a more realistic measure of the scale of differences between the current and more genuine numbers, 
we compared the RNA-Seq coverage of transcripts between the two diplonemid species. Based on the bulk coverage 
difference and the number of reads mapped to individual CAZyme-encoding transcripts, we estimate that D. japonicum 

possesses 10-20% more CAZyme genes than the current tally (roughly equally distributed across functional categories). 
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DISCUSSION 

In contrast to the nuclear genomes of parasitic and photoautotrophic euglenozoans, the genome of D. papillatum encodes an 
extremely high number of diverse CAZymes for the degradation of polysaccharides, comparable to the CAZyme 
complement of saprophytic fungi (ALMASI et al. 2019; DIAZ-ESCANDON et al. 2022). With 52 GH, 3 PL, 11 CBM, and 36 
GT families, the CAZyme repertoire in D. papillatum is as diverse as in the model saprophytic ascomycete Trichoderma 
reesei (55 GH, 4 PL, 12 CBM, and 32 GT families; (MARTINEZ et al. 2008)) or the basidiomycete Phanerochaete 
chrysosporium (50 GH, 5 PL, 11 CBM, and 28 GT families; (MARTINEZ et al. 2004)). The only category widely present in 
fungi but lacking in Diplonema are lytic polysaccharide monooxygenases (LPMOs) that oxidatively cleave polysaccharides. 

This remarkably versatile CAZyme outfit of D. papillatum argues against the notion that this organism follows a 
parasitic lifestyle in its natural environment. Like other diplonemids (TRIEMER AND OTT 1990; PROKOPCHUK et al. 2022), 
D. papillatum takes up nutrients via phagocytosis and/or osmotrophy, indicating that it feeds on the biomass produced by
photosynthetic microeukaryotes colonizing the surface layers of the oceans. For example, it has the potential to digest all
carbohydrate polymers, including glucuronomannan, chitin, and pectin which are typically found in the most abundant
marine primary producers, the diatoms. In particular, the expansion of pectin-degrading families suggests that pectin has,
over the course of evolution, become a preferred food for D. papillatum. In addition, many marine eukaryotes, including
phototrophic diatoms (CHEN AND THORNTON 2015) and mixotrophic dinoflagellates (LARSSON et al. 2022), produce
extracellular polymers such as the 1fansparent !eXOpolymer 11articles (TEPs). The major components of TEPs are yet
uncharacterized, complex mixtures of acidic polysaccharides (reviewed in (PASSOW 2002; DECHO AND GUTIERREZ 2017)).
It is conceivable that the enzyme families of D. papillatum predicted to degrade pectin (which is acidic as well) are also
capable of breaking down TEPs. Together with the extensive repertoire of proteins with unknown carbohydrate targets, the
substrate range of Diplonema is probably much broader than we currently appreciate.

METHODS 

Generation of proteomes 
The section Supplementary Information: Section 2. Assembly and annotation of the nuclear genome and transcriptome of 
Diplonema papillatum describes how the 'submission' proteome of D. papillatum was prepared. For additional diplonemids, 
the proteomes were generated as follows. First, publicly available poly-A RNA-Seq reads (KAUR et al. 2020) were cleaned 
using cutadapt vl.16 (htt11://journal.embnet.org/index.11h11/embnetjournal/article/view/200) and assembled using Trinity 
v2.4.0 (GRABHERR et al. 2011) with default parameters. We removed from the transcriptomes isoforms and incomplete 
reverse-complementary transcript fragments by two rounds of clustering using CD-HIT-EST v4.6 (Fu et al. 2012). In the 
first round, all transcripts with I 00% identity were clustered, and TransDecoder v5.5.0 
(httris://github.com/TransDecoder/TransDecoder) was used to infer coding sequences over 150 bp (i.e., length >50 amino 
acid residues), employing the standard genetic code. In the second round, the predicted coding sequences were clustered 
with CD-HIT-EST in local mode (option '-GO') at 99% sequence identity and local overlap over 90% length between the 
cluster representative and embedded cluster members. Finally, PRINSEQ-lite v0.20.3 (SCHMIEDER AND EDWARDS 2011) 
was used to select only coding sequences longer than 450 bp ( corresponding to proteins > 150 aa) and protein sequences 
were regenerated using gotranseq v0.3.2 (htt11s://github.com/feliixx/gotranseg) (standard genetic code, forward frame 1). 

Protein identification and classification 
Detection and assignment of CAZyme families in the inferred proteome of D. papillatum and the other seven diplonemids 
was performed using the methodology applied for the daily updates of the CAZy database (www.cazy.org), including expert 
validation (CANTAREL et al. 2009; LOMBARD et al. 2014). 

Analyses of mass spectrometry data 
We reanalyzed mass spectrometry data (ProteomeXchange ID: PXD025411) generated in the context of a prior study 
(SKODOV A-SVERAK.ov A et al. 202 l ). Raw data were first converted from the Thermo RAW format to mzML using 
ThermoRawFileParser vl.3.4 (HULSTAERT et al. 2020). Peptide searches were performed using MSFragger v3.5 (KONG et 
al. 2017), followed by filtering and scoring by Philosopher v4.4.0 (DA VEIGA LEPREVOST et al. 2020) and intensity-based 
quantification by IonQuant vl.8.0 (Yu et al. 2020). Briefly, we searched for peptide-spectrum matches (PSMs) in a custom 
database of D. papillatum nuclear and mitochondrial proteins supplemented with frequent contaminants. Precursor and 
fragment mass tolerance were set to 20 ppm. We allowed up to two missed cleavage sites per protein for trypsin digestion. 
Carbamidomethylation of cysteine was specified as a fixed modification. Methionine oxidation, N-terminal protein 
acetylation, serine and threonine phosphorylation, and conversion of glutamine and glutamate at peptide N-termini to 
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pyrrolidone-carboxylic acid (PCA) were specified as variable modifications (up to three per peptide). Minimum and 
maximum peptide sizes were set to 700 and 5,000 Da, respectively. False discovery rates (FDR) for PSM and protein­
identification probability were determined by the target-reversed decoy approach and set to 1 %. Data processing and 
normalization by IonQuant were done for all ions using the topN strategy but without the match-between-runs option. 
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13. Glycan and peptide assimilation by Diplonema papillatum

INTRODUCTION 
The metabolism of D. papillatum has been examined experimentally regarding glycolysis and gluconeogenesis (MORALES 
et al. 2016), respiratory pathways (V ALACH et al. 2018), carbon storage (SKODOV A-SVERi\KOV A et al. 2020), and 
adaptation to hypoxia (SKODov A-SvERAKov A et al. 2021 ). A surprising result from this research was that Diplonema does 
not import glucose in any significant amount but instead takes up and preferentially metabolizes amino acids. This finding 
led to the conclusion that in its natural habitat, the primary energy source of this organism is not carbohydrates, as in the 
majority of heterotrophic eukaryotes, but rather poly- and oligo-peptides (MORALES et al. 2016; SKODOVA-SvERAKov A et 
al. 2020). The requirement of serum in the growth medium together with the prediction of numerous peptidase-encoding 
genes in the nuclear genome assembly (see the main text and Supplementary Information: Section 14. Secretome 
prediction), have corroborated this view. 

The large ensemble of carbohydrate-metabolizing genes (CAZymes) detected in the inferred Diplonema proteome 
was, therefore, completely unexpected (see Supplementary Information: Section 12. CAZyme-coding genes in Diplonema
papillatum and Section 14. Secretome prediction). About 70% of CAZyme genes carry domains that allow us to predict the 
likely substrates of these enzymes. A quarter of all CAZymes are homo logs of enzymes degrading pectin, a 
heteropolysaccharide composed mainly of a-1,4-linked galacturonic acid (mostly methyl-esterified at its carboxyl groups) 
but also containing rhamnose, galactose, xylose, and arabinose units (CAFFALL AND MOHNEN 2009). Additional 
polysaccharides thatDiplonema is presumably able to metabolize are cellulose (a B-1,4 glucan), hemi-celluloses (xylans, 
xylo-glucans), �1,3 glucans (callose, laminarin, paramylon), glucuronomannans, mannans, and chitin, i.e., most cell-wall 
building blocks of diverse marine algae and plants. 

Since many of the polysaccharide-degrading enzymes from Diplonema are predicted to be secreted outside the cell 
(see Supplementary Information: Section 14. Secretome prediction), we posit that this protist, in its natural habitat, uses 
its large enzymatic arsenal to break down the cell wall of microeukaryotic prey (for cell-wall composition, see (MYKLESTAD 
AND GRANUM 2009; SCHOLZ et al. 2014; LE COSTAOUEC et al. 2017; RAIMUNDO et al. 2017)). Such behaviour may serve 
different 'purposes': either to gain access to proteins inside the prey's cell or to exploit the prey's polycarbohydrates in the 
cell wall and intracellular storage (or both). For example, starch is a glycan stored by various marine plants and green algae 
(BALL et al. 2011 ), while laminarin and its variants are accumulated by diatoms, brown algae, and other photosynthetic 
microeukaryotes (CHABI et al. 2021). 

We reasoned that if the only purpose of cell-wall degradation is to feed on the cytoplasm of the prey, thenD. 
papillatum would not be able to use carbohydrates as the sole carbon source. To test this hypothesis, we performed growth 
experiments in media of various compositions, described below. 

RESULTS 
Nutrient assimilation experiments 
D. papillatum was cultured in liquid medium supplemented with diverse carbon sources, including the cell-wall component
pectin and the storage compound amylopectin; the latter is a polymer of a-1,4 and a-1,6 glucose units and constitutes the
water-soluble component of starch. Compared to the control on medium without any carbon source, we observed that mono­
and disaccharides, and polyols such as sorbitol, only poorly supported cell growth (Supplementary Figure S20). Cell
counts were slightly higher in medium containing free amino acids, especially after eight days; we also noted that under
these conditions, cells had large vacuoles. In contrast, when cultivated in the presence of serum, pectin or amylopectin, cell
counts were -2 times higher than of the control; Supplementary Figure S20). Cultures growing on tryptone and yeast
extract achieved the highest titers (-3 to 4-fold increase; Supplementary Figure S20). The observed low cell proliferation
on glycans compared to tryptone was likely due to the exhaustion of the internal nitrogen reserve that in Diplonema consists
of free amino acids such as B-alanine and glutamate (MORALES et al. 2016; SKODOVA-SVERAKOVA et al. 2021). We also
observed that ammonium sulfate, which is added as a nitrogen source in synthetic media of numerous microbes (e.g., yeast),
did not significantly influence the growth of D. papillatum (at 0.1 % w/v) or even strongly inhibited it (at 0.5% w/v).
Apparently, Diplonema is not able to use external ammonia as a nitrogen source.

Interestingly, D. papillatum cells grown on pectin and, particularly, amylopectin as a sole carbon source were 
significantly larger, and those from tryptone cultures considerably smaller, compared to cells cultivated in the standard 
serum-supplemented medium (Supplementary Figure S21A-D). However, the total biomass was quite similar because in 
tryptone-grown cultures, the number of cells was higher, whereas in pectin or amylopectin media, the cells had a lower titer 
(Supplementary Figure S21E). 

The cytoplasm of large glycan-fed cells contained conspicuous granules readily visible by light microscopy 
(Supplementary Figure S21). The best candidates for the compound stored in these granules are (i) paramylon (a B-1,3-
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glucan), which Diplonema can synthesize (SKODOV A-SVERAirnv A et al. 2020), or alternatively (ii) lipids-known to be 
produced by many microeukaryotes and bacteria under nitrogen-limiting conditions (and considered for large-scale 
biotechnological production of biofuels (SUBRAMANIAM et al. 2010)). In contrast to glycans, lipids are readily detected by 
incubating cells with the Nile Red dye that stains specifically neutral lipids. Inspection of Nile Red-treated D. papillatum 
cells by fluorescence microscopy demonstrated that the granules formed by glycan-grown cells indeed represented lipid 
droplets (Supplementary Figure S21F,G). 

Finally, a startling observation was that similar titers and cell sizes were obtained when Diplonema was cultivated on 
a mix of equal amounts of tryptone and a glycan (either pectin or amylopectin), compared with cultures on tryptone alone 
(Supplementary Figure S20). One possible explanation is that Diplonema prefers oligo-peptides over polysaccharides in 
situations where both substrates are readily available. It would be interesting to examine by metabolic labelling to what 
extent D. papillatum uses these substrates as an energy source or building blocks. 

Expression of metabolic enzymes 
Our RNA-Seq data indicated that essentially all genes encoding metabolic proteins produced transcripts. To test if these 
enzymes inferred from the Diplonema genome and transcriptome assemblies were indeed translated, we analyzed raw mass­
spectrometry data, produced in another context, of total cellular proteins from Diplonema (SKODOV A-SVERAKOV A et al. 
2021). In that study, cells were cultivated in a standard medium (containing serum as a carbon and nitrogen source) or in a 
tryptone-supplemented medium, both in the presence or absence of oxygen. Our analysis shows that -7% of all predicted 
CAZymes were expressed as proteins, which appears low, but can be explained by the moderate depth of the mass­
spectrometry data (see Supplementary Information: Section 12. CAZyme-coding genes in Diplonema papillatum). More 
importantly, many CAZymes displayed similar levels under all tested conditions. Although polysaccharides were absent 
from the culture medium, we detected nine pectin-, seven cellulose-, and five glucuronomannan-degrading proteins, half of 
them at levels comparable to mitochondrial TCA-cycle enzymes (see Supplementary Information: Section 12. CAZyme­
coding genes in Diplonema papillatum ). 

DISCUSSION 
Our growth experiments with D. papillatum described above lead to two main conclusions. First, this organism prefers 
polymers (peptide- or carbohydrate-based) over their monomeric constituents, and second, it can utilize a carbohydrate-rich 
diet as efficiently as a peptide-rich one. Therefore, in its natural habitat, Diplonema most likely feeds on essentially all 
cellular components of its presumed eukaryotic prey, from cell wall to cytoplasm to storage glycans. The results obtained 
from the growth experiments are consistent with the large and diverse array of carbohydrate- and peptide-metabolizing 
enzymes inferred from the nuclear genome sequence, testifying to the extraordinary metabolic versatility of Diplonema. 

�-1,3-glucans are abundant in marine habitats, serving as a cell-wall component (callose) in diatoms, haptophytes, 
and macroscopic brown algae, but also as a carbon storage material (with J}--1,6 branching, laminarin) (RAIMUNDO et al. 
2017; MYKLESTAD AND GRANUM 2009). One could argue that the presence of �-1,3-glucan-metabolizing enzymes in 
Diplonema simply reflects that paramylon is its carbon-storage compound rather than an ability to degrade the cell walls of 
prey (see Supplementary Information: Section 12. CAZyme-coding genes inDiplonema papillatum). However, multiple 
members of the corresponding CAZyme families from D. papillatum were predicted to be secreted outside the cell (see 
Supplementary Information: Section 14. Secretome prediction), which corroborates their role in digesting prey and in 
utilizing various �-1,3-glucans as an energy source. 

Our finding that D. papillatum can feed on carbohydrates is at odds with previous studies, which reported that cells 
took up only negligible amounts of glucose (MORALES et al. 2016; SKODOVA-SvERAKOV A et al. 2020; SKODOVA­
SVERA.KOV A et al. 2021 ). In the corresponding experiments, this carbohydrate was added to the standard medium consisting 
of sea salts, 1 % horse serum, and optionally 0.1 % tryptone. The noted contradiction between the observed marginal glucose 
import and the presence of a gene encoding a putative sodium/glucose co-transporter (DIPPA_28570) led to the hypothesis 
that this transporter acted predominantly in intracellular transport (SKODOVA-SVERAKov A et al. 2021 ). While our growth 
experiments confirm that Diplonema does not readily feed on mono- and di-saccharides, we argue that the import rate of 
simple saccharides cannot be extrapolated to that of oligomers. Oligosaccharide importers are fairly frequent in many 
microbes, with some outer membrane transporters accommodating solutes of up to 2.5 kDa, corresponding to an atomic 
mass of 12-mers (FERREIRA et al. 2017; JECKELMANN AND ERNI 2020). Such transporters belong mainly to the ABC and 
MFS families. Since the genome of D. papillatum encodes -100 members of each family (many carrying sugar-binding 
domains, see also Supplementary Table S20), this protist most likely imports carbohydrate oligomers. Lastly, we noted 
that the previous carbohydrate-assimilation experiments were conducted over a duration that might have been too short to 
detect the full extent of nutrient import (only 8 to 24h compared to multiple days in the study presented here). This aspect 
should be taken into account in the design of future experiments. 
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Another surprising finding was that D. papillatum can feed efficiently on amylopectin, although a gene encoding an 
amylase could not be detected in the genome assembly (see Supplementary Information: Section 12. CAZyme-coding 
genes in Diplonema papillatum ). It is improbable that the amylopectin added to the growth medium was contaminated with 
proteins and/or lipids, because potato starch contains <0.1 % proteins and lipids (per dry matter), and the amylopectin 
purified from starch contains even less of these compounds (SWINKELS 1985; DHITAL et al. 2011). In addition, such minute 
contaminants cannot explain the massive accumulation of carbon in the form of lipid droplets in Diplonema cells and the 
high biomass generated during growth on amylopectin. Therefore, we infer that D. papillatum can break down amylopectin, 
and that the genes encoding the corresponding enzymes are present in the genome but have not been recognized. The 
posited 'incognito' genes are likely among the 150 CAZymes of unknown substrate specificity detected in the Diplonema 
nuclear genome. Identifying these orphan genes might well unveil a new class of starch-degrading enzymes. 

Finally, by analyzing protein mass spectrometry data, we observed that several CAZyme-encoding genes predicted by 
functional genome annotation of the D. papillatum nuclear genome sequence are highly expressed despite the absence of 
their glycan substrates in the culture medium. Constitutive expression or induced co-expression (e.g., during phagocytosis) 
of diverse nutrient-degrading genes would allow Diplonema to adapt rapidly to changes in the food landscape. In the same 
vein, D. papillatum also appears to barely modulate the expression of most enzymes upon changing oxygen levels in the 
medium (SKODOV A-SVERAirnv A et al. 2021 ). While expressing genes that target substances absent at a given moment and 
place might seem wasteful, it is also an excellent strategy to be prepared for rapid shifts in marine environmental conditions. 
Thus, D. papillatum stands out for its highly versatile metabolic capability and its potential for rapid metabolic switching. 

METHODS 
Strain and regular culture conditions 
Diplonema papillatum (ATCC 50162) was originally obtained from the American Type Culture Collection (ATCC). As 
described earlier (V ALACH et al. 2018), the strain was cultivated axenically without shaking at 15-22 °C in ocean salt 
medium (OS) containing 33 g/L Instant Ocean Sea Salt (Instant Ocean) supplemented with 1 % (v/v) horse serum (Wisent). 

For extended cultivations, chloramphenicol (Sigma-Aldrich) was added to the medium at 40 mg/L to prevent bacterial 
contamination. 

Nutrient assimilation experiments 
Most nutrient assimilation experiments were performed in multi-well plates, with each of the 48 wells holding 625 µL. Cells 
(-3x105 per well) from a preculture in the standard medium were extensively washed, then starved for 2-6 hr, and
subsequently transferred to the new OS medium containing vitamins (biotin [l µg/1 L], cyanocobalamin [2 µg/1 L], 
thiamine-HCl [20 µg/1 L]; Thermo Scientific), 20 mM HEPES-KOH, pH7.6 (Bioshop Canada), optionally horse serum to 
0.2%. The following substrates served as primary energy sources: citrus pectin (purchased from two manufacturers: TCI 
America and Pomona's Pectin/Green Link); amylopectin (produced from waxy com, TCI America, and from potato starch, 
Fluka/Sigma-Aldrich); mono- and disaccharides (glucose, galactose, maltose, saccharose; Bioshop Canada); sugar-derived 
poly-alcohols (polyols include mannitol, sorbitol; Bioshop Canada); yeast extract (a complex mixture of carbohydrates, 
proteins, ions, and cofactors; BioBasic); tryptone (trypsin-digested casein; Difco/ThermoFisher); and free amino acids 
(glycine, glutamate, glutamine; Bioshop Canada). Each substrate was added at the same weight-to-volume ratio (0.1 % w/v) 
to provide a similar carbon content. Cells were monitored for up to eight days (-200 hr). Six biological replicates from three 
independent inocula were carried out. To determine the biomass, cells from the late exponential/early stationary phase were 
inoculated at a titer of -5x 105 per mL into 62.5 mL medium containing the substrate to be tested (horse serum, tryptone,
pectin, or amylopectin). After 150-160 hr (-6--7 days), cells were counted under the microscope in triplicate, and the 
biomass was determined to calculate the wet weight per 108 cells. Four independent biological replicates were made.

