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Mitochondrial transcriptome of Candida R

albicans in flagranti — direct RNA sequencing
reveals a new layer of information
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Abstract

Background Organellar transcriptomes are relatively under-studied systems, with data related to full-length tran-
scripts and posttranscriptional modifications remaining sparse. Direct RNA sequencing presents the possibility

of accessing a previously unavailable layer of information pertaining to transcriptomic data, as well as circumventing
the biases introduced by second-generation RNA-seq platforms. Direct long-read ONT sequencing allows for the iso-
form analysis of full-length transcripts and the detection of posttranscriptional modifications. However, there are still
relatively few projects employing this method specifically for studying organellar transcriptomes.

Results Candida albicans is a promising model for investigating nucleo-mitochondrial interactions. This work com-
prises ONT sequencing of the Candida albicans mitochondrial transcriptome along with the development of a dedi-
cated data analysis pipeline. This approach allowed for the detection of complete transcript isoforms and posttrans-
lational RNA modifications, as well as an analysis of C. albicans deletion mutants in genes coding for the 5'and 3’
mitochondrial RNA exonucleases CaPET127 and CaDSS1. It also enabled for corrections to previous studies in terms
of 3"and 5'transcript ends. A number of intermediate splicing isoforms was also discovered, along with mature

and unspliced transcripts and changes in their abundances resulting from disruption of both 5’and 3’ exonucleolytic
processing. Multiple putative posttranscriptional modification sites have also been detected.

Conclusions This preliminary work demonstrates the suitability of direct RNA sequencing for studying yeast mito-
chondrial transcriptomes in general and provides new insights into the workings of the C. albicans mitochondrial tran-
scriptome in particular. It also provides a general roadmap for analyzing mitochondrial transcriptomic data from other
organisms.
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Background

Yeasts, specifically Candida albicans, serve as a promis-
ing model for studying the coevolution of nuclear and
mitochondrial genomes, as well as the regulation of mito-
chondrial gene expression [1]. Diverging evolutionarily
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albicans a preferable model for investigating the work-
ings of the respiratory chain in human mitochondria.

The reduction of the mitochondrial genome, including
regulatory elements within mtDNA, and the extensive
simplification of mitochondrial transcriptional machin-
ery (with monomeric RNA polymerase of phage origins
responsible for transcript generation) in most eukaryotic
organisms imply that a significant portion of gene expres-
sion regulation in mitochondria occurs posttranscrip-
tionally [4, 5]. Therefore, it is crucial to develop methods
that provide a reliable insight into the mitochondrial
transcriptome and changes that occur following dis-
ruptions in RNA processing and posttranscriptional
regulation.

The rapid development of high-throughput next-gen-
eration sequencing in the last decade has enabled the
study of entire transcriptomes at both the cellular and
organelle levels. However, commonly used second-gener-
ation sequencing technologies such as Illumina and — to
a lesser extent — Ion Torrent, while generating a wealth
of valuable data, are not without significant drawbacks.
The process of transcribing RNA into ¢cDNA can intro-
duce numerous artifacts, related to the varied affinity of
random oligonucleotides used in reverse transcription to
specific molecules of native RNA, as well as errors occur-
ring during the reaction itself (e.g. substitution of the syn-
thesized strand between templates of similar sequences)
[6]. Library preparation for sequencing can also lead to
the enrichment of sequences corresponding to RNA mol-
ecules in a specific size range. The short length of reads
likewise hinders the quantitative and qualitative analysis
of different variants of the same transcript present in the
cell or organelle. Additionally, during transcription into
¢DNA, all information regarding covalent RNA chain
modifications is lost [7].

Oxford Nanopore Technologies (hereafter refered to
as ONT) direct RNA sequencing overcomes these draw-
backs, despite higher sequencing costs per base pair. It
allows for the direct sequencing of individual RNA mol-
ecules in their entirety and the detection of a number of
nucleotide modifications (such as m6A, m7G or ¥) [8—
10]. The lower throughput, compared to that of the Ion
Torrent and Illumina platforms, does not significantly
impact the study of smaller transcriptomes, such as the
mitochondrial transcriptome. However, relatively few
mitochondrial transcriptomes so far have been investi-
gated in this manner [11, 12].