Microscopy 
For conventional light microscopy, cells harvested from 6 to 7 day-old cultures were washed twice in plain OS medium 
(2,000xg, 3 min, 4 °C) and resuspended in the same medium or in an isotonic SoH buffer (1.2 M sorbitol, 20 mM HEPES, 
pH7.5). For the visualization of lipid droplets by fluorescence microscopy, cells were harvested after six days of cultivation, 
washed twice in plain OS medium, and then incubated (45 min, 22 °C) in 0.5x SoH buffer plus 16 g/L OS, to which Nile 
Red (AdipoRed staining reagent, Lonza) was added at a ratio of 1:20 (vol:vol). The hypotonicity of this buffer increased the 
assimilation of the dye and ensured a more even staining throughout the cell population. Cells, which stayed alive during the 
treatment, adhered more than usual to the slides. The slowed-down movement of the cells allowed visualization of sub­
cellular structures at a higher resolution. Mounted cells were examined using an Eclipse Ts2R microscope (Nikon), and 
images were taken using a DS-Fi3 camera, analyzed by the NIS Elements BR software (Nikon), and post-processed with the 
Affinity Photo software vl.10.4 (Serif). 
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Supplementary Figure S20. Growth of D. papillatum on various substrates. Approximately 3x105 cells from mid­

exponential phase were used to inoculate media containing the indicated substrates at 0.1% weight-to-volume (w/v)

concentration. White and grey boxes indicate absence or presence of 0.2% horse serum, respectively, in the medium. The 

following substrates were tested: horse serum, pectin, and amylopectin, each from two different manufacturers, starch 

rice (~90% starch, ~10% proteins), maltose, glucose, sucrose, galactose, mannitol, sorbitol, free amino acids (glutamate, 

glutamine, glycine), a mixture of pectin or amylopectin with tryptone (1:1), tryptone, and yeast extract; a, autoclaved 

substrate. (For a detailed composition of the basic medium, which was also used for the 'control' sample, see the Methods 

section.) We made six biological replicates from three independent inocula. The graphs show cell counts after 2, 4, and 8 
days post-inoculation. Circles of different diameters symbolize the observed cell sizes, with the predominant types 

indicated by the black fills. Growth rates were compared to the control sample. The two-tailed, paired Student's t-test 

probabilities are: *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant). The boxplot whiskers extend to values below 

the 1.5-fold interquartile range beyond the 1st and 3rd quartile; the boxplot was generated using the BoxPlotR shiny 

application (SPITZER et al. 2014). 
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Supplementary Figure S21. D. papillatum cell size and biomass depend on the substrate. (A-D) Cells cultivated in a 

medium containing horse serum (A), tryptone (B), pectin (C), or amylopectin (D) as a sole carbon source were inspected by 

light microscopy. White bars correspond to 10 µm. (El Biomass of D. papil/atum cells grown in various substrates. Cells 

were counted in triplicate after six days and weighed to calculate their biomass (wet weight per 108 cells). Bars indicate 

the mean deviation of the cell counts for each of the four independent biological replicates. Note that the predominant 

cell size correlates with both biomass and the number of granules. (F-G) Granules, which accumulate especially during 

growth on glycans, are droplets of neutral lipids. Cells cultivated in a medium containing tryptone (Fl or amylopectin (G) as 

a sole carbon source were stained with the Nile Red fluorescent reagent. Note that cells in F-G are rounder and larger 

than in A-D, because in the former, cells were incubated in a mildly hypotonic buffer to enhance staining. White bars 

correspond to 10 µm. 
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Supplementary Table S20. Sugar transporter genes identified in the predicted proteome of D. papillatum. 
ID Pfam Description Transcripts Per Million RNA-Seq Reads 

Domain (TPM)' Mapped 

DIPPA_16016.mRNA.1 PF00083 generic sugar transporters 3.023213 2406 

DIPPA_24401.mRNA.1 PF00083 generic sugar transporters 1.472163 640 

DIPPA_24417.mRNA.1 PF00083 generic sugar transporters 3.720192 509 

DIPPA_33584.mRNA.1 PF00083 generic sugar transporters 1.558700 580 

DIPPA_31431.mRNA.1 PF00083 generic sugar transporters 0.846433 426 

DIPPA_31431.mRNA.2 PF00083 generic sugar transporters 0.921461 470 

DIPPA_31439.mRNA.1 PF00083 generic sugar transporters 0.257623 274 

DIPPA_11817.mRNA.1 PF00083 generic sugar transporters 2.829031 1601 

DIPPA_27902.mRNA.1 PF00083 generic sugar transporters 0.958081 453 

DIPPA_27956.mRNA.1 PF00083 generic sugar transporters 1.118480 526 

DIPPA_27950.mRNA.1 PF00083 generic sugar transporters 4.544418 2141 

DIPPA_02168.mRNA.1 PF00083 generic sugar transporters 0.396609 160 

DIPPA_17708.mRNA.1 PF00083 generic sugar transporters 3.162026 1851 

DIPPA_18224.mRNA.1 PF00083 generic sugar transporters 4.068439 1507 

DIPPA_18217.mRNA.1 PF00083 generic sugar transporters 3.686166 1381 

DIPPA_18239.mRNA.1 PF00083 generic sugar transporters 3.307667 1228 

DIPPA_18361.mRNA.1 PF00083 generic sugar transporters 0.536121 273 

DIPPA_18361.mRNA.2 PF00083 generic sugar transporters 0.561651 286 

DIPPA_18361.mRNA.3 PF00083 generic sugar transporters 0.402806 170 

DIPPA_18361.mRNA.4 PF00083 generic sugar transporters 0.543977 277 

DIPPA_04043.mRNA.1 PF00083 generic sugar transporters 0.644033 256 

DIPPA_04061.mRNA.1 PF00083 generic sugar transporters 0.915006 246 

DIPPA_04061.mRNA.2 PF00083 generic sugar transporters 1.182485 429 

DIPPA_34266.mRNA.1 PF00083 generic sugar transporters 2.955753 1335 

DIPPA_35197.mRNA.1 PF00083 generic sugar transporters 3.277877 651 

DIPPA_59166.mRNA.1 PF00083 generic sugar transporters 1.081599 440 

DIPPA_62771.mRNA.1 PF00083 generic sugar transporters 0.942414 243 

DIPPA_62771.mRNA.2 PF00083 generic sugar transporters 1.297940 461 

TR56418_c0_gl_il_m.7768 PF00083 generic sugar transporters 6.104713 5146 

TR74098_c0_gl_il_m.13842 PF00083 generic sugar transporters 3.513357 4601 

TR116637 _c0_g2_il_m.27060 PF00083 generic sugar transporters 0.411792 74 

TR121062_c0_g2_il_m.28493 PF00083 generic sugar transporters 1.610895 1377 

DIPPA_26420.mRNA.1 PF03083 sugar efflux transporters 2.915142 463 

DIPPA_01763.mRNA.1 PF03083 sugar efflux transporters 3.803449 691 

DIPPA_63739.mRNA.1 PF03083 sugar efflux transporters 1.190166 185 

DIPPA_l4432.mRNA.1 PF04142 nucleotide-sugar transporter 1.417889 344 

DIPPA_16693.mRNA.1 PF04142 nucleotide-sugar transporter 0.786019 206 

DIPPA_08985.mRNA.1 PF04142 nucleotide-sugar transporter 2.525701 694 

DIPPA_26750.mRNA.1 PF04142 nucleotide-sugar transporter 16.764209 4351 

DIPPA_01245.mRNA.1 PF04142 nucleotide-sugar transporter 5.568472 1318 

DIPPA_l8559.mRNA.1 PF04142 nucleotide-sugar transporter 2.487042 736 

DIPPA_05515.mRNA.1 PF04142 nucleotide-sugar transporter 13.207931 3428 

DIPPA_24052.mRNA.1 PF04142 nucleotide-sugar transporter 39.831333 8922 

DIPPA_23546.mRNA.1 PF04142 nucleotide-sugar transporter 1.728252 431 

DIPPA_07719.mRNA.1 PF04142 nucleotide-sugar transporter 0.615102 156 

DIPPA_24216.mRNA.1 PF04142 nucleotide-sugar transporter 2.288946 689 

DIPPA_09073.mRNA.1 PF04142 nucleotide-sugar transporter 2.096262 631 

DIPPA_23121.mRNA.1 PF04142 nucleotide-sugar transporter 0.697580 135 

DIPPA_59991.mRNA.1 PF04142 nucleotide-sugar transporter 34.402038 8492 

DIPPA_65534.mRNA.1 PF04142 nucleotide-sugar transporter 9.882492 2498 

TR66463_c0_g2_il_m.11111 PF04142 nucleotide-sugar transporter 2.741823 1810 

DIPPA_28795.mRNA.1 PF05631 12-TMH MFS-family sugar- 0.978760 370 

transporters 

DIPPA_17988.mRNA.1 PF05631 12-TMH MFS-family sugar- 2.002404 618 

transporters 

DIPPA_17988.mRNA.2 PF05631 12-TMH MFS-family sugar- 2.006976 633 

transporters 

a For details on the calculation of transcript levels, see Supplementary Information: Section 2. Assembly and annotation of the 

nuclear genome and transcriptome of Diplonema papillatum. 
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14. Secretome prediction

INTRODUCTION 

In unicellular eukaryotes, studying the secretome -the totality of proteins actively transported outside of the cell­
provides insight into the organism's feeding behaviour and ecological role. Transport 'outside' of the cell means not only 
secretion into the environment. Certain microeukaryotic groups, such as ciliates and Discoba (including diplonemids), secret 
proteins also into their cytostome/cytopharynx, an invagination of the plasma membrane specialized for food ingestion. 
Diplonema is among the few microeukaryotes in which the ultrastructure of the feeding apparatus has been examined in 
great detail (TRIEMER AND OTT 1990; TRIEMER 1992; MONTEGUT-FELKNER AND TRIEMER 1996; TASHYREVA et al. 2018). 

Most proteins translated in the cytosol follow the secretory pathway to reach their final destination; only those targeted 
to the nucleus, mitochondria, and peroxisomes take other distinct routes, while cytosolic proteins stay behind. The secretory 
pathway involves co-translational translocation of proteins into the endoplasmic reticulum (ER) and then transport into the 
Golgi complex (Golgi). According to the prevailing view, which is based on the 'bulk flow hypothesis', the transport outside 
the cell is the default track. In contrast, proteins that remain in the ER or the Golgi, or are destined to the vacuoles, carry a 
specific targeting code. Secreted proteins have a classical N-terminal signal peptide (SP) motif required for entering the 
secretory pathway; further, they lack an ER-retention signal, trans-membrane spanning domains (the latter include the 
Golgi-retention signal), and targeting motifs to the nucleus, mitochondrion, peroxisomes, and vacuoles (e.g., (GOGLEVA et 

al. 2018) and references therein). 
Experimental secretome determination has recently made major technological advancements by introducing 'spatial 

proteomics', reducing contaminations with non-secreted proteins, e.g., due to cell injury or apoptosis (reviewed in IMAI AND 
NAKAI 2020). However, the limitation remains that the experimental results depend on the culture conditions and 
physiological and developmental stage of the organism, and thus give only a partial picture. The alternative to experimental 
determination is in silica secretome predictions. Available tools use not only the presence/absence of targeting or retention 
motifs detected by weight matrices or Hidden Markov models (HMMs ), but also sequence alignments and general 
physicochemical properties for a variety of machine-learning algorithms (IMAI AND NAKAI 2020). Yet, predicted secretomes 
should be also taken with a grain of salt. While most tools have comparable accuracy (CHOO et al. 2009), the particular 
subset of a given proteome predicted by the different tools differ considerably, because the various machine learning 
algorithms have been trained with different datasets. 

In the analysis presented here, the prediction of signal peptide (SP)-carrying proteins was performed with Phobius 
(SONNHAMMER et al. 1998). This tool has the advantage over other software such as SignalP (PETERSEN et al. 2011) and 
TargetP (EMANUELSSON et al. 2000) that it infers simultaneously SPs and transmembrane domains (TMDs), thus reducing 
the common problem of confusing certain TMDs at the N-terminus of proteins with SPs (SONNHAMMER et al. 1998). 

RES UL TS and DISCUSSION 

About 10% of the total inferred proteome from D. papillatum was predicted to be secreted outside of the cell 
(Supplementary Table S21), which makes the size of the theoretical Diplonema secretome comparable with that from other 
free-living, heterotrophic microeukaryotes: the kinetoplastid Bodo saltans ( 6%; 1,187 out of 18,963 proteins (POWELL et al. 
2016)); and, as a phylogenetically distant comparison point, fungi (2-8% (LUM AND MIN 2011)). It should be noted that the 
secretome sizes listed above are only tentatively comparable because different software tools and parameters have been used 
in the predictions. 

To obtain insight into the feeding strategy of D. papillatum, we examined the number of inferred proteins with 
functions in lipid, protein, and carbohydrate degradation, and the percentage of these enzymes predicted to be secreted 
outside the cell (Supplementary Table S22). Lipases and lipoxygenases were identified based on the EC number assigned 
to them by the automated function-annotation pipeline (see Supplementary Information: Section 2. Assembly and 
annotation of the nuclear genome and transcriptome of Diplonema papillatum ), whereas proteolytic enzymes were identified 
by searches against the peptidase database MEROPS, and carbohydrate-degrading enzymes were determined by the 
procedure used for the daily update of the CAZyme database (CANTAREL et al. 2009; LOMBARD et al. 2014; DRULA et al. 
2022), followed by expert validation (see also Supplementary Information on CAZymes). The corresponding enzyme counts 
in the Supplementary Table S22 are most likely underestimated because it is sometimes difficult to infer, based on 
sequence information alone, the exact substrates. 

Since the three enzyme classes were identified in very different ways, the class sizes are not comparable to each 
other, but what is interpretable and relevant is the portion of non-secreted versus secreted proteins. In this latter comparison, 
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CAZymes stand out, with about 7% being part of the secretome. Among the secreted CAZymes, enzymes that degrade 
carbohydrates make up as much as 77%. The largest group within these secreted catabolic CAZymes are enzymes that break 
down pectin. Interestingly, secreted and non-secreted pectinases include the same CAZyme families, which indicates that D. 
papillatum is capable not only of intracellular but also of extracellular pectin degradation. As discussed more extensively in 
the section on feeding strategy, this finding corroborates the view that by secreting cell-wall and plasma-membrane­
degrading enzymes, Diplonema is capable of feeding not only on microeukaryotes but also multicellular eukaryotes, i.e., 
prey that is much larger than it can engulf in the cytopharynx. 

Supplementary Table S21. Summary of secretome prediction 

Category Nr. of proteins• 
%of 

proteome) 

Proteome 42,423 I 

Signal-peptide bearing 5,160 12.2% 

Secretome b 4,467 10.5% 

a Count includes isoforms. 
b Signal-peptide bearing proteins minus those with ER-retention signaled. 

Supplementary Table S22. Secreted lipid, protein, and carbohydrate-degrading enzymes in D. papillatum 

Enzyme class 
Total nr. of 

% of proteome • Secreted proteins in enzyme class 
proteins 

Nr. % of secretome • % of secreted CAZome 

Lipases and 
98 0.2% 21 0.5% I 

lipoxygenases b 

Proteases' 618 1.5% 178 4.0% I 

CAZymes d 527 1.2% 306 6.9% I 
Degraders• 369 0.9% 234 5.2% 76.5% 

Pectin de-graders1 121 0.3% 78 1.7% 25.5% 

' For the total number of proteins in the inferred proteome and secretome, see Supplementary Table 521. 

'Enzymes were identified by the EC number assigned to the proteins by the function-annotation pipeline (see Supplementary Information: Section 2. 
Assembly and annotation of the nuclear genome and transcriptome of Diplonema papillatum). Lipases (EC 3.1.1.1, 2, 4, 7, 32, 47, 24) include 
carboxylesterases, triacylglycerol lipases, phospholipases A(l) and (2), acetylcholinesterases, and 1-alkyl-2-acetylglycerophosphocholine esterases. 
Lipoxygenases (EC 1.13.11.12, 75; seven proteins) include linoleate 13S-lipoxygenases and all-trans-8'-apo-beta-carotenal 15,15'-oxygenases. 
'Enzymes were identified by a search against peptidase subsequences of the Merops peptidase database. From the corresponding peptunit.lib library file, we 
removed those units that correspond to peptidase inhibitors, transposable-element ORFs or proteasome components; see Methods. 
'For CAZyme identification, see Supplementary Information: Section 12. CAZyme-coding genes in Diplonema papil/atum. 

• Proteins belong to the CAZyme classes glycosid hydrolases (GH), carboxyhydrate esterases (CE), and polysaccharide lyases (PL); see Supplementary 

Information: Section 12. CAZyme-coding genes in Dip/onema papillatum. 
1 Proteins belonging to the CAZyme classes GH28, GH53, GH54, GH78, GH145, CE8, CE13, Pll, and PL4, see Supplementary Information: Section 12. CAZyme­
coding genes in Diplonema papillatum. 

METHODS 

Secretome prediction 
The prediction of signal peptide (SP)-carrying proteins was performed with Phobius 1.01 (SONNHAMMER et al. 1998). From 
the predicted SP-carrying proteins, we removed those carrying an ER-retention signal that we recognized by the presence of 
the typical motif ' [ KRHQSA] [ DENQ] EL'. The resulting protein collections represents the predicted secretome. 

Prediction of lipid, protein and carbohydrate-degrading enzymes 

Proteins involved in lipid degradation were identified in the inferred Diplonema proteome based on their EC number 
(https://enzyme.expasy.org) assigned by the automated annotation pipeline. For carboxylic-ester hydrolases (CEHs), we 
selected EC 3.1.1.1 (carboxyesterases), 3.1.1.3 (triacylglycerol lipases), 3.1.1.4 (phospholipases A(2)), 3.1.1.7 
( acetylcholinesterases ), 3 .1.1.32 (phospholipases A(l) ), and 3 .1.1.4 7 (l -alkyl-2-acetylglycerophosphocholine esterases ), 
combined with lipoxygenases EC 1.13 .11.12 (linoleate 13 S-lipoxygenases) and EC 1.13. 7 5 ( all-trans-8'-apo-beta-carotenal 
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15, 15'-oxygenases ). Proteases were predicted by a BLASTP search of the D. papillatum proteome (reporting threshold 1.0e-
05) against peptidase units (pepunit.lib) downloaded from the MEROPS database release 12.4 (RAWLINGS et al. 2017). To 

obtain the list of proteases involved in nutrient digestions, we removed from pepunit.lib peptidase inhibitors, proteasome
subunits, and peptidases associated with transposable elements. These sequences were recognized by the following terms in
the header line: 'inhibitor unit', 'retrotransposon', 'virus', and 'ubiquitin'. By that, the search space ofpepunit.lib was
reduced by 15%, from 1,221,971 to 1,046,870 sequences. We also 'cleaned' the blastp output, by removing hits against
Diplonema annotated as retrotransposon ORFs or containing a reverse-transcriptase domain, reducing the number of
matches by 4%. Enzymes involved in the overall carbohydrate metabolism (CAZymes) were predicted by integrating
gapped BLASTP and HMM searches against enzymes with experimentally confirmed function compiled in a 'high-quality
library' at the Carbohydrate-Active Enzymes database (CAZy) (CANTAREL et al. 2009), followed by expert validation (see
also Supplementary Information: Section 12. CAZyme-coding genes in Diplonema papillatum ). The carbohydrate­
degrading CAZyme subset ('Degraders' in the Supplementary Table S22) are those belonging to classes GH (glycosyl
hydrolases), carboxyhydrate esterases (CE), or polysaccharide lyases (PL). 'Pectin degraders' are an enzyme subset
composed of the classes GH28, GH53, GH54, GH78, GH145, CE8, CE13, PLl, and PL4; see main text and Additional File
4 cazymeList.
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15. Genes horizontally transferred from bacteria to Diplonema papillatum

INTRODUCTION 

Horizontal (or lateral) gene transfer (HGT) between species, as opposed to the vertical descent of genes from parent to 
offspring, is a well-known and frequent phenomenon in prokaryotes. Only relatively recent methodological advances and 
careful experimental design provide convincing support of HGT and its critical contribution to the evolution of eukaryotes 
(ALSMARK et al. 2013; HUSNIK AND MCCUTCHEON 2018; VAN ETTEN AND BHATTACHARYA 2020). For instance, HGT 
from bacteria to eukaryotes has considerably expanded the capacities of certain eukaryotes to survive in hypoxic or anoxic 
environments (STAIRS et al. 2018; STAIRS et al. 2020). Several mutually non-exclusive mechanisms have been proposed for 
the horizontal transfer of genetic material across domains of life and from bacteria to eukaryotes in particular (SIBBALD et 
al. 2020). For diplonemids, which are free-living marine organisms, at least three pathways for acquiring bacterial genes are 
plausible; first via endosymbionts, since various diplonemids are known to harbour intracellular bacteria (TASHYREVA et al. 

2018; PROKOPCHUK et al. 2019; GEORGE et al. 2020), second via food, because certain diplonemid species prey on bacteria 
(PROKOPCHUK et al. 2022), and third via marine viruses that have been shown to act as predominant HGT vectors in algae 
(e.g., NELSON et al. 2021) and to infect kinetoplastids, the sister clade of diplonemids (KOSTYGOV et al. 2021; IRWIN et al. 

2022). 

RESULTS 

The identification of protein-coding genes potentially transferred horizontally from bacteria to D. papillatum consisted of 
three steps. First, we collectedD. papillatum proteins of potential bacterial origin by reciprocal BLAST against NCBI's nr 
database. Then, we constructed phylogenetic trees for each candidate and its best hits against a taxonomically representative 
reference proteome database ( see Methods) and selected Diplonema proteins nested with high support within bacterial 
clades. Expert validation included visual tree inspection and verification that the HGT candidate gene resides on a contig 
together with unambiguously nuclear genes. 

The D. papillatum genome assembly contains 96 genes that most likely originate from bacteria via HGT. Phylogenetic 
analyses (not shown) did not point to any particular bacterial group as a preferential source but indicated a large number of 
donor clades. At least 90% of HGT genes in D. papillatum appear to be functional because they are transcribed, and their 
pre-mRNAs contain a 5' spliced leader (SL), as do transcripts from ordinary genes. All genes discussed in more detail below 
adhere to these criteria. 

HGT genes of D. papillatum can be grouped into 56 gene families (Additional File 5 horizTransfer). Ten families 
comprise multiple members with� 15%-100% protein-sequence identity, while the remaining families consist of singletons. 
Most multi-member HGT families, especially those with >70% identity across all members, likely arose by amplification of 
the founder gene after its transfer to the new host. Half of the acquisitions took place specifically in the D. papillatum 
lineage and a quarter in the last common diplonemid ancestor, while the timing of the remaining events is uncertain. 

Three-quarters of HGT families in D. papillatum have been assigned functions. Most (26 families, 41 proteins) are 
involved in various metabolic pathways, followed by transport (4 families, 5 proteins), detoxification of reactive oxygen 
species (3 families, 21 proteins), nucleic acids processing (3 families, 8 proteins) and regulatory functions and signalling (2 
families, 2 proteins). 

The largest HGT family in the D. papillatum genome assembly comprises 14 members of a gene encoding a PAP2-like 
superfamily protein, with top BLAST hits in the GenBank-nr database annotated as vanadium-dependent haloperoxidases 
but no significant matches among UniProtKB reviewed sequences. Most of the P AP2-family members are tandemly 
arranged in the Diplonema genome, with up to five genes clustering together (all expert-validated). Another large HGT 
family, the catalase group, forms a tandem repeat of six almost identical copies (98.6-100% protein-sequence identity; 
assembly validated by long-read mapping). Phylogenetic analyses of catalase sequences across euglenozoans suggest an 
alpha-proteobacteria ancestry of this gene and transfer specifically to D. papillatum since all other diplonemids possess a 
eukaryotic-type enzyme (SKODOVA-SVERAKov A et al. 2020). Catalase genes are known to be frequently transferred across 
the domains of life (FAGUY AND DOOLITTLE 2000; KRAEVA et al. 2017). 

Since D. papillatum has the potential to degrade diverse polysaccharides, we analyzed in detail the four HGT families 
(17 genes in total) that are involved in carbohydrate breakdown (see also Supplementary Information: Section 12. 
CAZyme-coding genes in Diplonema papillatum and Section 14. Secretome prediction). The corresponding genes appear to 
be specific to D. papillatum to the exclusion of the other ten diplonemid taxa (although only transcriptome data are available 
for these latter species, the absence of detectable expression strongly indicates the lack of these genes). 
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With 12 members, the largest of the four HGT-CAZyme families encodes a xylan a-glucuronidase of the glycoside 
hydrolase family GHI 15. Ten proteins are full-length (DIPP A_ 15749 being a prototypical member of this family), whereas 
DIPPA_07185 and DIPPA_08958 are truncated versions representing an N-terminal and C-terminal moiety, respectively. 
Half of the genes are arranged in tandem pairs, and both pairs and singles are dispersed across the contigs ( all verified by 
long-read mapping). Protein-sequence identity between family members is above 80%, and DIPPA_15749 and 
DIPPA_15740 (a tandem pair) are entirely identical. Phylogeny places Diplonema's HGT-GHl 15-family proteins as a sister 
clade to sequences from Bacteroidetes, Planctomycetes, Gamma-proteobacteria and Verrucomicrobia (Supplementary 
Figure S22). 

The D. papillatum genome assembly includes an additional GHl 15 domain-containing gene, DIPPA _ 19609, which is 
not affiliated with bacteria (and therefore was not retrieved during the HGT-detection procedure employed here), but rather 
with a clade that includes fungi and other eukaryotes (Supplementary Figure S22). Whatever the ancestral origin of the 
corresponding genes may be, they appear to have a long history ofresidence in eukaryotes. GHI 15 domain-bearing proteins 
were also detected in five additional diplonemids to the exclusion of D. papillatum; these form yet another clade together 
with bacterial sequences (Supplementary Figure S22). 

A second HGT family specific to D. papillatum and involved in glycan metabolism comprises proteins characterized 
by the carbohydrate-binding module CBM6. The three family members share -99% protein-sequence identity and are 
arranged in tandem in the genome (assembly verified by long-read mapping). Top BLAST hits in the GenBank-nr database 
are annotated as endo-1,4-B-xylanase from Delta- and Alpha-proteobacteria. However, the query coverage is low, including 
only two -I 00 amino acid-long regions in the N-terminal and C-terminal CBM6 domains of the Diplonema proteins; the 
-300 amino acids-long central region has only spurious matches. Therefore, the protein is probably not an enzymatically
active xylanase. It should be noted that CBM6 domains occur also in other D. papillatum proteins, either as tandem repeats
or attached to GH128 domains of B-1,3-glucanases (see also Supplementary Information: Section 12. CAZyme-coding
genes in Diplonema papillatum ).

A third type of carbohydrate-degrading genes that D. papillatum acquired apparently by HGT is DIPP A_ 18298, which 
contains CBMl O and GH26 domains. BLAST searches against a database of experimentally characterized CAZymes and 
CAZyme domains showed that the GH26 catalytic domain of this protein is >60% identical to the B-1,4-mannanase from 
Cellvibrio japonicus (HOGG et al. 2003) and the CBMlO domain resembled that of validated B-mannanases (YOON 2016). 
This strongly suggests that the Diplonema protein most likely targets B-1,4-mannans, which-in addition to glucose and 
optionally xylose and mannose units-are building blocks ofhemi-celluloses. 

Lastly, the HGT candidate DIPPA _ 19532 is predicted to be a D-arabinitol 4-dehydrogenase, an enzyme involved in 
xylulose reduction (which is part ofmannose and fructose metabolic pathways and pentose interconversions). This D. 
papillatum protein is closely related to sequences from several Alpha-proteobacteria. 

DISCUSSION 

D. papillatum readily expresses at least a hundred genes that originate from bacteria and were acquired recently by either the
ancestor of diplonemids or D. papillatum itself. The number of HGT genes is similar to that observed across diverse
eukaryotic genomes, and the same applies to the nature of the genes: most bacteria-to-eukaryote transferred genes expand or
rewire the metabolic capabilities of the recipient (reviewed in (HUSNIK AND MCCUTCHEON 2018; VAN ETTEN AND
BHATTACHARYA 2020)). Genes encoding CAZymes have been observed among the most frequently acquired and expanded
functional categories across eukaryotes from ciliates to nematodes and oomycetes (RICARD et al. 2006; DANCHIN et al.

2010; RICHARDS et al. 2011; ALSMARK et al. 2013). The four CAZyme families specific to D. papillatum and obtained from
bacteria are most likely involved in the degradation of various hemi-celluloses, mannans, and their derivatives. The
acquisition of such enzymes has, in all likelihood, broadened the capacity of D. papillatum to feed on the most diverse algae
and plants in its natural marine habitat (PORTER 1973).
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Supplementary Figure S22. Phylogeny of GHllS domain-containing proteins. The phylogenetic tree was constructed with 

Bayesian (A) and maximum likelihood (B) methods using the sequences of GH115 domains from a wide collection of proteins 

(see Methods). Posterior probabilities (Phylobayes) and UF bootstrap support values (IQ-TREE) are indicated next to each 

branch. Both approaches resolve the tree into several clusters containing bacterial (yellow) or eukaryotic sequences (fungi in 

green, other eukaryotes in light blue, diplonemids in blue). Sequences specifically from D. papil/atum are highlighted in darker 

background shades. Note that DIPPA_07185 was not included in the tree because it lacks the GH115 domain (see text for 

details). 
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METHODS 

The procedure to detect genes potentially transferred horizontally from bacteria to D. papillatum included the following 
steps. First, HGT candidates were predicted with the taxonomic-annotation algorithm of Diamond v2.0 with default 
parameters (BUCHFINK et al. 2015) using the GenBank-m database as a reference dataset. This step resulted in 1,317 D. 

papillatum proteins, for which the best hit was a bacterial sequence. These candidates were then queried, using Diamond 
with default parameters, against the GenBank-m database and a custom reference dataset comprising proteomes of 408 
organisms, notably 148 bacteria, 146 archaea, and 114 eukaryotes, including D. papillatum and 17 other euglenozoans 
(Additional File 5 horizTransfer). For each of the 1,317 D. papillatum proteins, we selected all the hits above the default e­
value threshold (0.0001) from the reference database and up to 50 of the top hits in GenBank-m. All D. papillatum 
sequences that produced reciprocal Diamond hits ( e=O. 000 I) against a D. papillatum database were combined, resulting in 
370 distinct protein groups. The D. papillatum protein groups together with their corresponding hits in the GenBank-m 
database and the reference dataset, were aligned with MAFFT v7.4 (KATOH AND STANDLEY 2013) using default parameters. 
Each multiple alignment was trimmed using EMGE vi .12 with default parameters (CRISCUOLO AND GRIBALDO 2010) and 
used to build a phylogenetic tree using IQ-TREE vl.6.12 (NGUYEN et al. 2015) with the LG+G+F model, -bnni option and 
1,000 bootstrap replicates. To detect a HGT signal in the phylogenetic trees, we applied the following algorithm 
implemented as a custom Python script (available at 
https:/ /github.com/ AnnaNenarokova/ngs/blob/master/projects/hgt/dpapi/check hgt trees.py ). Branches with <70% 
bootstrap support were collapsed. If a branch consisted exclusively of one or more diplonemid sequences with two closest 
neighbouring branches comprising solely bacterial sequences, the diplonemid sequences were considered a result of a 
singular HGT from bacteria. The 64 trees that displayed the above-described pattern and the underlying multiple protein 
alignments were inspected in detail to eliminate errors. For example, five D. papillatum protein-coding genes, located on 
two small contigs, were identified as bacterial contamination (see Supplementary Information: Section 2. Assembly and 
annotation of the nuclear genome and transcriptome of Diplonema papillatum). Further, proteins in three other trees were 
considered false positives because the underlying alignment to bacterial sequences relied on marginal similarity. The 
remaining proteins were further queried against our database of transcriptome-inferred diplonemid proteomes (V ALACH et 
al. 2017; BUTENKO et al. 2020; KAUR et al. 2020) to assess whether the HGT event occurred before or after the emergence 
of D. papillatum. 

To construct a phylogeny tree ofGHI 15 domain-containing proteins, we performed BLAST searches using 
DIPPA_15749 and DIPPA_19609 protein sequences against the full GenBank-m database, and Diamond searches against a 
local copy of the EukProt compilation (https://github.com/beaplab/EukProt), as well as against our collection of diplonemid 
proteomes. The 100 top Blast hits against GenBank-m were clustered via CD-HIT (Fu et al. 2012) at a 70% identity 
threshold, and only the cluster-representative sequences were kept. Sequences were pre-aligned with Muscle v3.8. l 55 l 
(EDGAR 2004) and realigned with an HMM search (the profile HMM was built based on the initial Muscle alignment) using 
hmmsearch (HMMER v3.3) (EDDY 2011). Only those columns of the multiple protein alignment that aligned with a 
posterior probability of 1.0 were retained for the phylogenetic analysis. For tree construction, we used PhyloBayes v4.1 b 
(LARTILLOT et al. 2013) by running four independent chains, six gamma categories and the CAT-GTR model. In addition, 
IQ-TREE v2.1.3 was used with default parameters and the option to calculate 1,000 ultrafast bootstrap replicates (MINH et 
al. 2020). 
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16. Evolution of gene families

INTRODUCTION 

Gene families are groups of genes in a given organism that have evolved by duplication from a common ancestor. Family 
members (paralogs) diversify over time by 'dividing labor' (subfunctionalization) or adopting new functions 
(neofunctionalization). Gene families may continue to grow or shrink if there is no selective force to maintain all copies. 
New gene families can have different origins. They may emerge either from initially non-coding regions or by horizontal 
gene transfer. Alternatively, new families can originate from pseudo genes whose ultimate descent is unrecognizable. 

A key factor in the genetic diversity of organisms is the evolution of gene families. Birth and death, expansion and 
contraction of families, provide a window on the particular adaptations of species to their environment. The aim of 
analyzing gene family evolution in diplonemids and related taxa was to delineate genetic factors potentially contributing to 
the success of diplonemids in marine ecosystems. 

RES UL TS and DISCUSSION 

For comparative gene family analysis, we established a phylogenetically equilibrated reference dataset from 30 eukaryotic 
species (reference dataset; Supplementary Table S23). The genome-inferred proteomes from diplonemids and the 
reference species were clustered into -30,000 families, each of which contained at least two proteins-more than a third 
included sequences from D. papillatum. To trace the evolution of those gene families that are widely represented across 
eukaryotes, we first constructed a phylogenetic tree using the 167 orthologous proteins that are present in 25 out of 30 
species in the dataset. The resulting tree is well-resolved, with all the internal nodes ofEuglenozoa having maximum 
support values (Supplementary Figure S23). 

As the next step, we determined the evolution of protein families by fitting the data to a birth-death model (CSUROS 
2010), which involved the mapping the family counts onto the tree topology (Supplementary Figure S23). Interestingly, in 
Euglenozoa, the gains of new families and the expansions of existing families are much more frequent than losses and 
contractions. The by far highest count of gains (-7,000) in the entire tree is the ancestral diplonemid node (Nl 0), 
demonstrating a substantial diversification of the gene repertoire in the last common ancestor of diplonemids. Similarly 
prolific is the expansion of gene families at that node. 

The euglenozoan clade experienced predominantly family gains and expansions, but exceptions were observed in 
Kinetoplastea, including the ancestral node (N21) and free-living kinetoplastids. At this node, family contractions and 
member losses occurred predominantly in genes involved in metabolism, which is corroborated by previous reports of 
reduced metabolic capabilities in this group (OPPERDOES et al. 2016; BUTENKO et al. 2020). 

In the following, we discuss gains and expansions of the diplonemids; details of the analysis are compiled in the 
Additional File 6 geneFam. 

Families gains in diplonemids 

Out of the -5,500 gains traced to the diplonemid ancestral branch, about 22% have a functional annotation, inferred from the 
closest homolog found in the Uniprot database (see Supplementary Information: Section 2. Assembly and annotation of 
the nuclear genome and transcriptome of Diplonema papillatum). Only -200 protein families could be confidently assigned 
a KEGG ID and consequently classified into higher-order KEGG categories ( e.g., 'metabolism', 'signal transduction', 
'folding, sorting and degradation', etc.). The low number is presumably due to sequence divergence and sparsity of the 
KEGG database coverage among unconventional model organisms. A non-exhaustive inspection of the annotations of 
functionally annotated gene families, which could not be automatically assigned a KEGG ID, indicated that these were 
distributed across KEGG-type categories in similar proportions as the assigned ones. Thus, the distributions discussed 
hereafter, while limited to the KEGG-assigned dataset, likely mirror the distribution of the entire dataset in relative 
proportions (though not in absolute numbers). 

Proteins involved in metabolic processes represent the largest group of KEGG-annotated families gained by the 
diplonemid ancestor. Families in the KEGG category 'carbohydrate metabolism' have the largest share. Predicted 
glucoside hydrolases, and particularly glucanases, point to specialization in algal or plant food sources. Diverse gene 
families for carbohydrate-active enzymes have been specifically gained in D. papillatum. The remarkable repertoire of the 
type species has been analyzed in detail in another section (Supplementary Information: Section 12. CAZyme-coding 
genes in Diplonema papillatum ). 
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Families of metabolic proteins falling in the KEGG category 'amino-acid metabolism' are also numerous. In contrast 
to other Euglenozoa in our dataset, diplonemids appear to be capable of creatine biosynthesis because the genes for both 
enzymes, glycine amidinotransferase and guanidinoacetate N-methyltransferase, are present. Therefore, diplonemids likely 
represent an important source of creatine in the ocean, in addition to metazoans and diatoms (Yv A WRIK et al. 2017). All 
Euglenozoa, except the parasitic trypanosomatids (which use arginine phosphate as energy buffer (PEREIRA et al. 2000)), 
possess creatine kinase and thus can convert creatine to energy-rich creatine phosphate. It remains to be elucidated which 
compound serves as a creatine source for euglenozoans other than diplonemids or, alternatively, whether they can survive 
without it. 

At least 40 KEGG-annotated families gained by the ancestral diplonemid branch are involved in environmental­
information processing and signal transductions, with putative kinases, phosphatases and peptidases accounting together 
for-12% of all functionally annotated protein families. Notably, two adenylate cyclase families (one with up to 80 members 
in diplonemids) were gained by the last common diplonemid ancestor. An analysis of kinase-domain-containing proteins 
(using Pfam PF00069 as a query) across diplonemids, euglenids and free-living prokinetoplastids, revealed between 500 and 
1,000 kinase homologs in each analyzed species, numbers comparable to the situation in human (518) and plants (600-
2,500) (MANNING et al. 2002; LEHTI-SHIU AND SHIU 2012).This observation points to an elaborate kinase repertoire and 

complex signaling pathways in free-living (unicellular) Euglenozoa, comparable to those in multicellular organisms. 

Families expanded in diplonemids 

In addition to family gains, expansions appear to have played a comparably important role in the evolution of diplonemids. 
Similarly to gene gains, expanded families often contribute to metabolic processes and signaling (126 and 35 families). In 
addition, 71 expanded families act in translation and transcription, including initiation factors and ribosomal proteins 
(RPs; see also Supplementary Information: Section 10. The cytosolic ribosome of Diplonema papillatum ). The 
incorporation of various RP paralogs into ribosomes may allow translation regulation under diverse and fluctuating 
environmental conditions (HUMMEL et al. 2012). 

The majority of families expanded specifically in D. papillatum are characterized by a small number of members 

(mainly two or three; Supplementary Figure S24A) with highly similar protein sequences (>90%; Supplementary Figure 
S24B), which indicates recent duplication events. In contrast, most families expanded in the diplonemid ancestor seem to 
have undergone an early diversification (Supplementary Figure S25). An interesting group of families expanded in D. 
papillatum but not in the other diplonemids are involved in oxidative stress protection (e.g., glutathione S-transferase, 
cytochrome c peroxidase, tryparedoxin, glutaredoxin). Therefore, the type species might be well adapted to life in the 
surface seawater layer penetrated by solar radiation or in coastal waters polluted with metals, polychlorinated biphenyls, and 
radioactive waste -conditions triggering the production of cytotoxic reactive oxygen species (LUSHCHAK 2011 ). 

Limitations of the presented analysis 

Several shortcomings have complicated our analysis and the consequent interpretation of its results. First, a high proportion 

of proteins from the understudied diplonemids is not annotated, which applies to 81 % and 48% of gained and expanded 
families, respectively, on the ancestral diplonemid branch. Second, sequencing depth varies across diplonemids, with the 
effect that certain gene families appear absent in a given species only because the available dataset is less complete than 
another. Third, cytosolic rRNA phylogenies (TASHYREV A et al. 2018) and analyses of the mitochondrial genome (Y ABUKI 
et al. 2016; KAUR et al. 2020) point to an exceptionally accelerated evolution of the Hemistasia nuclear genome. Highly 
divergent protein sequences hamper recognizing homologs and thus artificially increase the count of family gains and lower 
the count of expansions. Finally, a major difficulty is that only transcriptome-inferred proteomes are available for 
diplonemids other than D. papillatum (Supplementary Table S23). In particular, the genome-inferred proteome of D. 
papillatum includes >250 transposon-related hypothetical proteins (see also Supplementary Information: Section 2. 
Assembly and annotation of the nuclear genome and transcriptome of Diplonema papillatum and Supplementary 

Information: Section 6. Repetitive sequences in the nuclear genome of Diplonema papillatum (assembly v _ 1.0)), but the 
corresponding genes seem not to be expressed under usual cultivation conditions because their mRNAs are absent in our 
RNA-Seq data. Therefore, the considerable family gains and expansions of the type species seen in Supplementary Figure 
S23 should be taken with a grain of salt as some of these families are made up of non-expressed genes. Once genome 
information is available from other diplonemids, the evolution of gene families originating from transposable elements will 
be worth revisiting. 

In sum, almost 80% gained and -60% expanded gene families in diplonemids lack any functional annotation (i.e., are 

annotated as 'hypothetical protein'). Out of these, >60% occur in at least three of the four analyzed diplonemids (D. 
papillatum, Sulcionema specki, Rhynchopus humris, Hemistasia phaeocysticola). Most of these conserved genes have a 
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well-expressed representative in D. papillatum, which underscores their functional importance. Functional genetics studies 
will be critical in determining the biological roles of the genetic 'dark matter' comprised in diplonemid genomes. 
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Supplementary Figure 523. Evolution of protein families. A maximum-likelihood phylogenetic tree based on the concatenated 
alignment of 167 proteins containing 57,565 amino acid positions. Nodes with maximal statistical support are indicated with 
black circles; for the remaining nodes the supports are in grey in the following format: (bootstrap support/SH-aLRT value). 
Double-crossed branches were reduced to half of their original length. Node numbers are shown in grey. Black horizontal bar 
indicates the number of substitutions per site. The number of protein families gained, lost, expanded, or contracted at certain 
nodes {based on the sum of probabilities of the respective events at each node/tip) is depicted with green, magenta, blue, and 
orange bars, respectively. Note the substantial gain of 7,044 families on the ancestral diplonemid branch, which is the largest 
gene gain on an internal node. See the discussion on Limitations. 
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group. 

Supplementary Figure S25. 

Statistics for protein families 
expanded in the reconstructed 
diplonemid ancestor. A) The 
distribution of families according to 
the number of proteins they 
contain. B) The distribution of 
families according to the average D. 

papillatum protein percent identity 
within the groups. Species 
abbreviations are as follows: Dpap, 
D. papillatum; Rhum, R. humris; 

Sspe, 5. specki; Hpha, H. 

phaeocysticola. 
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Supplementary Table S23. Data sources. 

Species Strain Abbreviation Lineage Data sourcea Proteome inferred 

Arabidopsis thaliana Atha Streptophyta NCBI Genomes Genome 

Azumiobodo hoyamushi Hirose, Nozawa, Ahoya Euglenozoa (YAZAKI et al. 2017) Transcriptome 

Bige/owiel/a natans Bnat Rhizaria Genome 

Bodo so/tans Konstanz Bsal Euglenozoa Wellcome Trust Genome 

Carpediemonas Cmem CLO/Fornicata NCBI Genomes Genome 

Chlamydomonas reinhardtii Crei Chlorophyta NCBI Genomes Genome 

Dictyostelium discoideum AX4 Ddis Amoebozoa NCBI Genomes Genome 

Diplonema papillatum ATCC 50162 Dpap Euglenozoa this study Genome 

Emiliania huxleyi CCMP1516 Ehux Haptophyta NCBI Genomes Genome 

Euglena gracilis z Egra Euglenozoa (EBENEZER et al. Transcriptome 

Eutreptiella gymnastica NIES-381 Egym Euglenozoa MMETSP Transcriptome 

Hemistasia phaeocysticola YPF1303 Hpha Euglenozoa (BUTENK0 et al. Transcriptome 

Leishmania major Friedlin Lmaj Euglenozoa TriTryp v.9.0 Genome 

Leptomonas pyrrhocoris Hl0 Lpyr Euglenozoa TriTryp v.9.0 Genome 

Naeg/eria gruberi NEG-M Ngru Heterolobosea NCBI Genomes Genome 

Neobodo designis CCAP 1951/1 Ndes Euglenozoa MMETSP Transcriptome 

Paratrypanosoma confusum CUL13-MS Peon Euglenozoa TriTryp v.9.0 Genome 

Perkinsela sp. CCAP 1560/4 Perk Euglenozoa NCBI Genomes Genome 

Prokinetoplastina sp. PhM-4 PhM-4 Euglenozoa Patrick Keeling Transcriptome 

Prokinetoplastina sp. PhF-6 PhF-6 Euglenozoa Patrick Keeling Transcriptome 

Rhabdomonas costata PANT2 Reos Euglenozoa Vladimir Ham pl Transcriptome 

Rhynchopus humris YPF1608 Rhum Euglenozoa (BUTENK0 et al. Transcriptome 

Schizosaccharomyces pombe assembly ASM294v2 Spomb Fungi NCBI Genomes Genome 

Sulcionema specki YPF1618 Sspe Euglenozoa (BUTENK0 et al. Transcriptome 

Tetrahymena thermophila 5B210 (assembly JCVI- Ttherm Alveolata NCBI Genomes Genome 

Thalassiosira pseudonana CCMP1335 Tpse Stramenopiles NCBI Genomes Genome 

Trypanop/asma borreli Tt-JH Tbor Euglenozoa (BUTENK0 et al. Transcriptome 

Trypanosoma brucei TREU927 Tbru Euglenozoa TriTryp v.9.0 Genome 

Trypanosoma grayi ANR4 Tgra Euglenozoa TriTryp v.9.0 Genome 

Xenopus tropicalis Xtro Metazoa NCBI Genomes Genome 

'Download date of all datasets, except when specified otherwise: 06/2017-02/2018. 