The goal of this study is to examine the mitochondrial
transcriptome of C. albicans using the MinION sequencer
(ONT), with particular attention given to 5" and 3’ ends,
splicing isoforms and posttranscriptional modifica-
tions. The study encompasses both wild-type strain and
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strains with disruptions in CaDSS1 (encoding a subunit
of mtEXO complex) and the gene encoding the Pet127
protein, which is involved in processing the 3’ and 5’ ends
of mitochondrial transcripts, respectively. Disruption of
mtEXO results in a distinct growth phenotype and sig-
nificant changes in the mitochondrial transcriptome [13],
while deletion of CaPET127 preserves the full functional-
ity of the respiratory chain, with only subtle changes at the
transcriptome level [14]. As both these exonucleases have
been well-studied in S. cerevisiae as well as in C. albicans,
and found to play an important role in posttranscriptional
processing (which itself plays a proportionally larger role
in mitochondrial expression systems, relatively to nuclear
ones) [15], analyzing them via direct RNA sequencing
should yield further insights into the mitochondrial tran-
scriptome as well as facilitate the optimization of method-
ology and assess the sensitivity of such an approach and
the scientific value of data thus obtained. Additionally, to
date no information regarding mitochondrial RNA modi-
fications in C. albicans is available, and any new results in
this area would be of scientific value.

Materials and methods

C. albicans strains and growth conditions

BWP17 [16] (argd:hisG/argd:hisG, hisl:hisG/his1:hisG,
ura3::immd434/ura3:imm434, irol:imm434/irol::imm434).

ACaDSS [13] (arg4/arg4, hisl:hisG/hisl:hisG, ura3:
imm434 /ura3:imm434, irol:imm434 /irol:imm434, dssl:
HIS1/dss1:SAT).

ACaPET127 [14] (arg4/arg4, hisl::hisG/his1:hisG, ura3:
imm434/ura3::imm434,irol::imm434/irol:imm434, pet127::
HIS1/pet127:SAT).

The C. albicans strains listed above were grown in
YPGal medium (1% yeast extract, 2% peptone and 2%
galactose) containing 80 pug/ml uridine at 37°C until loga-
rithmic growth phase of OD (optical density at 600 nm
wavelength) between 1.6 and 2).

Mitochondria isolation

Mitochondria were isolated from log-phase liquid cul-
ture by differential centrifugation as described previously
[17]. Purified intact mitochondria were treated with
10 pg of RNase A (Thermo Scientific) at 37 °C for 10 min
to remove copurified cytoplasmic RNA.

RNA isolation

Isolation of mitochondrial RNA was performed by hot
phenol method [18] followed by purification with Mon-
arch® RNA Cleanup Kit (New England Biolabs). RNA
was quantified with NanoDrop 2000 spectrophotometer
and subsequently treated with DNase I (Thermo Scien-
tific) with RiboLock RNase Inhibitor (Thermo Scientific)
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for 15 min in 37 °C, after which the RNA was purified
again with Monarch® RNA Cleanup Kit. RNA quality
and concentration were then assessed with Agilent RNA
6000 Nano kit.

In vitro RNA synthesis

In vitro transcription was performed on PCR-amplified
templates corresponding to all exonic mitochondrial
sequences with HiScribe® T7 High Yield RNA Syn-
thesis Kit (New England Biolabs). PCR reactions were
performed on C. albicans mtDNA template with the
primers listed in Supplementary Data. Transcribed RNA
products were subsequently treated with DNase I, as
described above, purified with Monarch® RNA Cleanup
Kit (New England Biolabs), assessed through agarose gel
electrophoresis, quantified with NanoDrop 2000 spec-
trophotometer and mixed in an equimolar manner. The
primers used for template amplification are listed in Sup-
plementary Table 1.

RNA demethylation with FTO

Prior to polyadenylation, 3 pg of RNA isolated from
BWP17 mitochondria was incubated for 18 h at room
temperature with 1 pg of FTO in FTO assay buffer (FTO
Chemiluminescent Assay Kit, BPS Bioscience) with
RiboLock RNase Inhibitor (Thermo Scientific). The final
reaction volume was 20 pl.

LC-MS/MS and dot-blot detection of m6A

One pg of RNA (with and without FTO treatment) was
digested with P1 nuclease (New England Biolabs) and
dephosphorylated with FastAP phosphatase (Thermo
Scientific). Samples were subsequently measured on
Orbitrap Exploris 480 spectrometer with unmodified
adenosine and m6A as standards [19, 20].

Dot-blot m6A immunodetection was performed as
described previously [21], with anti-m6A antibody (BPS
Bioscience) and with TBST used in place of PBS for
buffer preparation.

Bisulfite RNA sequencing

Prior to polyadenylation, 3 pg of RNA isolated from
BWP17 mitochondria or obtained via in vitro transcrip-
tion was treated with EZ RNA Methylation Kit (Zymo
Research) [22]. Input RNA was divided into four conver-
sion reactions 750 ng each, for optimal conversion effi-
ciency and recovery.