MATERIALS AND METHODS 

Inference of protein families and phylogenomic tree construction 

Clustering of proteins into families was performed using OrthoFinder v2.l.2 (EMMS AND KELLY 2019) with the default 
settings on a dataset of30 species, including D. papillatum, 18 other euglenozoans and several additional species 
representing major eukaryotic outgroup lineages (Supplementary Table S23). In the case of proteins predicted from the 
euglenozoan transcriptomes, CD-HIT-EST (Lr AND GODZIK 2006) with the 90% identity threshold was used to reduce 
protein redundancy caused by the presence of transcript isoforms. For phylogenomic tree construction, proteins present in 
two or more copies were removed from the OrthoFinder output, and 167 families containing proteins encoded by single­
copy genes in at least 25 species out of 30 were used in further analysis. The respective sequences were aligned using 
MAFFT v7.402 with 1,000 iterations and the "localpair" option (KATOH AND STANDLEY 2013), trimmed with TrirnAl vl.2 
(CAPELLA-GUTIERREZ et al. 2009) to remove poorly-aligned positions and concatenated. The phylogenomic tree was 
inferred using IQ-Tree vl.6.12 (NGUYEN et al. 2015) with the LG+C60+F substitution model, which was the best-fitting 
model according to the BIC criterion; 1000 ultrafast bootstrap replicates were used to assess branch support (HOANG et al. 
2018). Gene family evolution was modelled on the phylogenomic tree using the phylogenetic birth-and-death model 
implemented in Count (CSUROS 2010). We fit a birth-death model with three rate categories for each, gene gain, loss, 
duplication, and family-specific rate multipliers. The family-wise posterior probabilities of gene presence, expansion, and 
contraction at each internal node of the phylogeny were used to compute the number of events at each node and the list of 
genes present with probability 2:0.5; the latter was used for ancestral metabolic reconstructions. Since we experienced 
problems fitting a birth-death model for the largest gene families, we employed a Wagner parsimony analysis with a gain 
penalty of 3 for the families containing more than 150 members (332 families in total). 

224 



Sequence analysis 

For the analysis of general metabolism, BLASTp searches with an E-value cut-off of 1 0e-20 were conducted against the 
Euglenozoa species in the reference dataset (Supplementary Table S23) (CAMACHO et al. 2009). When necessary, 
additional homology searches were performed using the HMMER package v.3.1 with an E-value cut-off of lOe-5 (EDDY 
2011). The average percent identity within OGs of interest was calculated using the alistat script from the HMMER 

package. Signal peptides were predicted using Signa!P v. 5.0 server (ALMAGRO ARMENTEROS et al. 2019). 
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17. Feeding strategy and food of Diplonema papillatum

LITERATURE REVIEW and DISCUSSION 

The feeding strategy of diplonemids has been controversial for several decades, ranging from parasitic to predatory and 
saprophytic/scavenging ( e.g., SCHUSTER et al. 1968; TRIEMER AND OTT 1990; VICKERMAN 2000; VON DER HEYDEN et al. 
2004). Documented eukaryvors are, for example, Hemistasia phaeocysticola (ELBRACHTER et al. 1996; YABUKIAND TAME 
2015) and Rhynchopus coscinodiscivorus (SCHNEPF 1994), both of which have been observed in the act of predating 
diatoms, whereas R. euleeides, for instance, consumes bacteria (ROY et al. 2007). In addition, a given species may feed on 
the food that is available, as observed for D.japonicum andR. humris, both of which are osmotrophs in a rich medium 
containing serum, but gradually switch to bacterivory under nutrient-poor conditions (PROK0PCHUK et al. 2022). 

D. papillatum almost certainly has similar dietary plasticity as the two latter diplonemids. Under laboratory conditions,
the type species feeds osmotrophically, but equipped, as are all diplonemids, with a cytostome and cytopharynx (PORTER 
1973), it likely engulfs small microbes and particles in the wild. However, D. papillatum seems not to consume bacteria, 
because (i) enzymes for degrading peptidoglycan (murein), the main cell wall constituent of most bacteria, have not been 
detected in its genome (see Supplementary Information: Section 12. CAZyme-coding genes in Diplonema papillatum), 
and (ii) feeding experiments offering diverse live bacteria that otherwise allow profuse growth of, e.g., D. japonicum and R. 
humris, do not support measurable proliferation of D. papillatum (PR0KOPCHUK et al. 2022). Interestingly, it has been 
suggested that the flagella of Diplonema ( and Rhyne ho pus) serve for the recognition of suitable solid food rather than for 
locomotion because their axoneme may be disordered and because the flagella are too short for support and bending 
(SCHNEPF 1994). 

It is generally assumed that D. papillatum scavenges on the debris of dead microeukaryotes or plants. This view is in 
line with the particular morphology of this protist, characterized by a narrow (-0.5-1 µm; see Fig. 1, main text) and rigid, 
microtubule-reinforced cytostome (PORTER 1973), limiting the type of microeukaryotic species that can be ingested intact 
by D. papillatum. More specifically, the upper size limit of eukaryotic prey that can be devoured whole by D. papillatum 

would be in the range of the smallest microalga described, Ostreococcus tauri (-0.7 µm wide and 1 µm long; COURTIES et 

al. 1994; CHRETIENNOT-DINET et al. 1995). In contrast to D. papillatum, the eukaryvorous heterotrophic euglenids 
Peranema and Heteronema (BREGLIA et al. 2013) and raptorial ciliates (VERNI AND GUALTIERI 1997) have highly 
expandable cytostomes, allowing ingestion of prey nearly as wide as the predator itself. 

The extensive arsenal of CAZyme-encoding genes that we detected in the D. papillatum nuclear genome strongly 
suggests that in its natural habitat, this protist feeds on live eukaryotes after piercing and rupturing prey cells enzymatically. 
Cell particles can then be engulfed in the cytopharynx through the cytostome and broken down extracellularly into 
oligomeric compounds. The subsequent steps most likely follow classical endocytosis, by which the material is taken up 
inside the cell via food vacuoles, which in turn fuse with lysosomes in which the oligomers are broken down to amino acids, 
fatty acids, and other monomeric molecules, for use as an energy source and building blocks of the cell. 

The feeding strategy mentioned above would allow D. papillatum to forage on eukaryotes from an extensive taxonomic 
range and of any physical size. Such a feeding behaviour, together with an adequate swimming capacity of trophic cells, 
could explain the ecological distribution of D. papillatum in eukaryote-rich coastal regions. 
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18. Environmental distribution of Diplonema papillatum

INTRODUCTION 

Diplonemids are ubiquitous members of microbial communities in marine environments, found in the top layer down to 
abyssal/hadal zones (>6,000 m below the surface), in both the pelagic (planktonic) and benthic (sediment) habitats, and in 
all geographic regions from the tropics to the poles. 

Estimates of the relative abundance of diplonemids vary greatly depending on sampling methods, depth, and 
geographic location. For example, an in situ fluorescence hybridization survey of the tropical Atlantic Ocean estimated that 
diplonemids make up 1-3% of eukaryotes in the water column at 100---7,000 m below the surface (MORGAN-SMITH et al. 
2013). Other studies used metabarcoding, a large-scale bio-assessment method that involves PCR amplification of 
hypervariable regions of 18S rDNA or rRNA in environmental samples. The V9 hypervariable region of the 18S rDNA is 
best-suited for targeting diplonemids. In contrast, the widely used V4 metabarcoding (e.g., MASSANA et al. 2015) often fails 
to detect members of this group because their V 4 region exceeds 500 bp, which is above the typical insert length of high­
throughput amplicon sequencing pipelines (FLEGONTOVA et al. 2016). Analysis of a V9 metabarcoding dataset obtained 
from 0.8-2,000 µm marine-plankton size fractions from the temperate and tropical oceans (DEVARGAS et al. 2015) revealed 
that diplonemids represented -1 % of all microeukaryotes in the photic zone (0---200 m depth), and reached a peak of as 
much as 14% in the upper portion of the aphotic zone, at a depth of -750-1,000 m (FLEGONTOVA et al. 2020). A similar V9 
metabarcoding survey led to the estimate that diplonemids make up, on average, 5% of microeukaryotes in the bathyal-hadal 
marine sediment (SCHOENLE et al. 2021 ). 

Microbial diversity is best represented by the number of operational taxonomic units (OTUs) that groups organisms 
into bins, which are traditionally based on sequence similarity, but more recently on sequence clustering (MAHE et al. 2015). 
According to several (but not all) global V9 metabarcoding studies, the total number of diplonemid OTUs detected in the 
plankton of the world ocean amounts to tens of thousands, surpassing the numbers of OTU s for planktonic metazoans, 
stramenopiles, dinoflagellates, and rhizarians (FLEGONTOVA et al. 2020; CORDIER et al. 2022) (see also Supplementary 

Table S24). 
The large majority of the biomass of diatoms, pelagophytes, dinoflagellates and some other protists is constituted by a 

relatively small number of OTUs (KEELING AND CAMPO 2017). In diplonemids, the bias in the OTU abundance profile is 
even more pronounced. For example, in the Tara Oceans dataset, the hundred most abundant OTUs (out of 45,197) 
represent more than 92% of all diplonemid reads (FLEGONTOV A et al. 2016). Planktonic diplonemids of the 
Eupelagonemidae clade account for >97% of all diplonemid OTU s and reads, whereas the other three clades­
Diplonemidae, Hemistasiidae, and DSPD II-each account for only -1 % or even less (DE VARGAS et al. 2015; 
FLEGONTOVA et al. 2016; FLEGONTOVA et al. 2020). It should be noted that Eupelagonemidae and DSPD II OTUs occur 
predominantly in the mesopelagic zone (at 200-1,000 m depth). In contrast, Diplonemidae and Hemistasiidae OTUs are 
primarily found in the surface zone (FLEGONTOVA et al. 2016). 

Diplonemids living in freshwater are an exception. They have been detected in the plankton oflakes in Sweden (SKUJA 
1948), Japan, the Czech Republic, and Switzerland (MUKHERJEE et al. 2020), and in the plankton and sediments of Lake 
Baikal (Yr et al. 2017; DAVID et al. 2021; REBOUL et al. 2021). Freshwater diplonemids occur at a very low abundance 
(<l % ofmicroeukaryotes), and their diversity is limited. Samples collected from the geographically most distant sites all fall 
within the Diplonemidae clade, consistent with Skuja's hypothesis of a recent habitat transition from a marine to a 
freshwater environment (MUKHERJEE et al. 2020; DAVID et al. 2021 ). 

The true diversity of diplonemids in the environment has been a matter of controversy due to genomic variability of the 
18S rRNA gene sequences found in single-cell genomes often distinct marine planktonic diplonemids (MUKHERJEE et al. 
2020). However, such intra-genomic variability is not unique to diplonemids and probably affects nearly all estimates of 
diversity relying on high-throughput sequencing of marker-gene amplicons. For instance, not only multiple distinct 
sequences, but multiple clusters of sequences (OTUs of the V9 18S rRNA region) were found in mono-species ciliate 
cultures (FORSTER et al. 2019). The same is true for single radiolarian cells, where multiple OTUs of the V9 and V4 18S 
rRNA regions were found (DECELLE et al. 2014). Metabarcoding approaches can overestimate the diversity due to various 
causes: sequencing errors and PCR artefacts such as chimera formation, as well as intra-genomic and intra-population 
sequence variability (BALINT et al. 2016; SANTOFERRARA et al. 2020). MUKHERJEE et al. 2020 have not demonstrated that 
diplonemids are more prone to overestimation than other eukaryotes, and we believe that interpreting relative diversity of 
protist groups is possible, even though absolute diversity estimates are currently unreliable. 

While we have a good understanding of the environmental and geographical distribution of the major diplonemid 
groups, the same parameters for the type species Diplonema papillatum are not known. Therefore, we searched available 
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barcoding resources for the presence of sequences from D. papillatum. To leverage information not only from V9, but also 
from the more frequent V 4 datasets, we analyzed forward and reverse sequencing reads from the latter separately, allowing 
incomplete coverage of the V4 region. 

Supplementary Table 524. Abundance of OTUs from selected taxa in the Tara project datasets•. 

OTU abundance bins (reads per million) b 

�10,000 �1,000- �100- �10- �1- �0.1- �0.01- <0.01 Total OTUs 

Taxon <10,000 <1,000 <100 <10 <1 <0.1 

Diplonemea-Diplonemidae 0 0 0 1 9 16 81 94 201 

Diplonemea-Hemistasiidae 0 0 0 5 7 61 83 58 214 

Diplonemea-Eupelagonemidae 0 8 23 14 16 82 3,074 8,087 11,304 

Diplonemea-DSPDII 0 0 0 3 0 1 14 38 56 

Diplonemea 0 8 23 23 32 160 3,266 8,277 11,775 

Kinetoplastea 0 0 4 7 10 36 50 60 167 

Euglenida 0 0 1 0 7 11 49 59 127 

Heterolobosea 0 0 0 0 5 5 33 24 67 

Stramenopiles 0 20 107 208 293 567 1,745 2,870 5,810 

Dinoflagellata 1 22 221 724 1,158 1,696 5,254 10,865 19,941 

Ciliophora 0 4 23 90 164 263 563 781 1,888 

Rhizaria 3 20 94 208 354 998 3,435 5,641 10,753 

Haptophyta 0 1 15 34 46 62 128 228 514 

• For this analysis, the Tara Oceans and Tara Arctic datasets were combined (IBARBALZ et al. 2019). In the Tara Oceans dataset,

diplonemids emerged as the most OUT-rich taxon, whereas in the combined Tara datasets, diplonemids rank at second place,

behind dinoflagellates.

b OTUs were defined by the SWARM algorithm (MAHE et al. 2015). Sequences sharing >90% identity to a particular reference

sequence were merged for consistency with the 90% threshold used for D. papillatum sequences that form a single OTU. OTUs

of <0.01 abundance that collectively includes>50% of all OTUs of a given taxon are highlighted in blue bold.

RESULTS and DISCUSSION 

To gain a picture of the global and ecosystemic distribution of D. papillatum, we searched for the corresponding sequences 
in the global V9 metabarcoding datasets ('Tara Oceans' and 'Tara Arctic') generated by the Tara project (DE VARGAS et al. 

2015; IBARBALZ et al. 2019). D. papillatum sequences were found in four out of970 planktonic samples. All four samples 
originated from surface water: one collected off the Mediterranean Spanish coast (four D. papillatum reads; latitude 
41.6686, longitude 2. 7996) and three from coastal waters in the reef surrounding the Gambier Islands in the Pacific Ocean 
(29 reads; latitude cca. -23, longitude cca. -135; Supplementary Figure S26). The collection sites had a relatively high 

water temperature (23-25 °C), a salinity between 36.46 and 36.52, an oxygen concentration between 201 and 207 µmol/L, 
and a low chlorophyll A concentration (0.01-0.07), a measure of the amount of suspended phytoplankton. With only 1 to 25 
reads from D. papillatum per 1-2 million total reads, the abundance in these samples was very low. Since no D. papillatum­

representing sequence was found in Tara samples from the open ocean, we prioritized, for further analyses, the datasets that 
include coastal samples. 

Our search in the V4 and V9 metabarcoding datasets 'Ocean Sampling Day 2014' (KOPF et al. 2015) and 'Helgoland 
Roads 2016'(KASE et al. 2020), which comprise coastal samples, returned a small number of D. papillatum sequences. 
Specifically, among 31 metabarcoding samples of the Ocean Sampling Day project, nine contained 1-13 V 4 and/or V9 
reads per sample (4 reads on average, per 0.3-0.4 million total reads) from D. papillatum. The corresponding samples were 
collected at a depth of 0-10 m under the surface at temperatures ranging from 11 °C to 30 °C and originated from 

geographically distant locations off the coast of Japan, the East and West coasts of North America, the East coast of South 
America, and the North Sea coast (Supplementary Figure S26). Among 287 V4-metabarcoding samples collected during 
various seasons at the Helgoland Roads Long-Term Ecological Research site (Helgoland Islands coast, North Sea, depth of 
1 m; latitude 54.1838333, longitude 7.9; temperature 6-13 °C) (KASE et al. 2020), D. papillatum sequences were identified 
in five samples (1-10 D. papillatum reads per sample, per 0.1-3 million total reads). 

D. papillatum sequences were absent from the two other V4 metabarcoding datasets collected from coastal waters of

Europe (MASSANA et al. 2015), Brittany (France) and Senegal (RAMOND et al. 2019). The failure to detect D. papillatum 
sequences in these latter data sets might be due to the relatively low number of total reads produced by these two studies 
(127-30,296 and 16,611-185,889 reads per sample, respectively). 
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We compared the relative abundance of V9 reads from D. papillatum with that of other diplonemids in Tara Oceans 
and Tara Arctic datasets (Supplementary Table S25). The table shows that Hemistasia phaeocysticola and the 
Diplonemidae isolate YPF1523 reached a total abundance of -70, and more reads per million. Otherwise, the abundance 
was generally below 1 read per million, with D. papillatum being among the least abundant diplonemid species (-1-10 
reads per million in samples in which it was detected and-0.04 reads per million over all samples; Supplementary Table 

S25, Additional File 7 envirDistr). To summarize, while apparently quite rare, D. papillatum seems to be broadly 
distributed in temperate coastal surface waters of the world ocean (Supplementary Figure S26). 

We note, however, that the barcode-derived quantification of diplonemids remains rather approximative. In 
eukaryotes, the rDNA loci copy number can vary substantially based on environmental or cultivation cues within a species, 
but also between species irrespective of their degree of relatedness, thus introducing biases into abundance estimates 
(LA VRINIENKO et al. 2021 ). We currently lack information on the expansion of the rDNA loci in diplonemids other than D. 
papillatum. Taken together, the conclusion about the relative rarity of D. papillatum compared to other diplonemids rests 
upon the assumption that the rDNA copy number is both similar and relatively constant across diplonemids . 

• • 

••

,. 
... . � .... • 

• • • 

.. • 
' • • • 

• I • -• • 
• 

•• •
••• •• • 

• • 
•• 

I 
.... 

•
••
• 
•• •

• • 
• 

". 
• • 

• • •

• • 

• • 

• 
• • 

• 

• 
• 
\ 

' 

• 
• 
• 

• •
•
•

' 

' 
• 

• • 

• • 
• • 

• 

Supplementary Figure 526. Oceanic distribution of D. papil/atum. The world map shows the distribution of sampling locations 

from the three datasets in which D. papillatum was detected, namely the Tara project, 'Ocean Sampling Day 2014', and 

'Helgoland Roads 2016' (beige dots). Sites, where D. papil/atum-representing OTUs were detected, are highlighted in blue (see 

the Additional File 7 envirDistr for details). 

Supplementary Table 525. Abundance of selected diplonemids in the combined Tara project datasets. 

Family Species Abundance (V9 reads per million)' 

Diplonemidae Diplonemo popillotum 0.04 

Diplonema aggregatum 0.04 

Diplonemo japonicum 0.06 

Diplonema sp. ATCC 50232 0.10 

Rhynchopus humris 0.40 

Rhynchopus serpens 1.17 

Rhynchopus sp. SH-2004-I 1.26 

Flectonemo nerodi 

Lacrimia Janifica 

<0.01 

2.79 

Hemistasiidae Hemistasia phaeocysticola 69.13 

Unknown Diplonemidae sp. YPF1523 78.08 

' Number of reads across all samples. In the subset of samples that contain reads from D. papillatum, the number of these reads 

per sample is 1-10. 
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METHODS 

We searched for D. papillatum sequences in the datasets from six studies that reported 18S rDNA V4 or V9 metabarcoding 
reads from marine plankton (Additional File 7 envirDistr; (DEVARGAS et al. 2015; KOPF et al. 2015; MASSANA et al. 2015; 
IBARBALZ et al. 2019; RAMOND et al. 2019; KASE et al. 2020). Amplification primers were removed from raw reads using 
cutadapt vl.16 (MARTIN 2001). The V9 and V4 regions of D. papillatum are 128 and 530 bp long, respectively. To simplify 
sequence analysis, we merged paired V9 reads using bbmerge (BBMap package v38.9) (BUSHNELL et al. 2017). The V4 
reads could only be merged for a single study because in this case they were long enough to cover the whole V 4 region 
(KASE et al. 2020). For the remaining studies, forward and reverse V4 reads were analyzed separately. Taxonomic 
annotation of the processed reads was performed using a global alignment tool ggsearch (FASTA package v3.5) (PEARSON 
2000). As a reference database we used all 525 diplonernid 18S rRNA sequences from the EukRef-excavates collection 
(KOLISKO et al. 2020), including two D. papillatum sequences. To account for slightly different amplification primers used 
across the studies, we processed the database sequences so that they specifically corresponded to the amplified region in 
each study. Lastly, since the V9 and V4 regions are highly variable across species and can even vary within a single 
genome, we established a percent-identity cutoff for ggsearch hits. We compared V4 and V9 regions of D. papillatum and 
EukRef diplonemid sequences. We also compared all V4 and V9 sequence variants found in the D. papillatum genome 
assembly to the sequence deposited in NCBI (GenBank accession number KF633466). Within the D. papillatum genome 
assembly multiple copies of the V4 and V9 regions exist (as delimited by the amplification primers), but the identity of 
sequences from other diplonemids never exceeded 90%; therefore, we chose 90% as the identity cutoff. Relative abundance 
in reads per million (Supplementary Tables S24, S25) was calculated using a combined dataset of eukaryotic metabarcodes 
from Tara Oceans and Tara Arctic (DEVARGAS et al. 2015; IBARBALZ et al. 2019). 
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19. DNA and RNA preparation for high-throughput sequencing

MATERIALS AND METHODS 

Strains and culture conditions 

Diplonema papillatum (ATCC 50162) was initially obtained from tbe American Type Culture Collection (ATCC) and 
cultivated axenically without shaking at 15-22 °C in liquid saline medium (OS) containing 33 g/L Instant Ocean sea salt and 
supplemented with 1 % (v/v) horse serum as described earlier (VALACH et al. 2014). For extended cultivations, 
chloramphenicol (40 mg/L) was added to prevent bacterial contamination. 

For nucleic acid extraction and sequencing at Genome Quebec (Illumina DNA- and RNA-Seq, PacBio DNA-Seq), the 
protist was cultured for -1 week, yielding a total of 3 x 108 exponentially dividing cells, which were harvested by 
centrifugation of the culture at 3000xg for 10 min, then washed with ice-cold buffer (0.65 M sorbitol, 20 mM Tris, pH 7.5, 5 
mM EDTA), and disrupted by nitrogen decompression at 600 psi (Parr Instruments Company). Alternatively, for nucleic 
acids extractions for their sequencing at Eurofins (Illumina DNA-Seq), Takara Bio (PacBio DNA-Seq), and Novogene 
(Illumina RNA-Seq), the organism was cultivated at 25 °C in an ATCC 1532 medium supplemented with 1 % (v/v) horse 
serum and 0.1 % (w/v) tryptone (MORALES et al. 2016). 

Extraction of nucleic acids 

Total cellular DNA was isolated from tbe disintegrated cells using the columns Genomic-tip 100/G (Qiagen). For long-read 
DNA sequencing, DNA was further size-selected to avoid copious mitochondrial DNA ( 6-7 kbp circular molecules) by 
employing the BluePippin instrument (Sage Science) with a 20-kbp cut-off. Total cellular RNA was extracted using a 
homemade Trizol substitute (RODRIGUEZ-EZPELETA et al. 2009), and residual DNA was removed by digestion with an 
RNase-free DNase followed by another round ofTrizol-substitute extraction. After denaturation at 72 °C for 2 min and 
subsequent chilling on ice, poly(A) RNA was enriched by a passage through oligo(dT)-cellulose (Amersham). DNA and 
RNA samples were submitted for sequencing to the technology platforms Genome Quebec Innovation Center, Montreal. 
Alternatively, a commercial TRIZOL reagent (Invitrogen) and GenElute columns were used, and the resulting total RNA 
was submitted for mRNA enrichment and sequencing to Novogene. 

A total of 10 libraries were constructed according to manufacturers' recommendations and sequenced with the 
Illumina or PacBio technologies. Information on library preparation and genome and transcriptome sequencing 
methodologies are described in tbe Supplementary Information: Section 2. Assembly and annotation of the nuclear 
genome and transcriptome of Diplonema papillatum. 
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59 PDH, and catalyze an analogous reaction, by which a 2-oxoacid is oxidatively decarboxylated 

60 [2]. The three complexes are referred to collectively as DH complexes. 

61 All three complexes, PDH, OGDH, and BCKDH, consist of three distinct subunits 

62 referred to as the Enzyme 1, 2, and 3 (El, E2, and E3), each having a particular catalytic 

63 function. The El subunit is a thiamine diphosphate-dependent enzyme with a 2-oxoacid 

64 dehydrogenase activity (also known as pyruvate, 2-oxoglutarate or ketoacid dehydrogenase) that 

65 catalyzes in a two-step reaction the irreversible decarboxylation of the substrate, and the 

66 reductive acylation of lipoyl groups covalently attached to E2. The E2 subunit, a 

67 dihydrolipoamide acyltransferase, catalyzes the transfer of an acyl moiety to CoA producing 

68 acyl-CoA. Finally, the E3 subunit, a flavoprotein with dihydrolipoamide dehydrogenase activity, 

69 transfers electrons from dihydrolipoyl groups of E2 to FAD and then to NAD+ generating NADH 

70 + H+ [3]. This E3 subunit is a member of the disulfide oxidoreductases family [4], which also

71 

72 

73 
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78 
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84 
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86 

87 

88 

89 

includes glutathione reductase [5], thioredoxin reductase [6], trypanothione reductase [7], and 

mercuric reductase [8]. In eukaryotes, E3-binding protein (E3BP; also called Protein X) is a non- 

catalytic auxiliary protein of the PDH complex. This protein is structurally and functionally 

related to the E2 component and anchors E2 in the complex [9]. 

Across the tree of life, the El subunit of PDH typically consists of either a single 

polypeptide encoded by an aceE gene, as e.g., in Gram-negative bacteria, or alternatively, as 

encountered in eukaryotes and Gram-positive bacteria [10], of a heterotetramer composed of two 

proteins, 2xE1-a and 2xEI-P, encoded by pdhA andpdhB genes, respectively [11,12]. (Note that 

for simplicity, we follow the gene nomenclature used in bacteria.) While functionally equivalent, 

the El components of the PDH, OGDH, and BCKDH complexes can have a different 

composition and the homologous proteins differ in sequence. For clarity, the homologs in the 

various complexes will be referred to in the following as Elg-a, El.Q-a, and Elb_-a, etc. 

The E2 subunit consists of a single protein encoded by aceF (also designated pdhC) and 

forms the core of the PDH complex, physically interacting with both the El and E3 subunits 

[13]. Again, the E2 proteins from the three DH complexes differ in sequence and will be referred 

to as E2p, E2o, and E2b. Lastly, the homodimeric E3 subunit comprises two identical 

polypeptide chains, designated the 'E3 proteins' (encoded by lpdA/pdhD). In contrast to El and 

E2, the nature and distribution of the E3 subunit can be more complicated, depending on the 

organism: in some cases, the PDH, OGDH, and BCKDH complex each contains a DH-specific 
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120 transcriptomes of diplonemids Diplonema japonicum, Diplonema ambulator, Rhynchopus 

121 humris, Rhynchopus euleeides, Lacrimia lanifica, Sulcionema specki, Flectonema neradi, 

122 Artemidia motanka, Hemistasia phaeocysticola, and Namystynia karyoxenos [33,34] and 

123 euglenids Euglena longa [35] and Eutreptiella gymnastica ([36]; reassembly available at 

124 https://doi.org/10.5281/zenodo.257410), single-cell amplified transcriptomes of euglenids [37] 

125 and single-cell amplified genomes of euglenozoans [38]. For more sensitive searches, HMMER 

126 v3.3 [39] was employed. Protein domains were predicted using InterProScan [40] implemented 

127 in Geneious Prime v2020.2.5 [41]. Subcellular targeting was predicted by Mitoprotll [42], 

128 MitoFates [43], and TargetP2 [44] in default settings. 

129 Euglenozoan protein sequences were used in BLASTP searches against the NCBI non-

130 redundant database to identify homologs from the main eukaryotic groups [45] and prokaryotes. 

131 Retrieved hits were used to build multiple sequence alignments using MAFFT v.7458 under L-

132 INS-i strategy [46]. Poorly aligned positions were removed by trimAl vl.4 (-gt 0.8) [47] and 

133 sequences shorter than 50% of the length of the trimmed alignment were removed by an in-house 

134 python script (https:/ /github.com/kikinocka/ngs/blob/master/py _scripts/filter_ alignment.py). 

135 Resulting alignments were subjected to maximum-likelihood phylogenetic analysis by IQ-TREE 

136 vl.6.12 [48] under the LG+I+G4 (Ela, El�, and E3) and LG+F+I+G4 (E2) models, which were 

137 determined as best-fitting according to Bayesian information criterion, and under the 

138 LG+C20+F+G model (AceE) using posterior mean site frequency method [49] with the guide 

139 tree inferred under the LG+F+G model. Branch supports were obtained by the ultrafast 

140 approximation [50] with 1,000 replicates. 

141 

142 2.2. Gene tagging 

143 We attempted to create an in situ C-terminally-tagged version of the E3 enzyme of P. papillatum 

144 (DIPPA_01402), but no stable, viable clones could be produced. Hence, the E3-Protein A fusion 

145 was ectopically expressed after random integration into the genome. The open reading frame 

146 (ORF) ofDIPPA _ 01402 was amplified from P. papillatum genomic DNA using primers E3 _Fw 

14 7 and E3 _ R v and cloned into pDP002 vector [28] using Bglll/BamHI and Nhel restriction sites. 

148 The entire 5'UTR-E3-protein A-NeoR-3'UTR cassette was amplified from the resulting plasmid 

149 using primers pDP002 _cassette_ Fw and pDP002 _cassette_ R v, purified, and used for transfecting 

150 P. papillatum. To endogenously tag AceE (DIPPA _31725) with a C-terminal Protein A-tag,
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overnight covered with parafilm. Next, the primary antibody was removed, and slides were 

washed three times with PBS-T and twice with lx PBS. AlexaFluor555-labeled goat anti-rabbit 

secondary antibody (1: 1,000; Invitrogen, A32732) was added and incubated at room temperature 

for 1 hour in the dark, covered with parafilm. All slides were then rinsed three times with PBS-T 

and twice with lx PBS and coated with 4',6-diamidino-2-phenylindole (DAPI) containing the 

antifade reagent ProlongGold (Life Technologies). Images were acquired using an Olympus 

BX63 automated fluorescence microscope equipped with an Olympus DP74 digital camera and 

evaluated with the cellSens Dimension software (Olympus). Since MitoTracker Red and 

Mi to Tracker Green do not stain P. papillatum mitochondria ( our observations), we employed 

rabbit antibody against 13 chain of mitochondrial ATP synthase (1: 200, kindly provided by Alena 

Zikova's laboratory; [52]) to visualize the organelle. Because both anti-ATP synthase 13 and anti-

Protein A antibodies are of rabbit origin, simultaneous imaging of the same slide was not 

possible. 

2.5. Immunoprecipitation 

Rapid single-step purification of Protein A and its conjugates was used for tagged AceE and E3 

protein purification. Two different cell lysates were prepared with two non-ionic detergents: 

0.1 % (v/v) IGEPAL CA-630 and 2% (w/v) dodecyl maltoside (DDM). Approximately 5x108 

cells expressing Protein A-tagged E3, as well as wild-type control cells were grown axenically in 

vented flasks at 27 °C in seawater-based tryptone-rich medium (36 g/1 sea salt, 1 g/1 tryptone and 

1 % (v/v) fetal bovine serum) with the appropriate selection antibiotic 0418 (75 µg/ml). Cells 

were harvested by centrifugation at 1,000 g for 10 minutes. After that, cells were resuspended in 

5 ml of ice cold lx PBS, centrifuged again at 1,000 g for 10 minutes, and the supernatant was 

discarded. The pellet was resuspended in ice cold lx PBS and irradiated with 600 mJ/cm2 UV 

light (254 nm wavelength) to covalently crosslink proteins (UV Stratalink 1800, Stratagene). 

UV-crosslinked cells were lysed using lysis buffer (10 mM Tris (pH 6.8), 150 mM NaCl, 0.1 % 

IGEPAL CA-630, 1 % (v/v) glycerol, lx cOmplete EDT A-free protease inhibitors; Roche) and 

passed through a 30-gauge needle several times. The cell lysate was cleared twice by 

centrifugation at 10,000 g for 20 minutes. 75 µl IgG Sepharose 6 Fast Flow beads (Sigma) were 

added to the cleared cell lysate and rotated at 4 °C for 2 to 3 hours. The beads were washed three 

times with the washing buffer (10 mM Tris (pH 6.8), 250 mM NaCl, 1 % (v/v) glycerol) 
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275 The statistical analysis was performed using Perseus vl.6.15.0. The Output proteinGroup 

276 table from MaxQuant was filtered and LFQ intensities log2-transformed. Proteins with less than 

277 one missing value in at least one experimental group were retained and data imputed, assuming a 

278 normal distribution. The principal component analysis confirmed excellent analytical 

279 reproducibility and ANOVA corrected by permutation test was used with a Q :S 0.001. Pairwise 

280 differences were assessed by the Tu.key's test with P :S 0.001. Hierarchical clustering was 

281 performed on Z-score-normalized averages of LFQ intensities. 
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To quantitatively compare DH complex components relative to each other, LFQ 

intensities were normalized to the number of theoretically detectable peptides, i.e., as in the 

iBAQ approach [59]. The number of trypsin peptides for each DH complex protein was 

determined using the MS-Digest tool from the ProteinProspector v6.3 .1 tool suite 

(http://prospector.ucsf.edu/prospector/cgi-bin/msform.cgi?form=msdigest). We used the 

following parameters: trypsin digest; no missed cleavage; carbamidomethyl at Cys residues as 

fixed modification; Met oxidation as a variable modification; minimal length of7 amino acids; 

and peptide mass range from 900 to 5,000 Da; the selected mass range covered >95% of all 

identified peptides. 

2.9. Immunoblotting 

Protein samples obtained from immunoprecipitation were boiled for 5 minutes in 2x NuP AGE 

LDS sample buffer (Invitrogen), run on 12% SDS-PAGE, and transferred to a PVDF membrane 

(Amersham). After blocking with 5% (w/v) milk in PBS-T (0.05% (v/v) Tween in PBS) for at 

least 30 minutes at room temperature, the membrane was incubated with rabbit anti-Protein A 

primary antibody (1: 10,000; Sigma-Aldrich, P3775) at 4 °C overnight. After three washes in 

PBS-T, the membrane was incubated with HRP-coupled goat anti-rabbit secondary antibody 

(1:1,000; Sigma-Aldrich, A21428) at room temperature for 1 hour. The membrane was then 

washed three times in PBS-T, and the signal was developed using Clarity Western ECL 

Substrate (Bio-Rad). An analogous procedure was used to test the expression of tagged proteins 

in whole cells. The mouse anti-a-tubulin antibody (1:10,000; Sigma-Aldrich, T9026) was used 

as a loading control. 

The effect of the Protein A-tag on the integrity of DH complexes was monitored by their 

separation using Clear-Native (CN) PAGE followed by western blotting. Briefly, mitochondria 
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To determine the affiliation of these proteins to a particular DH complex, we performed 

phylogenetic analyses including sequences from organisms spanning the diversity of eukaryotes 

and prokaryotes (Fig. 1; Fig. S1). The phylogenetic analyses clearly distinguished clades of 

subunits specific for different DH complexes. All diplonemids examined appear to encode a 

single E3 (represented by the P. papillatum protein DIPPA _ 01402), while the other 

euglenozoans have several homo logs of this subunit. The diplonemid E3 groups with its E3 

counterparts known to be shared by OGDH and BCKDH in its closest relatives, kinetoplastids 

and euglenids. For E2, we found one homolog each of the OGDH- and BCKDH-specific proteins 

(represented in P. papillatum by DIPP A_ 17068 (E2o) and DIPP A_ 02535 (E2b ), respectively); 

however, we could not identify an E2 specific for PDH (E2p). Phylogenetic analyses of Ela and 

mp indicates that DIPPA_25191 and DIPPA_04229 are components of the OGDH complex, 

while DIPPA_70163 and DIPPA_14886 belong to the BCKDH complex. An additional homolog 

(DIPP A_ 08195) that did not cluster with any of the assigned DH complexes possibly belongs to 

another unknown DH complex referred to here as 'unspecified' DH. None of the diplonemid El 

sequences grouped with the PDH (Elp) sequences from other eukaryotes. Instead, we found two 

orthologs ofprokaryotic AceE proteins. One (DIPPA_31725) is related to archaeal AceE and is 

present in all examined diplonemids. The second ortholog, which groups with the bacterial 

counterpart, is confined to a subgroup ofHemistasiidae (Fig. 1; Fig. S1). 
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357 Fig. 1. Schematic phylogenetic trees of subunits of dehydrogenase complex subunits. Each tree 

358 represents a summary version of the full tree shown in Fig. SL All presented branches were supported by 

359 >90% ultrafast bootstraps (except for the E2b kinetoplastid/diplonemid split at 45%). Euglenozoan taxa
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367 

are in bold. The identifier of Paradiplonema papillatum proteins representing Diplonemida is indicated in 

parentheses. Paralogous sequences are labeled '#1' and '#2'. To analyze El subunit sequences 

irrespective of their existence as a single chain or two polypeptides, we split, prior to the construction of 

multiple sequence alignments, single polypeptides into their 'N' and 'C' moieties that correspond to the 

Ela and El� subunits, respectively (indicated by these suffixes for the P. papillatum IDs). The asterisk 

indicates partial sequences from two Anisonema strains, whose eukaryotic origin remains to be confirmed 

by full genome or transcriptome sequencing. 
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391 Fig. 2. The structure of El subunit genes in euglenozoans. Asterisks indicate the presence of two 

392 paralogs. The structure of euglenid Elp is based on that of the model Euglena gracilis, however, AceE 

393 was identified inAnisomena acinus (Fig. SlA). 

394 

395 We have identified in several kinetoplastid and euglenid flagellates orthologs of the non-

396 catalytic E3BP previously described in T brncei [29] (Table S4). Importantly, no E3BP homolog 

397 was found in any diplonemid species, even when more sensitive searches with a euglenozoan-

398 specific profile hidden Markov model was employed. Altogether, our results strongly suggest 

399 that the canonical PDH complex was lost from the diplonemid lineage. 

400 

401 3.2. Mitochondrial localization of dehydrogenase complexes in P. papillatum 

402 To determine the ratios of the 11 postulated components of the three DH complexes, and to 

403 verify the predicted mitochondrial localization (Table S2) of the corresponding proteins, we 

404 conducted liquid chromatography-tandem mass spectrometry (MS) ofwhole-cell lysates and 

405 subcellular fractions enriched in either cytosolic or mitochondrial proteins (Fig. 3; Table S5A). 
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Fig. 3. Subunit enrichment of dehydrogenase complexes in cellular fractions of P. papillatum. The 

assignment of subunits to DH complexes was based on phylogenetic analyses. The label-free 

quantification of proteins was based on label-free quantitation (LFQ) intensities (see also Table S5). PDH, 

pyruvate dehydrogenase complex; OGDH, 2-oxoglutarate dehydrogenase complex; BCKDH, branched-

chain ketoacid dehydrogenase complex. 

Principal component analysis of the MS experiments showed satisfactory distinctiveness 

and reproducibility (Table S5B). For instance, the cytosolic fraction was enriched in cytosolic 

ribosomal proteins and translation factors, proteasome subunits, as well as metabolic enzymes 

involved in glycolysis and gluconeogenesis, while the mitochondrial fraction contained typical 

organellar proteins, such as respiratory chain complex components, carrier proteins, and 

prohibitins (Table SSC). All above identified subunits of the P. papillatum DH complexes were 

significantly enriched in the mitochondrial fraction, except for the inferred protein 

DIPPA_l5309 (Elb-P #2), which was not detected in any sample (Fig. 3), even though the gene 

is transcribed at a level similar to that of other subunits (Table S2). 

To further validate experimentally the mitochondrial localization of DH complexes, we 

created P. papillatum cell lines expressing DIPPA _31725 (AceE) and DIPPA _ 01402 (E3) that 

were C-terminally tagged with Protein A (Fig. S3). C-terminal tagging was chosen to avoid 

interference with mitochondrial import signals generally located at the N-terminus. The resident 
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428 AceE gene was replaced by the tagged version. However, in the case ofE3, knock-in did not 

429 succeed, so that we introduced an ectopic copy of the tagged E3 gene into the genome. 

430 Immunofluorescence-based detection with anti-Protein A antibodies showed that AceE and E3 

431 localized to the single reticulated mitochondrion (Fig. 4). As a control, the mitochondrion was 

432 immunolabeled with an antibody against the� chain of the mitochondrial ATP synthase. The 

433 staining pattern observed using the anti-ATP synthase antibody strongly resembled the signals 

434 obtained with AceE and E3, confirming the predicted mitochondrial localization of these two 

435 DH-complex components. 

436 

437 

IFA DAPI Merge DIC 

438 

439 

440 

441 

442 

443 

444 

445 

Fig. 4. Subcellular localization of AceE and E3 proteins in P. papillatum. Immunofluorescence assay 

(IFA) of Protein A-tagged AceE (first row) and E3 (second row) proteins using polyclonal anti-Protein A 

antibodies (red) confirmed their mitochondrial localization. Rabbit-antibodies against mitochondrial ATP 

synthase (third row) were used for comparison (see Methods). DNA was stained with DAPI (blue). The 

scale bar is 10 µm. DIC, differential interference contrast. 

3.3. Purification of DH complexes from P. papillatum 
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446 To evaluate whether the Protein A-tagged subunits E3 and AceE assembled into large 

447 complexes, we extracted mitochondrial proteins, separated them via CN-PAGE (2-10% gradient 

448 gel), and performed immunoblotting. We observed signals at a high molecular weight (upper 

449 area of the gel; Fig.5), which indicated the incorporation of the tagged proteins into complexes. 

450 However, the vast majority of the Protein A-tagged AceE was detected as a smear of varied 

451 molecular weights centered around 600 kDa, which suggested disassembly and/or degradation of 

452 a much larger complex (presumably PDH) complex during protein extraction. The Protein A-

453 tagged E3 displayed a less prominent smear of apparent disassembly products but was also 

454 detected as a distinct signal in the low molecular-weight region (presumably as a monomer) (Fig. 

455 5). 
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Fig. 5. Immunodetection of complexes via Protein A-tagged E3 and AceE on native gel. Coomassie 

brilliant blue (CBB) staining (left panel) served as a loading control. The right panel shows the 

immunoblotting of proteins using anti-Protein A antibodies. Asterisks indicate large complexes, while the 

signals in the lower molecular-weight region represent disassembly and/or degradation products and 

unspecific epitopes. 

To investigate the composition the three DH complexes from P. papillatum were pulled 

down using the C-terminally-tagged AceE and E3 proteins and analyzed by MS. We reasoned 

that if the E3 protein was part of all three DH complexes, it would pull down all complexes, 
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486 to the complex they belong to. The inset shows an immunoblot of a representative immunoprecipitation; 

487 the blot was probed with anti-Protein A antibodies to detect tagged E3. 

488 

489 3.4. Activity measurements 

490 To show that PDH and OGDH are indeed present in P. papillatum, we measured the activities of 

491 these complexes in mitochondria of the WT and tagged cell lines (Table 1). The presence of the 

492 tag did not inactivate either the PDH or the OGDH complex. Due to technical difficulties, we 

493 could not evaluate the effect of the Protein A-tagged E3 on the activity of the BCKDH complex. 

494 

495 Table 1. Activity measurements of Paradiplonema papillatum mitochondrial lysates•. 

PDH [U/mg] OGDH [U/mg] BCKDH [U/mg] 

WT 14.7 ± 5.6 3.3 ± 1.1 n.d.

E3 13.5 ± 5.0 5.2 ± 1.6 n.d.

AceE 10.5 ± 3.6 5.9 ± 0.7 n.d.

496 • One unit of activity (U) is the amount of enzyme that generates 1 nmol ofNADH per minute. Activities

497 

498 

499 

500 

501 

502 

503 

504 

505 

506 

507 

508 

509 

510 

511 

512 

were calculated from 2-3 biological replicates. n.d., not determined 

4. Discussion

4.1. The E3 protein is likely a shared component of all three DH complexes in diplonemids 

The PDH, OGDH, and BCKDH complexes share mechanistic and structural similarities but 

carry out distinct enzymatic reactions in the cell. While traditionally viewed as highly conserved 

across all domains of life, recent studies have shown that in some organisms a given subunit of 

one complex can mix with and substitute its homologous counterpart from another complex [15], 

leading to hybrid complexes [65]. The most widespread example of such an architectural 

plasticity is the E3 protein, which, in many bacteria (e.g., E. coli) and eukaryotes (e.g., land 

plants, animals, euglenozoans) is a constituent of two or even three different DH complexes 

[16,66]. 

Unexpectedly, the tagged E3 protein of P. papillatum pulled down exclusively the 

OGDH complex. From the BCKDH complex, we detected only insignificant traces, and from the 

PDH complex not a single protein. Still, several lines of evidence indicate that the E3 protein is 

not exclusively associated with the OGDH complex. First, in isolated mitochondria of P. 
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513 papillatum, the E3 protein is almost twice as abundant as E2o (Fig. 3). Thus, the 'surplus' E3 

514 could be part of the elusive PDH complex. This is corroborated by the fact that complexes have 

515 generally several times less copies ofE3 than of El and E2. Still, in an individual DH complex, 

516 the ratio between the subunits El, E2, and E3 can fluctuate in vivo, and the architecture and the 

517 size of the complexes vary among organisms [19,67,68]. In mammals and fungi, for example, 

518 individual PDH complexes have El:E2:E3 ratios of-30:60:6 and -20:60:12, respectively 

519 [68,69]. The reason for this variability is unclear. 

520 Second, our measurements of the pyruvate dehydrogenase activity from P. papillatum in 

521 isolated mitochondria suggests the presence of a PDH complex. However, we cannot exclude as 

522 discussed later that the BCKDH complex catalyzes pyruvate decarboxylation. 

523 Third, our CN-PAGE separations indicated that E3 and AceE-containing complexes of P. 

524 papillatum are unstable. This might be an inherent feature of these complexes because it was 

525 shown that the PDH complex from human and yeast easily disintegrate during isolation [70,71]. 

526 Alternatively, the tags that we appended to the AceE and E3 proteins may have destabilized the 

527 complexes of which these proteins are part. Although tagged E3 seems to be readily assembled 

528 into the OGDH complex, the tag could obstruct E3 integration into the other two complexes. 

529 Detection of all BCKDH proteins (except for the second paralog ofElb-�) and the AceE 

530 homolog in the mitochondrial fraction strongly suggests that both the OGDH and BCKDH 

531 complexes correctly assemble in wild-type cell lines and do comprise E3, even though direct 

532 experimental evidence for the existence of these complexes is yet to be provided. 

533 

534 4.2. Structure of the hypothetical diplonemid PDH complex: the E2 subunit has likely been 

535 replaced 

536 Our extensive sequence searches failed to retrieve an E2p homolog from any diplonemid genome 

537 

538 

539 

540 

541 

542 

543 

or transcriptome, which suggests that in contrast to the vast majority of organisms, diplonemids 

genuinely lack a PDH-specific E2. We posit that E2p is substituted by E2 from either OGDH or 

BCKDH, a situation not without precedents. In humans, for instance, the E2o and E3o subunits 

associate not only with the Elo protein to form the typical OGDH, but also with the 

evolutionarily much younger Ela protein that is specific for the 2-oxoadipate DH complex [24]. 

Similarly, in the bacterium Corynebacterium glutamicum, the PDH and OGDH complexes have 

the same E2 and E3 subunits but distinct El p and Elo subunits [65]. 
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544 It is currently unclear whether the presumed PDH complex in diplonemids comprises E2o 

545 or E2b, but hints come from in vitro activity tests of the three DH complexes, as well as 

546 instances of complete loss of the PDH complex in certain organisms. First, the inability of 

54 7 purified mammalian PDH to oxidize 2-oxo-glutarate in vitro suggests that the high substrate 

548 specificity prevents this complex from substituting the activity ofOGDH [71]. In contrast, 

549 BCKDH from Bacillus subtilis is capable to decarboxylate pyruvate (but not 2-oxoglutarate) in 

550 vitro, albeit with lower specificity and efficacy than branched-chain ketoacids [72]. Lastly, in the 

551 apicomplexans Toxoplasma gondii and Plasmodium falciparum, the absence of PDH is fully 

552 compensated for by BCKDH, but not OGDH [22]. All this suggests that the BCKDH complex is 

553 more permissive to utilize pyruvate as a substrate. 

554 

555 

556 

557 

558 

559 

560 

561 
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564 

565 

566 

567 

568 

569 

570 

571 

572 

573 

One possibility is that similarly to apicomplexans [22], it is the BCKDH complex that 

carries out the mitochondrial PDH activity in P. papillatum. However, this scenario is not very 

likely, because apicomplexans lack all proteins otherwise present in the PDH complex, whereas 

diplonemids possess a dedicated Elp in the form of AceE, strongly suggesting that a functional 

PDH complex is indeed present in the latter group. We consider the E2b of the BCKDH complex 

as the most promising E2p candidate of the PDH complex, because the former complex can 

facilitate the PDH activity [22]. But an investigation in which E2 subunit associates with the 

diplonemid PDH complex, requires experimental approaches that, in contrast to protein tagging, 

fully maintain the native complex structure. One possibility would be the less disruptive 

purification on AMP-Sepharose, which is, however, complicated by the high background of 

NAD+-dependent dehydrogenases and ATP dependent kinases (our unpublished data). 

4.3. Structure of the hypothetical diplonemid PDH complex: recruitment of an alien Elp 

Typically, the El p subunit of eukaryotes is made up of El p-a and El p-p proteins [73]. The 

corresponding genes are encoded in the genomes of various euglenozoans [29,30] - except for 

diplonemids. Apparently the diplonemid El p heterotetramer was replaced with a prokaryotic 

AceE protein. Although we failed to identify experimentally the protein partners interacting with 

AceE, we showed that its Protein-A-tagged version assembles into high molecular-weight 

complexes, although these are very fragile under all tested isolation conditions. Importantly, the 

relatively high abundance of this component in mitochondria attests to its functional importance. 
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Fig. 7. Comparison of canonical and inferred diplonemid dehydrogenase complexes. A PDH-specific 

E2 subunit was not identified in diplonemids. We assume that it is functionally substituted by E2o and/or 

E2b. Subunits experimentally confirmed in P. papillatum are indicated by black borders. The scheme is 

only illustrative and does not reflect the subunit ratios found in the mitochondrion. The lighter shade of 
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test was used at p :S 0.01. Peptides that do not express any change in label-free intensities (LFQ) 

values are marked as "O", those that were not identified in the proteomic data are indicated as 

"x". Proteins enriched at least I-fold of the log2-transformed ratio were filtered by effect size. 

Negative values indicate a decrease in protein abundance when cells were grown in the medium 

without tryptone compared to the medium with tryptone. Abbreviations: p, PDH; o, OGDH; b, 

BCKDH; TPM, transcripts per million. 

Table S3. Protein domains ofE2 subunits. Protein domains were identified by lnterProScan. 

Their localizations in the sequences are listed. Abbreviations: p, PDH; o, OGDH; b, BCKDH. 

Table S4. Identified E3-binding proteins in euglenozoans. 

Table S5. Proteomics analyses of subcellular fractions from P. papillatum. A) List of 

identified proteins and associated quantitative values (MaxQuant LFQ). B) Principal component 

analysis of the four biological replicates showing the differences between the protein content of 

each fraction and replicate concordance. C) List of proteins the levels of which changed 

significantly in one of the fractions (cell, cytosol, mitochondrion). Hierarchical clustering that 

allowed assignment of analyzed peptides into the respective cellular fractions, was performed 

based on Z-score-normalized averages ofLFQ intensities. 

Table S6. Immunopurification of AceE (A,C) and E3 (B,D) by IGEP AL (A-B) and DDM 

(C-D). iBAQ values for proteins pulled down by AceE- and E3-Protein A in the final eluate 
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Abstract 

The paraflagellar rod (PFR) represents the premier synapomorphy among 

Euglenozoa. This lattice-like structure, running parallel to the flagella axoneme, 

has been observed in every well-studied member of this phylum, either in at least 

one life stage or in a vestigial manner, excepting the diplonemid Paradiplonema

papillatum. Preliminary genome analysis of this flagellate revealed high-scoring 

homologues to core PFR components present in sister-clades of euglenids and 

kinetoplastids, prompting us to investigate the localization of these proteins. 

Tagging of five PFR proteins in P. papillatum revealed their absence from the 

flagella, and their relocation into the cytoplasm. In case of PFRl, we have 

documented its association with microtubules, suggesting its presence in the 

apical papilla. The papilla is a projecting cell structure positioned between the 

cytopharynx and flagellar pocket, of presently unknown function. This represents 

the first localization of any protein to this characteristic diplonemid structure and 

suggests retargeting events which have taken place from the flagella to this region. 

We propose that such relocalizations may have contributed to the prominence of 

the papilla in this diplonemid, from which its species name is derived. This study 

demonstrates is the first example of a truly PPR-deficient member of the 
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Euglenozoa, in which several PFR proteins have been relocated from the 

flagellum. 

Introduction 

Flagella are whip-like structures employed by certain unicellular organisms to 

move through fluids, while in multicellular organisms, they can serve to beat in a 

unified motion to move fluid and objects around the cell (Berg, 2003; 

Schavemaker and Lynch, 2022). In eukaryotes, flagella exhibit a conserved 

fundamental architecture (Satir and Christensen, 2007), consisting of the central 

axoneme, composed of microtubule doublets arranged cylindrically, surrounded 

by the flagellar membrane. The microtubule doublets consist of 13 protofilaments, 

which are in tum arranged around a central pair of microtubules, with their sliding 

motion, induced by attached motor proteins, being responsible for the bending 

movement of the flagella (Bastin, Matthews and Gull, 1996). 

Eukaryotic flagella can additionally serve as non-motile structures primarily 

employed for cellular signalling or environmental sensing and are distinguished 

structurally from motile flagella by their lack of a central pair microtubule 

doublets and functionally by their inability to move (Marie, Epting and Engman, 

2010; Wan, 2018; Pinskey et al., 2022). In mammals, motile flagella transport 

sperm and eggs, whereas non-motile sensory cells in the ear and nose have roles 

in olfactory and audio sensing and signal transduction (Satir and Christensen, 

2007). The functionalities of flagella are not mutually exclusive, with the 

unicellular alga Euglena gracilis employing its flagella for both environmental 

sensing and movement responses upon detecting changes in light and gravity 

within its surrounding environment, showcasing the versatile nature of these 

structures (Butenko et al., 2021). 
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In the protist phylum of Euglenozoa, the most universally conserved feature 

among this group is the paraflagellar rod (PFR) within the flagella, first studied in 

the kinetoplastid subclade (Kohl, Sherwin and Gull, 1999; Rotureau et al., 2014). 

The PFR is a unique lattice-like structure that runs parallel to the axoneme and is 

additionally attached to the flagellar membrane (Bastin, Matthews and Gull, 1996; 

Coceres et al., 2021). Its precise function/s is not well understood but it is 

believed to play a role in stabilizing the flagellum and directing movement, as 

well as having roles in energy metabolism and signal transduction (Lacomble et 

al., 2009). Furthermore, the PFR has been suggested to play a role in cell division 

and differentiation, from studies showing the PFR is involved in the positioning of 

the basal body during cell division (Rosati et al., 1991). Although dinoflagellates 

were once thought to possess a similar structure, subsequent investigations have 

revealed that these structures differ significantly from the PFR observed in 

euglenozoans (Cachon et al., 1988; Maharana et al., 2014) PFRl and PFR2 

represent the two most abundant and highly conserved proteins which were 

initially discovered in Crithidia fasciculata and later observed in various other 

euglenozoans (Kohl, Sherwin and Gull, 1999; Hammond et al., 2020). 

Diplonemids are a group of unicellular eukaryotes that represent a neglected 

subclade of Euglenozoa. The feeding habits and ecology of diplonemids are not 

well understood, with most species being bacterivorous (Prokopchuk et al., 2022), 

although a minority may also have acquired parasitic life style (Roy et al., 2007). 

Although a few diplonemids are found in freshwater lakes (Mukherjee et al., 

2020), the majority of their abundance and diversity are observed in deep-sea 

marine environments (Flegontova et al., 2020). 

The most studied representative is Paradiplonema papillatum (formerly member 

of the genus Diplonema) which displays short flagella, and notably lack an 

ultrastructurally discernible PFR, contrasting with most other diplonemids and 
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Euglenozoa as a whole (Adl et al., 2019). The PFR was observed in several 

examined diplonemids, either permanently or in a life stage-dependent manner 

(Tashyreva et al., 2022), similar to what has been observed for kinetoplastids 

(Portman and Gull, 2010). 

As an apparent exception to this euglenozoan synapomorphy, and as a species that 

is genetically tractable (Kaur et al., 2018b), P. papillatum warrants further 

investigation to determine if the PFR is truly absent from the flagellum. Genome 

analysis has revealed that P. papillatum retains homologs to conserved PFR 

proteins in Euglenozoa (Valach, Moreira, Petitjean, Benz, Butenko, et al., 2023), 

prompting us to investigate where these proteins are localized in the cell. We have 

thus endogenously tagged five PFR proteins in P. papillatum. This tagging 

showed that these PFR proteins are indeed absent from the flagella, predominantly 

localized within the cytoplasm, with PFRl also appearing as a putative component 

of the apical papilla. These unique protein localizations suggest both retargeting 

events and functional reassignments. We ultimately demonstrate that P. 

papillatum is truly PFR-deficient, lacking core conserved components of this 

structure even in a vestigial form, and represents the first confirmed exception 

among the phylum Euglenozoa. 

Methodology 

Tagging of PFR candidates 

The 3' coding sequence of PFR candidates and the 3' untranslated region were 

amplified using primers that overlapped with the A-Neomycin cassette of vector 

pDP002. The vector was synthesized by Eurofins Genomics (Ebersberg, 

Germany). PFRl (DIPPA_34257), PFR2 (DIPPA_04871), and UPFl 

(DIPPA_15741) candidates were tagged with protein-A, while PFR6 

(DIP AA_22051) and PAR4 (DIPPA_l 7837) were tagged with a cassette from a 
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modified vector pDP002 at the C-terminal end (Faktorova et al., 2020). The 

modified plasmid was created by replacing the coding sequence of Protein-A in 

pDP002 through cloning using the restriction sites Nhel and Ndel. To assemble 

all three fragments, a nested PCR was performed using Phusion polymerase 

(NEB®) with the amplified fragments as templates (Fig. lA, Table 1). The PCR 

product was then cloned into TM 2.1-TOPO® vector (ThermoFisher ). The clones 

were verified by sanger sequencing. For transfection, 10 µg of the final plasmid 

was digested with EcoRI (NEB®), followed by ethanol precipitation. The 

precipitated DNA was resuspended in 10 µI of water. 

Electroporation of P. papillatum 

An Amaxa Nucleofector® II was used to transform a total of 5 x 107 cells, as 

previously described (Kaur et al., 2018). Clones were selected in 24 well plates at 

27°C using various concentrations of antibiotic G418 (45 to 83 g/ml). Successful 

transfectants could be observed after 2 weeks. Before being verified by western 

blot, each clone was transferred to a volume of 20 ml culture medium and 

incubated for additional 2 to 3 weeks. 

The DNA isolation kit (Qiagen®) was employed for the isolation of genomic 

DNA. Primer pairs containing a complementary region of the forward open 

reading frame for PFRl, PFR2 and UPFl genes, with the reverse primer 

corresponding to the Protein-A region utilized for integration verification (Fig. 

1B-D). Primer pair containing PCR amplification was carried out utilizing 

OneTaq polymerase (NEB®). Cassette integration in the genome of P. papillatum 

was confirmed through visualising of PCR product of expected size. 

Verification of expression of tagged proteins 

Protein samples were prepared through pelleting of 5 x 105 cells and resuspending 

them in 25 µI of2 x SDS sample buffer, separated on 4-20% Mini-protein TGX 
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stain-free gels (Bio-Rad®), and subsequently transferred to a PVDF membrane at 

100 V for 1 hour. After blocking with 5% milk in Phosphate Buffered Saline 

(PBS) with 0.5% Tween (PBS-T) for at least 30 minutes at room temperature, the 

membrane was incubated with an anti-protein A (Sigma®; used at 1:10,000) and 

anti-V5 antibodies (Sigma®; used at 1:1,000) in 5% milk in PBS-T overnight at 

4°C. After 3 washes in PBS-T, the membrane was incubated with horse radish 

peroxidase conjugated 'anti-rabbit' and 'anti-mouse' antibodies (Sigma®; used at 

1: 1,000) at room temperature for 1 hour. The membrane was then washed three 

times in PBS-T and the signal developed using Clarity Western ECL Substrate 

(Bio-Rad®). An 'anti-tubulin' antibody (Sigma®; used at 1:10,000) served as a 

loading control. 

Immunofluorescence assay 

5 to 10 ml of log phase culture (containing approximately 2 x 106 cells) was 

centrifuged at 1,000 x g for 5 minutes. Cells were fixed in 4% paraformaldehyde 

in artificial seawater (Sigma) at room temperature for 30 minutes. The fixative 

was removed with IX PBS mixed with artificial seawater (1:1), and the pellet was 

resuspended in PBS before being spotted on a gelatine-coated slide. Cells were 

permeabilized for 20 minutes for antibody labelling in 100% ice-cold methanol. 

Throughout the procedure, slides were stored in a humidified chamber. Slides 

were washed in PBS after 20 minutes and blocked in 5% foetal bovine serum for 

45 minutes with 0.05% Tween. After removing the blocking solution, the cells 

were washed in PBS for 5 minutes. The primary antibody used anti-protein-A 

(Sigma®, 1:2,000, produced in rabbit) and V5 Sigma® (1:100, produced in 

mouse). Additionally, an anti-tubulin (beta, clone, KMX-1) monoclonal antibody 

(produced in mouse, used at 1:50; Sigma-Aldrich, T9026) was employed. The 

slides were covered with parafilm and incubated overnight at 4 °C after application 

of the primary antibody. Following removal of the primary antibody, the slides 
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were washed three times with PBS. Subsequently, the secondary antibody was 

applied, which consisted of AlexaFluor555-goat-anti-rabbit (Invitrogen®, 

1: 1,000) or AlexaFluor488-anti-mouse (Invitrogen®, 1: 1,000). The slides were 

then incubated in the dark at room temperature, covered with parafilm, for a 

duration of one hour was applied and the slide incubated for 1 hour in the dark at 

room temperature, covered with parafilm. To visualize DNA, slides were washed 

in PBS and rinsed with 4-6-diamidino-2-phenylindole (DAPI) containing the 

antifade reagent ProlongGold (Life Technologies®) after the secondary antibody. 

Images were obtained using camera Olympus DP73 (Axioplan 2 imaging). 

Results 

Establishment of stable transfected cell lines 

Sequences corresponding to PFRl, PFR2, PFR6 and PAR4 (Tb927.8.4290, 

Tb927.8.4970, Tb927.7.6970, Tb927.l l.13500, respectively) in T. brucei strain 

927 from TriTrypDB (http://tritrypdb.org)) were identified by Blast queries 

against the genome of P. papillatum (Valach, Moreira, Petitjean, Benz, Butenko, 

et al., 2023). Due to their high hit scores and conservation amongst available 

diplonemid transcriptomes, unambiguous homologs were identified. The lower 

scoring homolog of protein UPFI (Tb927.10.10140) was additionally included 

due to its validated protein presence in a previous metabolic analysis of P.

papillatum (Skodova-Svenikova et al., 2021). 
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Figure 1. A scheme showing the cloning strategy. A. A schematic representation of the 

primers employed for the verification of integration of PFRl, PFR2 and UPFl into 

genomic DNA. B. PCR of total DNA of P. papillatum wild type (WT) and transformed 

cell lines (A and B represent two different clones of PFRl). Expected size of the PCR 

amplicon was 2.5 Kbp. C. PCR of total DNA of P. papillatum WT and transformed cell 

lines. The expected size of the PCR amplicons was 2.5 Kbp and 2.0 Kbp for PFR2 and 

278 



UPFl, respectively. D and E. Western blot analyses of P. papillatum WT and 

transformed cell lines. Tubulin was used as a loading control. 

Both the V5 and protein-A tags were selected to test their suitability as markers 

for traditional flagellar proteins. Tag integration was verified via PCR for PFRl, 

PFR2 and UPFl (Figs. 1B-C). Next, the generation of tagged proteins was 

demonstrated through western blots of the total cell lysate (Figs. 1 D-F). 

Combined, this data demonstrates not only a successful integration of the tagged 

genes in the generated cell lines, but also the production of corresponding 

proteins. 

Cytoplasmic localization of paraflagellar candidates 

To visualize the flagella, cytopharynx and other microtubule-associated structures, 

anti-tubulin antibody was employed for immunofluorescence assays, while DAPI 

stain was used to illuminate the nuclear and mitochondrial DNA (Figs. 2 and 3). 

Protein signal from the tag epitopes was visible in all five generated cell lines. All 

cell lines show the protein signal within the cytoplasm, distributed as a series on 

heterogenous granules (Figs. 2 and 3). Importantly, the signal is not localized in 

the flagella, which are clearly labeled with the anti-tubulin antibody (Figs. 2 and 

3). DAPI staining revealed a prominent nucleus and weak signal in the reticulated 

mitochondrion, with organellar DNA evenly distributed throughout the lumen 

(Figs. 2 and 3). In addition to the signal in the cytoplasm, PFRl is clearly located 

also in the apical part, underlying the papilla (Fig. 2A). 
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Figure 2. Localization of the tagged proteins by immunofluorescence via the red channel 

(AlexaFluor 555). Tubulin, which was visualized via the green channel (AlexaFluor 488) 

is present in the microtubular corset, flagella, the cytopharynx and the apical papilla. 

DNA was tracked by DAPI via the blue channel. Merge shows the overlay of channels. 

A. PFRl (DIPPA_34257), B. PFR2 (DIPPA_04871), C. UPF1(DIPPA_15741).

Abbreviations: (F) flagella, (P) emergent papilla. Scale bar represents 10 µm. 
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Figure 3. Localization of the tagged proteins, as well as the tubulin and mitochondrial 

and nuclear DNA as described in Figure 2. A. PFR6 (DIPAA_22051), B. PAR4 

(DIPPA_l 7837). Abbreviations: (F) flagella, (P) emergent papilla. Scale bar represents 

lOµm. 

Discussion 

Recently surveyed selected diplonemid species manifested the PFR under the 

starvation-induced 'swimming' and 'sessile' stages (Tashyreva et al., 2022). 

Thus, a PFR has been observed in all ultrastructurally studied species of 

Euglenozoa, except the model diplonemid, P. papillatum, which does not exhibit 

distinct life stages, rather, only slightly different morphotypes in response to 

changing conditions (Tashyreva et al., 2022). 

Hence, we decided to investigate this so far unchallenged universal 

synapomorphy of the phylum Euglenozoa by investigating the structure in P. 

papillatum. While its electron microscopy examination identified no visible PFR 
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(Tashyreva et al., 2022), it remained a possibility that a cryptic or vestigial 

version was present within its flagella, in a manner similar to the trypanosmatid 

Crithidia deanei (Gadelha et al., 2005). In this study, we show for the first time 

the distribution of conserved PFR proteins extraneous to the flagella. Indeed, all 

five selected homologs of the core components of the Euglenozoan flagellum 

localize to the cytoplasm of the studied diplonemid, with PFRl also being 

concentrated in the microtubule-associated structures near the apical papillum of 

the cell, qualifying P. papillatum as the first surveyed euglenozoan to be truly 

PPR-deficient. This finding allows at least two alternative scenarios. In the first, 

the PFR proteins were secondarily retargeted into the cytoplasm, where their 

function beyond their previously suggested flagellar roles in motility, metabolism 

signal transduction and cell differentiation (Kruger and Engstler, 2015; Hader and 

Hemmersbach, 2017; Klena and Pigino, 2022). Alternatively, the cytoplasmic 

localization is ancestral and the PFR proteins were subject to retargeting and 

neofunctionalization in virtually all euglenozoans. However, the non-basal 

position of P. papillatum (Flegontova et al., 2016; Tashyreva et al., 2022) makes 

this scenario rather unlikely. 

The mechanisms by which proteins are targeted to the flagella are complex, as 

they do not employ N-terminal target peptides, but instead rely on small, specific 

associations with the intraflagellar transport apparatus (Absalon et al., 2008; Mui, 

Mitra and Peterman, 2022). The discovery of traditional flagellar proteins that 

have been retargeted holds the promise to provide information on how proteins 

are targeted and retargeted to the flagella and other regions of the cell (Bastin et 

al., 1999). In particular, the localization of PFRl in association with the 

microtubules in the apical region of the cell suggests structural association 

underlying the papilla, which until now has remained entirely unknown in terms 

of its constitution. 

281 



Diplonemids uniquely possess the cytoskeletal structure known as the papilla, 

which is characterized by a protrusion of the cell membrane supported by 

underlying microtubules and microfilaments (Tashyreva et al., 2022). The 

complex structure of the papilla includes a basal body, a central filament, and 

several microtubules extending into it (Elbrachter, Schnepf and Balzer, 1996). 

Although the precise function of the papilla remains elusive, it has been postulated 

to play a crucial role in cell motility and feeding (Yubuki, Simpson and Leander, 

2013). The papilla has been observed in variable positions, alternately covering 

the cytopharynx or projecting directly from the cell, though it remains 

unconfirmed whether this is a directly motile structure (Yubuki, Simpson and 

Leander, 2013). The papilla of P. papillatum is the most prominent one observed 

in diplonemids, and it remains a possibility that this may be a result of the 

accumulation of the PFRl protein. 

The presence of other PFR proteins throughout the cytoplasm represents an 

intriguing and unexpected finding. Further research is needed to understand the 

roles of these PFR proteins in the cytoplasm and how their functions are 

integrated with those of other cytoplasmic proteins. Specifically, the use of protein 

pull-down assays can identify interacting proteins to suggest functional 

association, and in the case of PFRl, identify other candidate components of the 

papilla. Knockdown studies additionally have the potential to demonstrate if these 

PFR proteins perform functions critical to cell survival, as has been amply 

documented for kinetoplastids (Gadelha et al., 2006; Portman and Gull, 2010; 

Sunter and Gull, 2016). 

On the putative function of the PFR within this subclade, it is worth noting that 

euglenids exhibit a 'spinning lasso' pattern of their dorsal flagella to enable rapid 

cell locomotion (Yubuki, Cepicka and Leander, 2016b), and that a similar 

flagellar pattern was recently described also in diplonemids which possess a PFR 
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(Tashyreva et al., 2022). However, by contrast, the PFR-lacking P. papillatum 

exhibits a more constrained flagella flexing as a means of slower propulsion ( our 

unpubl. data). Amongst the family Diplonemidae, the most closely related genera 

to the genus Diplonema, which accommodates P. papillatum, namely the genera 

Diplonema, Metadiplonema, and Rhynchopus exhibit a 'spinning lasso' of the 

anterior flagellum solely in life stages that possess a pronounced PFR (Tashyreva 

et al. 2018a, b). This observation prompts us to speculate that the loss of selective 

pressure for fast movement, facilitated by this specific flagellar behavior triggered 

the loss of PFR in the flagellum of P. papillatum. 

The more distantly related diplonemids belonging to the genera Lacrimia, 

Flectonema, and Sulcionema exhibit limited movement strategies of 'swimming', 

'floundering' or 'gliding', which distinctly lack the 'spinning lasso' pattern 

despite the permanent presence of the PFR (Tashyreva et al., 2022). We suggest 

that these groups represent intermediate states of the above-proposed process of 

flagella reduction. More specifically, they exhibit alternate movement strategies 

while retaining the PFR with a characteristic lattice structure. The ecological 

valence of diplonemids is virtually limitless, as they can be found in every liter of 

seawater (de Vargas et al., 2015). This is inevitably associated with different 

movement strategies, which may or may not rely on the flagella . Therefore, it is 

plausible to assume that diplonemids "experiment" with their flagella much more 

extensively than the mostly parasitic kinetoplastids, and that evolutionary 

pressures they encounter lead to strikingly different outcomes, ranging from short 

rigid flagella to long and flexible ones. The association of P. papillatum with 

drifting eel grass (Zostera marina) (Porter 1973) may predispose it to limited 

mobility. 

In this study, we investigated the presence of the PFR in the model diplonemid P.

papillatum. We determined that P. papillatum is truly PFR-deficient, representing 
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a unique anomaly of the widely studied euglenozoan protists. Unexpectedly, the 

PFR proteins were present in the cytoplasm, and in one case were associated with 

microtubular structures near the specialized projection of the cell called the apical 

papilla. This is indicative of extensive retargeting events, with plausible 

neofunctionalization of these proteins, so far firmly associated with the flagellum. 

We can only speculate that the loss of PFR in P. papillatum has occurred due to a 

lack of selective pressure for efficient flagellar movement. As the first truly PFR­

deficient euglenozoan flagellate, further investigation of these PFR proteins 

within P. papillatum offers a unique opportunity to understand both the conserved 

and divergent functional roles of PFR proteins more conclusively. 
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Supplementary Figures 
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Suppl. Figure 1. Wild type P. papillatum serving as a negative control for 

immunofluorescence-based experiments. Antibodies against protein-A and VS showed 

barely visible signals in Wild type cells, while the anti-tubulin antibody showed 

expected localization of the target protein in the microtubule corset, flagella as well as 

in the apical cytopharynx and papilla. 
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Suppl. Figure 2. Localization of the tagged protein PFRl (DIPPA_34257) by 

immunofluorescence via the red channel (Alexa Fluor 555). DNA was tracked by DAPI via 

the blue channel. Merge shows the overlay of channels. Localization of the PFRl 

protein with a signal concentrated near the papilla. 

Suppl. Table 1. All primer sets employed for cloning in this study. 

PFRI ORF CCCCCGAAGCCTGCCTTTCAGGA 

Forward 

PFRI ORF CGATCCGCTACCCGACCCGGAGCCGCTGCCAGCCTGCGGCTGGTCTG 

Reverse CGATG 

PFRI 3'UTR CTTGCCCGAGCGGGGTGTTACGTGCTGCAAGTTTAAGCTTGCGGAGA 

Forward TCCCCGCTCGCGT 

PFRI 3'UTR AGTGGCAGCGAGGGCTGTGTTGC 

Reverse 

PFRI Nested GGCGGGTGACGCTTCCGATCATTTTTG 

Forward 

PFRI Nested TGGCAGGGAAGGGTGGGAGAAGG 

Reverse 

PFR2ORF GGCGGTGTCGGAAGCCAAGAAGG 

Forward 

PFR2ORF CGATCCGCTACCCGACCCGGAGCCGCTGCCGCGGTCGGTGATGAGCT 

Reverse GGCCT 

PFR2 3'UTR CTTGCCCGAGCGGGGTGTTACGTGCTGCAAGTTTAAGCTTAGCACTA 

Forward CCCACGCCCCCTGGA 

PFR2 3'UTR CGGCGGATTGCCAACACAGACTGG 

Reverse 

PFR2 Nested GCCATTCGTGCCACCGGCATCATC 

Forward 

PFR2 Nested CGGGGGAGAGTAGGGGTTGTTG 

Reverse 

UPFI ORF CACTGCGATGTCTCTGCGGATGTGAGAA 

Forward 
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UPFl ORF CGATCCGCTACCCGACCCGGAGCCGCTGCCGCTGGTCTCGACGAGTA 

Reverse GGAAGGC 

UPFl 3'UTR CTTGCCCGAGCGGGGTGTTACGTGCTGCAAGTTTAAGCTTTTCTCCA 

Forward AGCTTTTTGTCGGAACCTTTGAACTCG 

UPFl 3'UTR GAGCGACGACGTCCTTCCTTTCCTTG 

Reverse 

UPFl Nested CAGGGCAGGCATTTTGTCTTGGCAATGG 

Forward 

UPFl Nested CGAATTAACGGCGGCAAAGT 

Reverse 

PFR60RF AATGAAGCAGGTGTCCTGTTAAAGCGGTTTC 

Forward 

PFR60RF CGATCCGCTACCCGACCCGGAGCCGCTGCCCGTGGGACTGTCCGGCT 

Reverse TGGG 

PFR6 3'UTR CCGGCAGCAATGATACTTTTCGGCACTAGTACACAAACACGCGGGA 

Forward GCTGCAGC 

PFR6 3'UTR TACTATCTGGCGAAACAGCAGTCAAGGGAA 

Reverse 

PFR6 Nested TCGCTTCAACGGAAATTATAGAGGCGCATCT 

Forward 

PFR6 Nested CTTCGGCGAAAGGTTGCTTTGTGGCTTT 

Reverse 

PAR40RF CAGAGTACAGCACAATCGCCAGGCTGT 

Forward 

PAR40RF CGATCCGCTACCCGACCCGGAGCCGCTGCCCGAAAGCTCGGCATTCG 

Reverse GCGCGAA 

PAR4 3'UTR CCGGCAGCAATGATACTTTTCGGCACTAGTACGGAAGAAGAACCTG 

Forward CTTCATATCCCAACT 

PAR4 3'UTR GAGCTTCCTATTGTCCTCCTCCACGAATC 

Reverse 

PAR4Nested GGTCCGTGAGTGTTCTAGTCTTCTTGATAGT 

Forward 

PAR4Nested TTGCAGCTTCATCGTGAGGTCGTGTATCT 

Reverse 
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Prot-A Forward GGCAGCGGCTCCGGGTCGGGTAG 

Prot-A Reverse AAGCTTAAACTTGCAGCACGTAACACCCCGCTCGG 

VS Forward GGCAGCGGCTCCGGGTCGGGTAG 

VS Reverse ACTAGTGCCGAAAAGTATCATTGCTGCCGGTTCGCG 
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The kinetochore complex of diplonemids 

Introduction 

A fundamental characteristic ofliving organisms is the ability to self-replicate, which 

facilitates the transmission of genetic information from one generation to the next 

(Chodasewicz, 2014; Tetz and Tetz, 2020). The kinetochore is a sophisticated 

macromolecular structure that develops on centromeric DNA, binds spindle microtubules to 

control chromosome movement and aids in the process of eukaryotic chromosome 

segregation (Cheeseman and Desai, 2008; Santaguida and Musacchio, 2009). This multi­

protein complex thus directs the alignment of chromosomes, followed by their segregation 

during mitosis and meiosis (Matkovic et al., 2022). Moreover, the kinetochores are 

responsible for facilitating the interaction between spindle microtubules and centromeric 

DNA (Maiato and Logarinho, 2014). The molecular mechanisms underlying all these 

processes have been extensively investigated in conventional model eukaryotes, such as 

yeasts, worms, flies, and humans (Maiato et al., 2017). 

The kinetochore is a mosaic and highly conserved structure (Tromer et al., 2019), 

composed of more than 100 proteins that can be divided into three functional domains: the 

inner kinetochore, the outer kinetochore, and the microtubule-binding domain (Lara­

Gonzalez, Westhorpe and Taylor, 2012). With very few exceptions (see below), the 

kinetochores contain a special histone H3 variation called CENP-A, which is unique to the 

centromeric region, and offers a particular chromatin environment for the kinetochore's 

assembly (Hori and Fukagawa, 2012; Musacchio and Desai, 2017). 

However, there are prominent exceptions, such as the kinetochores of the euglenozoan 

protists (Akiyoshi and Gull, 2013). While they retain several conserved proteins, including 

TbKTl, Nuf2p and TbKIN-C, they evolved a unique tripartite structure, consisting ofa 

central kinetochore domain, an outer microtubule-binding domain, and an inner protein 

scaffold (Drinnenberg and Akiyoshi, 2017). Yet the euglenozoan kinetochores still perform 

their conserved function, namely ensuring proper chromosome segregation during the cell 

division (Cheeseman, 2014). 

So far, the only group of euglenozoans where the kinetochore has been studied in some 

detail, are the trypanosomatid flagellates, which bring together human pathogens such as 

Trypanosoma brucei, Trypanosoma cruzi, and Leishmania spp. Their sister clade ofbodonids 

(e.g. Bodo saltans and Perkinsela spp.) have been analysed only using bioinformatics 
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(Butenko et al., 2020) (Figure 1 ). All of these protists lack any CENP-A homo log, although 

they contain other core proteins, such as CENP-C, Ndc80 and Spc24/25 (Berriman et al., 

2005; Jackson et al., 2012). These proteins likely form a structure able to attach to the 

centromeric DNA and interact with the spindle microtubules (Lowell and Cross, 2004). The 

inner kinetochore proteins, such as CENP-A, CENP-C, and CENP-H, play a role in 

centromere assembly and maintenance, while the outer kinetochore components, including 

Ndc80 and Spc24/25, interact with spindle microtubules (Akiyoshi and Gull, 2013). 

The microtubule-binding domain is a network of proteins that connects the inner and 

outer domains to the microtubules. Again, some of its conserved components are absent from 

the euglenozoan kinetochore, while for others, such as the kinetochore-associated protein 

KKT4 (Kinetoplastid Kine!ochore protein 1.), confined to the euglenozoans, the function 

remains unclear (Akiyoshi and Gull, 2014; Nerusheva, Ludzia and Akiyoshi, 2019). 

Moreover, there are conflicting reports as to the presence of the KKT proteins in the free­

living euglenozoan Euglena gracilis. While putative homologs ofKKTl0 and KKT19 were 

identified in its genome (Ebenezer et al., no date), they were not encountered in the 

corresponding transcriptome (Akiyoshi, 2016). Besides Kinetoplastea, recognizable 

homologs ofKKTl0 and KKT19 have been identified only in related diplonemids and 

euglenids, which seem to lack other KKT proteins (Butenko et al., 2020). 

Another peculiar feature of the T. brucei kinetochore is several KKT proteins with 

limited if any sequence similarity with those associated with kinetochores of other organisms 

(Ishii and Akiyoshi, 2020). Similarly, all of its spindle checkpoint proteins seem to be absent, 

with the exception ofMad2 (Howell et al., 2000). 

Except the in silica analyses (Butenko et al., 2020), the composition ofkinetochore 

proteins in diplonemids remains unknown. To address this knowledge gap, we are currently 

investigating the composition ofkinetochore proteins in Paradiplonema papillatum through 

endogenous tagging. Recently, this species became the only diplonemid for which methods 

of integration of extraneous DNA have been developed (Kaur et al., 2018a), thus turning it 

into a new model marine protist (Faktorova et al., 2020). Indeed, in P. papillatum, insertion 

of any DNA segment, in this case tagged genes, into a chromosome via homologous 

recombination can be easily achieved by using -1.5 kb-long overlaps (Faktorova et al., 

2020). By doing so, we can endogenously tag or delete specific genes of interest, allowing us 

first functional studies in this group of evolutionary and ecologically highly relevant protists 

(Flegontova et al., 2020). The tagged proteins allow the identification, by mass spectrometry 

analysis, of their interacting proteins or even protein complexes (see below). In this study, we 
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made use of the newly available methodology and explored the localization and protein 

components of the kinetochore complex in P. papillatum. 

• presence 
Convemional kinetochore Kineloplaslid kinetochore 

eabsenceinthetranscriptome Ndc:80compler Mis:12complei:: t..r KKT �..., �"".,. ._., (c" � �,:::, !'. !'ll��J� !\ 
• absence in 1he genome 

0.05 

panial or divergent sequence f i:: NM � t :/ � � I � ·� t! P � � � § � [ i: E l:F t � t: t: I:� t: .$- � .$ � ? / �
;u.,11. 4- 1% tlei�t rJ g !:ff :N!f., ff <ff �ilU!f !f !f!f !f ff 1/f !f !f!f!f!f 

Leishmania major •• • • • •••• • • •• • • •• • • •••••••••••• ••• •• ••

Leptomonas pyrrhocoris •• • • • •••• • • • • • •• • • ••••••••• •• • •• • •• •• .Euglenids 
• Diplonemids 

Kinetoplastids 
Trypanosoma brucei •• • • • •••• • • •• • • •• • • ••••••••• ••• •• • •• •• 

Trypanosoma grayi •• • • • •••• • • • • •••• • • •••••••••••• •• • •• ••

Paratrypanosoma confusum •• • • • •••• • • • • •••• • • • ••••••••••• •• • ••• 

Bodo saltans •• • • • • ••• • • • • •••• • • ••••••••• ••• •• • •••• 
�---Trypanoplasma borreli •••• • •••• • • •• •• •••••••••••• ••••••• 

.-----Azumiobodo hoyamushi •••• • •••• • • ••••••••••••••••• •• •••••• 

Neobodo designis •• • • • •••• • • • • •• • •••••••• •• •• • •••• 

-------Perkinsela sp. •••• • •••• • • •••••••••••• ••• •• ••••••• 
Prokinetoplastina sp. PhF-6 •• • • • •••• • • • •••• • • ••• •••• ••• • • •••• 

Prokinetoplastina sp. PhM-4 •• • • • •••• • • • • •••• • • • ••• ••••••• •• • •••• 

'a phaeocysticola •• • • • •••• • • •• •••• • • • ••••••••••• •• • ••••
ipushumri •••• • •••• • • •••••••••••••••••••• ••••••• 

specki •••• • •••• • • •••••••••••••••••••• ••••••• 

Euglena gracilis •• • • •••• • • • • •••• •• • ••• ••••••• •• • •••• 
Eutreptiella gymnastica •• • • • •••• • • • • ••• • •• • ••• ••••••• •• • ••••

Rhabdomonas costata •• • • •••• • • • • ••• • •• • ••• ••••••• •• • •••• 

Figure 1. The distribution of kinetochore machinery components among Euglenozoa. Proteins that 

are present are denoted by blue circles, while those absent from a genome/transcriptome are denoted 

by black and gray circles, respectively. Blue-hatched circles indicate the presence of partial or 

divergent sequences. Kinetoplastid kinetochore proteins containing recognizable domains are marked 

by yellow circles. Abbreviations: cenH3, the centromeric variant of histone H3; CenpC, a centromere­

associated protein; Dsnl, a dosage suppressor ofNNFl; KKlPs, kinetoplastids kinetochore­

interacting proteins; KKTs, kinetoplastid kinetochore proteins; Knll, a kinetochore scaffold protein; 

Ndc80, a nuclear division cycle protein; Nnfl, necessary for nuclear function l; Nsll, a synthetic 

lethal protein with Nnfl; Nuf2, a nuclear filament-containing protein; Spc24, a homolog of spindle 

pole body component 24; and Spc25, a homolog of spindle pole body component 25 (Butenko et al., 

2020). 

Material and Methods 

Tagging ofKKT-10, KKT-17, Mad2 and CENP-A 

Parts of the open reading frame (ORF) and 3' untranslated region (UTR) of P. papillatum 

genomic DNA were amplified using specific primers containing sequences overlapping with 

the protein A-neomycin cassette of the plasmid pDP002 to endogenously tag KKT-10, 

KK.Tl 7, and Mad2 with a C-terminal protein A-tag. Using primers Fw protA-Neo cassette 
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and Rv protA-Neo cassette, another PCR was performed to amplify the protein A-neomycin 

cassette from pDP002 (Faktorova et al., 2020). To ligate all three fragments together, 

Phusion polymerase (NEB®) was used in a nested PCR using these fragments as a template, 

and the PCR product was A-tailed and cloned into pcrTM 2.1-TOPO™ (ThermoFisher). 

Restriction enzyme digestion and sequencing were used to confirm the correct structure of 

the generated plasmid. To release the tagging segment, 10 µg of the final plasmid was cut 

with EcoRI (NEB), ethanol precipitated, resuspended in 10 µl of water, and used to transfect 

P. papillatum as described elsewhere (Faktorova et al., 2020).

Electroporation of p. papillatum 

Amaxa Nucleofector® II was used to transform a total of 5 x 107 cells, as previously 

described by (Kaur et al., 2018b; Faktorova et al., 2020). Clones were selected in 24-well 

plates at 27 °C using varied doses ofG418 (45 to 83 g/ml). Successful transfectants could be 

seen after 2 weeks of selection. Before being tested by western blot, each clone was expanded 

to a volume of 20 ml and cultured for up to 2 to 3 weeks. 

Immunofluorescence 

A 5 to 10 mL log phase culture was centrifuged at 1000 x g for 5 min. Cells were fixed in 4% 

paraformaldehyde in seawater at room temperature for 30 min. The fixative was washed out 

of the cells with seawater and 1 x PBS (fhosphate huffered.s_aline) (1:1). The cells were 

rinsed once more in 1 x PBS before being spotted on a gelatine-coated slide, and 

permeabilized for 20 min for antibody labelling in 100% ice-cold methanol. Throughout the 

procedure, the slides were stored in a humidified cabinet, washed in PBS after 20 min. and 

blocked in 5% milk-PBS-T (0.05% Tween in PBS) for 45 min (0.05% Tween). After 

removing the blocking solution, the cells were again washed in 1 x PBS. The primary 

antibody (anti-protein A; Sigma®, 1:2,000) was applied on slides covered with parafilm and 

incubated overnight at 4°C. After removing the primary antibody, the slides were washed 

three times with 1 x PBS. The secondary antibody (AlexaFluor555- goat-anti-rabbit; 

Invitrogen, 1: 1,000) was added and the slides were incubated for 1 hour in the dark at room 

temperature, covered with parafilm. Finally, the slides were washed in 1 x PBS and covered 

with 4'6-diamidino-2-phenylindole (DAPI) containing the antifade reagent ProlongGold (Life 

Technologies) after the secondary antibody. Images were obtained using camera Olympus 

DP73 (Axioplan 2 imaging). 
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Western blot 

Protein samples from 5 x 105 cells were prepared by pelleting and resuspending them in 25 µl 

of2 x SDS sample buffer, separated on 4-20 % Mini-protein TGX stain-free gels (Bio-Rad), 

and subsequently transferred to a PVDF membrane. After blocking with 5% milk in PBS-T 

for at least 30 min at room temperature, the membrane was incubated with an anti-protein A 

antibody (Sigma®; 1: 10,000) in 5% milk in PBS-T overnight at 4°C. After 3 washes in PBS­

T, the membrane was incubated with anti-rabbit-HRP (Sigma®; 1:1,000) and incubated at 

room temperature for 1 hour. The membrane was then washed 3x in PBS-T and the signal 

was developed using Clarity Western ECL Substrate (Bio-Rad). The anti-tubulin mouse 

antibody (Sigma-Aldrich; 1:10,000) was used as a loading control. 

Immunoprecipitation 

Approximately 5 x 108 cells expressing V-tagged Mad2 or Cenp-A proteins, as well as the 

wild-type control cells were grown in Diplonema growth media with the appropriate 

selection antibiotic (neomycin for Protein-A tag and hygromycin for V5 tag). Cells were 

harvested at 1,000 g for 10 min, resuspended in 5 ml ice-cold 1 x PBS, centrifuged again at 

1,000 g for 10 min, and the supernatant was discarded. The cells were then lysed using lysis 

buffer (10 mM Tris [pH 6.8], 150 mM NaCl, 0.1 % Igepal, 1 % (v/v) glycerol) and passing 

through a 30 gauge needle several times. The cell lysate was cleared at 10,000 g for 20 min. 

50 µl V5-tagged magnetic bead (Sigma) was added to the cleared cell lysate and rotated at 

4°C for 2 to 3 hours. The beads were washed 3x with the washing buffer (10 mM Tris [pH 

6.8], 250 mM NaCl, 1 % (v/v) glycerol) supplemented with 0.1 % (v/v) igepal, and then twice 

with the washing buffer without the detergent. Bound proteins with beads were processed for 

immunoblotting and mass spectrometry. 

Mass-spectrometry analysis 

The eluted protein V-tagged Mad2, Cenp-A, and wild-type control underwent trypsin­

digestion before liquid chromatography-tandem mass spectroscopy (LC-MS/MS) analysis 

following previously described methods (Pyrih et al., 2020). MaxQuant vl.6.14 (Cox, J., 

Mann, M.,2008) was employed for data processing, which employed the Andromeda search 

engine (Cox et al., 2011) for protein identification. The protein sequence database of P.

papillatum (comprising 43,871 sequences) was custom-made and supplemented with 

frequently observed contaminants. 

The search parameters used specified an MS tolerance of 6 ppm, an MS/MS tolerance of 

0.5 Da, and full trypsin specificity with allowance for up to two missed cleavages. Fixed 
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modification of cysteine carbamidomethylation and variable modifications such as 

methionine oxidation and N-terminal protein acetylation were set. The experimental design 

included matching between runs for biological replicates. Peptides were required to be at 

least seven amino acids long, and false discovery rates (FDRs) of0.01 were calculated at the 

peptide, protein, and modification site levels based on the number of hits against the reversed 

sequence database. iBAQ indices were employed for protein quantification, which involved 

raw intensities divided by the number of theoretical peptides, enabling the comparison of 

protein abundance within and between samples. Finally, Perseus vl.6.14 was used for further 

data processing, as previously described (Zoltner et al., 2020). 

Results 

C-terminal endogenous tagging ofKKT-10, KKT-17, Mad2 and CENP-A

By bioinformatic analysis, we identified sequences of the kinetochore proteins in P. 

papillatum homologous to T brucei and other eukaryotes. We narrowed it down to 2 

kinetochore CLK-like kinase proteins KKT-10, and KKT-17, one mitotic arrest deficient 

(Mad2) protein, and one centromere protein-A (CENP-A). For experimental analysis, we 

have endogenously tagged KKTs, Mad2 and CENP-A following our previously described 

strategies (Faktorova et al., 2020) as follows: KKT-10, KKT-17, and Mad2 were tagged with 

the protein-A tag at their C terminal end, while CENP-A was tagged with V5. 

Plasmid pDP002 was used as a template with homologous sequences to the 5' and 3' 

flanking regions of the corresponding gene with a neomycin resistance cassette, and plasmid 

pD0l l was used for CENP-A protein. We assayed the expression of the tagged proteins by 

western blotting using an antibodies against the common protein A or V5 tag. We selected 3 

random cell lines to check for the protein expression. Western blot of a representative clone 

for each tagged protein is shown in (Figures 1- A and B). Tubulin was used as a loading 

control for all cell lines. Although we did not quantify the protein expression level, all three 

proteins seemed to be expressed in western blot images. 
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Figure 1-A. Western blot analysis of P. papillatum wild-type and transformant cell lines Mad2, KKT-

10, and KKT-17 (primary anti-rabbit protein-A antibody; 1: 10,000). Anti-alpha tubulin (1: 10,000) 

was used as a loading control. B. Western blot analysis of P. papillatum wild-type and transformant 

cell lines CENP-A (primary anti-mouse V5; 1:1,000). 

Localization ofKKT-10, KKT-17, Mad2 and CENP-A

Previous studies showed that in T brucei KKTI 0 and KKT-17 are in one complex with other 

proteins (Akiyoshi and Gull, 2014). We were curious if this close association is functionally 

also present in P. papilatum. Therefore, we performed imrnunoprecipitation of the cell lines 

expressing tagged KKT-10, KKT-17, Mad2, and CENP-A, and analysed the pull downs by 

mass spectrometry. Unfortunately, the mass-spectrometric analysis did not show any 

significant interacting partners with the KKT proteins (data not shown). 

In T brucei KKT-10, and KKT-17 is localized in the nucleus, while Mad2 is associated 

with the basal body area, and CENP-A is localized in the centromere region of the 

chromosome (Zhang et al., 2018; Mahlke and Nechemia-arbely, 2020; Mitra, Srinivasan and 

Jansen, 2020). Therefore, we performed an imrnunofluorescence assay to see the localization 

ofKKT-10, KTT-17, Mad2, and CENP-A. Consistent with their localisation in T brucei, we 

also found KKT-10 and KKT-17 localized in the nucleus, but Mad2 showed an unexpected 

nuclear localization in P. papillatum, as confirmed by co-localization with DAPI (Figure 2A). 

Moreover, fluorescent and confocal microscopy analysis revealed a distinct nuclear 
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localization pattern for CENP-A. The protein was observed to be emiched in discrete foci 

throughout the nucleus (Figures 2B and C). 

A. 

Mad2 KKT-10 KKT-17 

Protein-

-

B. 
CENP-A DAPI Merge Phase 

-
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Figure 2. A-B. Localization of Mad2, KKT-10, KKT-17, and CENP-A by immunofluorescence. All 

transformed cell lines expressing the protein-A tag, except CENP-A which was tagged with V5. 

Target proteins localize to the nucleus (red signal). Scale bar: 10 µm. C. Localization ofCENP-A was 

visualized using a confocal microscope to investigate its distinct distribution pattern within the 

nucleus. Scale bar: 10 µm. 

Pull-down of tagged Mad2 

In this study, we sought to investigate how kinetochore and Mad2 proteins interact with one 

another. In order to achieve this, we used a pull-down assay with the C-terminally-tagged 

Mad2 protein from P. papillatum and LC-MS/MS analysis of the protein complexes that 

were successfully captured. Our rationale was that if the Mad2 protein was a kinetochore or 

spindle checkpoint machinery member, it would capture all the complexes connected with it. 

Conversely, ifMad2 was solely connected with certain complexes, such as Madl or CdC20, 

which are spindle checkpoint proteins known from other eukaryotes, it would only capture 

that particular complex. The pull-down fraction was subjected to immunoblotting, revealing 

an enrichment of the Mad2 protein in the eluate as well as in the mass-spectrometry data 

(Figure 3). 
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Figure 3. Volcano plots showing the differential expression of proteins and control. Western blot 

analysis of Pull-down Mad2 protein inp. papillatum. Abbreviations are I- Input, FT-flow through, 

and E- elution. 

Pull down of V-5 tagged CENP-A 

The aim of pulling down CENP-A tagged with V5 protein is to investigate its protein-protein 

interactions and identify potential binding partners that are involved in centromere function and 

maintenance. CENP-A is a critical component of the centromere, and its proper localization and 

interactions are essential for accurate chromosome segregation during cell division. By pulling down 

CENP-A and analyzing its associated proteins, we found an enrichment ofDIPPA_32769.mRNA.1 

Histone H3.2 ("CENP-A" bait, tagged with V5) itself, DIPPA_34374.mRNA.1 Histone H2B protein, 

probably DIPPA _34783.mRNA.1 histone H2A.2, DIPPA _ 14460.mRNA.1 Sideroflexin, 

DIPPA_27824.mRNA.1 Histone deacetylase HDAl, DIPPA_27824.mRNA.3 Histone deacetylase 

HDAl, DIPPA_03119.mRNA.l DNA topoisomerase 1 and some hypothetical protein. 

The enrichment of these proteins suggests that they may be part of the centromere complex and 

may contribute to the formation of a stable centromere structure in P. papillatum. However, further 

investigations are needed to confirm these findings and to better understand the role of these proteins 

in centromere function. 
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Figure 4. Volcano plots showing the differential expression of proteins and control. Western blot 

analysis of Pull-down CENP-A protein inp. papillatum. Abbreviations: I - Input; FT -flow through; 

and E - elution. 

Investigation of the co-localization ofMad2 and KKT-10 

To examine the potential interaction between Mad.2 and KKT-10, we created a VS-tagged 

Mad2 cell line and subsequently generated a protein-A-tagged KKT-10 cell line using the 

Mad2 cell line as a parental line (Figure 5A). Co-immunoprecipitation was performed to 

assess the interaction between both proteins. Our Input and Flow-through data confirmed the 

expression ofboth Mad.2 and KKT-10 proteins. However, no band of the expected size for 

KKT-10 at 75 kDa was observed in the elution. Conversely, a strong band ofMad2 was 

detected in the elution, indicating that Mad2 does not directly interact with KKT-10 in P. 

papillatum (Figure 5B). 
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Figure 5. A. Western blot analysis of P. papillatum wild-type and transformant cell lines carrying 

Mad2 tagged with V5 (primary anti-mouse antibody; 1:1,000), and co-transformant cell lines KKT-10 

tagged with protein-A ( (primary anti-rabbit protein-A antibody; 1: 10,000). B. Western blot analysis of 

co-localization ofMad2 tagged with V5 and KKT-10 tagged with protein-A. Abbreviation: I- Input; 

FT- flow-through; E - elution. 

Discussion 

T. brucei contains a unique assortment ofkinetochore proteins KKTl through KKT25,

among which there are 6 protein kinases, namely KKTl0, KKT19, KKT2, KKT22, KKT025, 

and KKT3 (Musacchio and Desai, 2017). The proteins KKT2 and KKT3, which localize to 

the centromere, are crucial for the development of its kinetochore (Marciano et al., 2021 ). It 

was also shown that the knock-down ofKKTl0 or KKT19 has a strong effect on growth of 

both the procyclic (insect) stage and the bloodstream (mammalian) stage of the parasite 

(Akiyoshi and Gull, 2014). Overall, kinase proteins play a crucial role in cell growth in 

analysed eukaryotes as well as in T. brucei. 

CENP-A is a highly conserved histone variant that replaces the canonical histone H3 at 

centromeric chromatin. It is essential for proper kinetochore assembly, spindle attachment, 

and faithful chromosome segregation during the mitosis (Hori and Fukagawa, 2012; Shrestha 
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et al., 2021; Ishii and Akiyoshi, 2022). CENP-A-containing nucleosomes have distinct 

biophysical properties and epigenetic marks compared to canonical nucleosomes, 

contributing to their specific localization and function at centromeres. Recent studies have 

shed light on the complex higher-order structure of centromeric chromatin and the role of 

CENP-A in its organization and maintenance (Maiato et al., 2017). Moreover, emerging 

evidence suggests that CENP-A may have non-centromeric functions, such as regulating 

gene expression, DNA repair, and chromosome organization (Renaud-Pageot et al., 2022). 

Overall, CENP-A is a crucial protein for faithful chromosomal segregation and genome 

stability, with important implications for human health and disease (Mahlke and Nechemia­

arbely, 2020). Its complex regulation and function continue to be an active area ofresearch in 

the field of chromatin biology. 

We wanted to see how kinetochores look like in diplonemids, with our approach based 

on kinetochore proteins for which homologs could be identified in silica. While we were able 

to demonstrate the localization of tagged KK.TlO, KKT19, Mad2, and CENP-A in the 

nucleus of P. papillatum, our attempts to identify genuine interacting proteins by mass 

spectrometry analysis so far failed. However, the pull-down assays might have missed 

intriguing possibilities due to ineffective incorporation into the protein complex, possibly 

caused by several reasons, such as the size of the tag (e.g. protein-A; 25 kDa), the used 

buffers and immunoprecipitation protocols. Another hypothesis is that a cluster of proteins 

may undergo self-assembly and form a complex, analogous to the spontaneous formation of 

the Dam complex in bacteria, which is involved in DNA replication and repair (Palmer and 

Marinus, 1994). We also tried the cryo-grinding technique which is used to disrupt and lyse 

cells for subsequent biochemical analysis (Phillips et al., 2021). In this method, cells are first 

frozen in liquid nitrogen to minimize the degradation of cellular components. Next, the 

frozen cells are ground to a fine powder using a mortar and pestle that has been pre-chilled in 

liquid nitrogen. The resulting cell powder is subsequently used for further analysis for 

immunoprecipitation. To accomplish a pull-down, we tried a variety of buffer compositions, 

but sadly, all failed (data not shown). 

One possible alternative approach is to see if the cells under investigation have a 

checkpoint response, although it can be difficult to spot such cells. This is due to the likely 

possibility that only a rather small portion of the culture actually undergoes mitosis. This 

issue could be resolved by using synchronization using various drugs, such as nocodazole, 

roscovitine and others, which would halt a greater percentage of cells in the target cell cycle 
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phase. Further experimental approaches will include gene knock-outs, once this technique is 

available for diplonemids. 
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Conclusions and future directions 

Diplonemids have gained recognition for their remarkable diversity and wide 

distribution, establishing themselves as a prominent group within the 

euglenozoans (Kostygov et al., 2021). Due to a lack of comprehensive genomic 

data, diplonemid research has been somewhat restricted. However, with the recent 

release of the whole genome, we now have an opportunity to discover more about 

their biology (Valach, Moreira, Petitjean, Benz and Butenko, 2023). The 

comprehensive analysis of the gene complement in P. papillatum has shed light 

on the so far unknown significance of carbohydrate degradation in this organism, 

enabling inferences regarding its ecological function. However, it is crucial to 

recognize that these findings may not be universally applicable to other 

diplonemids, as their carbohydrate-active enzyme (CAZyme) complements differ 

from that of P. papillatum. Furthermore, the investigated diplonemid species are 

limited to the Diplonemidae and Hemistasiidae families, which are experimentally 

tractable. In contrast, our understanding of the metabolic capabilities and 

ecological roles of the DSPDII group, especially the highly diverse 

Eupelagomenidae clade, remains extremely limited. Recent advancements in 

single-cell (SC) technologies, encompassing SC-genomics and SC-metabolomics 

approaches (Lahnemann, et al, 2020), hold the potential to bridge this knowledge 

gap in the near future. Considering the availability of genetic manipulation 

techniques, the acquisition of nuclear genome information for P. papillatum holds 

significant promise for facilitating systematic investigations into its functional and 

cell biology. Furthermore, this information will serve as a valuable reference for 

exploring the evolutionary dynamics of gene complements within the 

Kinetoplastida, the sister group of diplonemids encompassing diverse species, 

including those with implications for human health. 
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Additionally, significant progress has been achieved in developing diplonemid 

tagging procedures in recent years. The successful utilization of targeted 

integration by homologous recombination in P. papillatum enables gene tagging 

and replacement. This approach provides us with powerful tools to investigate 

gene function, protein localization, and cellular processes within this marine 

microeukaryote (Kaur et al., 2018a; Faktorova et al., 2020) It has been determined 

that the pyruvate dehydrogenase complex is only partially present in P. papillatum 

at the proteomic level. Following the approach of gene tagging, to elucidate the 

localization and presence of pyruvate dehydrogenase in P. papillatum, we 

conducted investigations aimed at obtaining relevant information. It is highly 

probable that the E3 protein serves as a common element among the three DH 

(Dihydrolipoamide dehydrogenase) complexes in diplonemids. Although the PDH 

(Pyruvate Dehydrogenase), OGDH (a-Ketoglutarate Dehydrogenase), and 

BCKDH (Branched-chain a-keto acid Dehydrogenase) complexes exhibit 

mechanistic and structural similarities, they perform distinct enzymatic reactions 

within the cellular context (Nemeria, et al., 2018; Kinugawa et al., 2020). 

Based on the information available for alveolates, specifically dinoflagellates and 

apicomplexans, we aimed to investigate the PDH complex in P. papillatum. 

Dinoflagellates exhibit a wide range of metabolic capabilities and harbour 

noncanonical variants of the pyruvate dehydrogenase complex (PDH complex). It 

is hypothesized that these noncanonical forms have emerged through gene 

duplication events followed by neofunctionalization processes, thereby enabling 

dinoflagellates to adapt to diverse environmental conditions. fu contrast, 

apicomplexans, which encompass parasitic organisms like Plasmodium and 

Toxoplasma, were traditionally presumed to have lost the PDH complex during 

their evolutionary transition toward a parasitic lifestyle (Danne et al., 2012). 
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Typically, the activity of pyruvate dehydrogenase (PDH) is supported by pyruvate 

generated through the glycolysis pathway (Park S, et al., 2018). However, in the 

case of P. papillatum, it differs from trypanosomatids as glycolysis is not the 

predominant route in the presence of glucose. The observed lower physiological 

abundance of the complete pyruvate dehydrogenase (PDH) complex may be 

attributed to this phenomenon, thereby introducing complexities in its analysis. In 

summary, while the OGDH and BCKDH complexes in diplonemids exhibit a 

conventional composition, the PDH complex has undergone divergent 

evolutionary changes (Figure 1). Rather than comprising Elp-a and� proteins as 

the El subunit, our findings demonstrate that diplonemids possess a prokaryotic­

type aceE. This prokaryotic type aceE is highly likely to have been acquired 

through horizontal gene transfer from an archaeon, occurring in the last common 

ancestor of diplonemids (Figure 1). By conducting surveys on the distribution of 

dihydrolipoamide dehydrogenase (DH) components within understudied 

Euglenozoa, valuable information can be obtained regarding additional functional 

substitutions, losses of subunits, and the relationship between the acquisition of 

aceE and the loss of E2p, followed by subsequent replacement with E2o or E2b, 

as observed in diplonemids and dinoflagellates (Danne et al., 2012). Future 

studies utilizing functional genetics hold the potential to offer a broader 

understanding of the mechanisms employed by organisms to incorporate foreign 

components into a vital enzyme complex. 
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Figure 1. Comparative analysis of canonical and inferred diplonemid pyruvate 

dehydrogenase complexes. It states that a specific E2 subunit, which is typically found in 

the pyruvate dehydrogenase complex (PDH), could not be identified in diplonemids. 

However, it is hypothesized that the function of this missing E2 subunit is fulfilled by 

E2o and/or E2b from other dehydrogenase complexes in diplonemids. Abbreviations El­

pyruvate dehydrogenase, E2- dihydrolipoamide transacetylase, E3- dihydrolipoamide 

dehydrogenase, and aceE- dihydrolipoyl acetyltransferase. The scheme is purely 

illustrative. 

In our preliminary genome analysis of the model organism P. papillatum, we 

identified highly conserved homologues of core paraflagellar components found 

in sister clades Euglenida and Kinetoplastea. The paraflagellar rod (PFR) 

eventually emerged in several diplonemid species that initially lacked one during 

the "swimming" stage brought on by starvation, according to a recent survey of 

those species (Tashyreva, Prokopchuk, Votypka, et al., 2018b). As a result, a PFR 

was discovered to be present in every species of Euglenozoa examined, with the 
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exception of P. papillatum, the model organism for diplonemids. Regarding the 

putative function of the paraflagellar rod (PFR), both Euglenids and Diplonemids 

demonstrate a distinctive "spinning lasso" pattern of their dorsal flagella, which 

enables swift cell locomotion (Leander BS, et al. 2017; Yubuki and Leander, 

2013). A recent review focusing on diplonemids emphasized that the "spinning 

lasso" flagella pattern is exclusively observed in diplonemids that possess a PFR 

(Tashyreva et al., 2022b). In contrast, the absence of a PFR in P. papillatum, as 

conclusively demonstrated by this study, results in more constrained flexing of the 

flagella, leading to slower propulsion. We speculate that the loss of selective 

pressure for rapid movement, facilitated by the spinning flagellum, in our model 

organism, has subsequently led to a diminished targeting pressure for the PFR 

along the flagellum. Our research endeavors have provided evidence of the 

absence of core paraflagellar rod (PFR) proteins in the flagellar structure of P. 

papillatum. These proteins have instead been retargeted to other cellular regions, 

establishing P. papillatum as the first truly PPR-deficient species within the 

Euglenozoan group. 

In contrast to the absence of the PFR, Diplonemids possess a distinctive 

cytoskeletal feature called the papilla, characterized by a protrusion of the cell 

membrane supported by microtubules and microfilaments (Tashyreva et al., 

2022b ). The papilla's complex structure comprises a basal body, a central 

filament, and several microtubules that extend into the papilla. Although the 

precise function of the papilla remains enigmatic, it is hypothesized to play a vital 

role in cell motility and feeding processes (Leander BS, et al., 2014). Our 

investigation has conclusively determined that P. papillatum is truly deficient in 

the paraflagellar rod (PFR), distinguishing it from other surveyed Euglenozoans. 

While PFR proteins were detected in the cytoplasm and associated with 

microtubule structures near the apical region of the cell, they were notably absent 
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from the flagellar structure. Our findings suggest that the loss of PFR in P.

papillatum may have been driven by a lack of selective pressure for rapid 

movement. 

This study highlights the need for further research to elucidate the functions of 

PFR proteins within the cytoplasm and their potential interactions with other 

proteins in the papilla of P. papillatum. Investigating these aspects will contribute 

to a deeper understanding of the molecular mechanisms underlying the 

evolutionary divergence of PFR in this species. 
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Figure 2. A schematic representation of P. papillatum cells depicting the cytoplasmic 

localization of paraflagellar rod proteins. PFRl is specifically localized at the papilla, 

while other paraflagellar rod proteins are distributed throughout the entirety of the cells, 

as indicated by highlighted circles representing different proteins. 
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Further, our objective was to investigate the morphology of kinetochores in 

diplonemids by utilizing kinetochore proteins with identifiable homologs through 

in silico analysis. Through our experimental approach, we successfully 

demonstrated the localization of tagged KKTlO, KKT19, Mad2, and CENP-A 

within the nucleus of P. papillatum (Figure 3). However, our efforts to identify 

authentic interacting proteins through mass spectrometry analysis have thus far 

been unsuccessful. Further investigations are warranted to uncover the protein 

interactions associated with diplonemid kinetochores. Nonetheless, it is essential 

to acknowledge the potential limitations of the pull-down assays employed in this 

study, which may have hindered the detection of certain interactions within the 

protein complex. Factors such as the size of the tag utilized, the specific buffers 

employed, and the immunoprecipitation protocols could have influenced the 

effective incorporation of the tagged protein. 

Building upon these observations, further investigations can be conducted to 

generate an RNAi cell line in P. papillatum. This approach will enable exploration 

of the consequences of knocking out specific kinetochore proteins in P.

papillatum, providing insights into the cellular response and potential functional 

implications. Also in the future, using synchronization techniques with drugs like 

nocodazole and roscovitine, which can arrest a higher proportion of cells in the 

target cell cycle phase, is an alternative way to examine whether a checkpoint 

response exists in these cells. Additionally, it was shown that the T. brucei 

parasite's procyclic (insect) and bloodstream (mammalian) stages both grow more 

slowly when KKTlO or KKT19 is knocked down (Akiyoshi and Gull, 2013). 
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Figure 3. The distribution of the parts of the kinetochore machinery in Euglenozoa. 

Abbreviations: cenH3, the centromeric variant of histone H3; KKIP, kinetoplastids 

kinetochore-interacting protein; KKTs, kinetoplastid kinetochore proteins. Information 

obtained from (from Butenko et al., 2020). 
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