Mitochondrial RNA ribodepletion

Ribodepletion was performed following a previously
described two-step protocol [23], with minor modifica-
tions. 2X SSC and 0.1% Tween-20 were used as hybridi-
zation buffer. 120 pl of DynaBeads were washed 2Xin
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solution A and 2Xin solution B. Half of the beads were
resuspended in 2xB&W buffer and 10 ul of RNase-free
water and 10 pl of 1xRiboHyb solution were added (for
Round 1 of ribodepletion). The other half of the beads
were resuspended in 120 pl in 1xB&W buffer (for Round
2 of ribodepletion). The beads were stored at 37°C. 20 pl
of 2xRiboHyb solution were mixed with 5 pg of RNA and
1 pl of probe mix (10uM). The volume was brought to 40
ul with mRNase-free water.

The RNA/probe mixture was incubated at 68°C for 10
min. 2 pl of RiboLock was added and the mixture was
incubated at 37°C for 30 min. Following the incuba-
tion the RNA/probe mix was added to Round 1 beads
(2xB&W) and incubated for 15 min at 37°C, 1000 rpm.
The beads were pelleted on a magnetic stand and the
supernatant was transferred to Round 2 beads (1xB&W)
and incubated for 15 min at 37°C, 1000 rpm. The super-
natant was collected and purified with Monarch RNA
Cleanup Kit. Six 3’ biotinylated probes were used for
ribodepletion. Five for LSU and one for SSU. Ribodeple-
tion probes are listed in Supplementary Table 2.

ONT library preparation and sequencing

Three ug of input RNA (either native mitochondrial RNA,
including bisulfite converted and FTO-treated samples or
RNA obtained via in vitro transcription) was polyade-
nylated with Poly(A) Polymerase Tailing Kit (Bioresearch
Technologies) and purified with RNAClean XP beads
(Beckman Coulter). Resulting polyadenylated RNA was
used for library preparation with SQK-RNAO002 Direct
RNA Sequencing Kit (ONT). The reverse transcription
step was omitted [24]. RNA libraries were sequenced on
MinION sequencer with FLO-MIN106D Spot on R9 flow
cells for 24-36 h.

Data analysis pipeline

Basecalling and read mapping

Preprocessing of raw ONT data, including basecalling,
was performed with MoP2 preprocess module [25]. The
basecaller used was Guppy version 3.6.0 with default set-
tings (quality threshold of 5 within the MoP2 pipeline)
in HAC model [26]. Basecalled reads from two sequenc-
ing runs for each strain were merged and then mapped
to mitochondrial genome [27]. As the C. albicans mito-
chondrial genome contains two identical, inverted repeat
regions [28, 29], the second of these regions (IRb) was
removed from the reference used in this study in order to
maintain the directionality of transcript reads [30]. Num-
bers of reads from each run and merged reads mapping
are shown in Supplementary Table 5. The unique char-
acteristics of the C. albicans mitochondrial genome, with
its relatively small size and high AT content, necessitated
the selection of an appropriate read mapping strategy.
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Three available programs were tested: minimap2 [31],
GraphMap [32], and BWA [33]. The most comprehensive
view of the transcriptome was achieved by combining
the results from minimap?2 in transcript assembly mode,
aided by 2passtools [34] (with a reference containing
intron coordinates) and short read mapping with either
minimap2 (minimap2 -ax map-ont -k8 -wl -m30 -s30
-g40 -G40) or BWA (bwa mem -W13 -ké6 -xont2d -T20).
Initial mapping was performed in transcript assembly
mode with minimap2/2passtools, for mapping of long
reads, including those corresponding to intron-contain-
ing genes. Unmapped reads were then extracted with
samtools [35]. This step was taken to prevent multiple
mapping of the same reads. Read that were not mapped
in the previous step served as input for mapping in short
read mapping mode (either with minimap2 or BWA).
BWA short read mapping provided the best coverage for
tRNA transcripts and was thus used in subsequent analy-
ses (Supplementary Table 7 and Supplementary Fig. 5).
It should be noted however, that minimap2 with shorter
k-mer parameter (-k8 instead of otherwise recommended
k-15) also provided better tRNA mapping results than
previously reported for this mapper with S. cerevisiae
cytoplasmatic tRNAs [36]. This result might be an indi-
cation, that C. albicans mitochondrial tRNAs are not as
heavily modified as their cytoplasmatic counterparts in
either yeast species. The resulting bam files for long and
short reads were subsequently merged. The mapping
results were visualized with pyGenomeTracks [37]. For a
simplified view of transcript species present in the tran-
scriptome, RATTLE analysis for visualizing consensus
reads was also performed [38]. The scripts used in the
read mapping procedure along genome sequence, anno-
tation and intron coordinates files are available at repod.
icm.edu.pl.

Isoform analysis of intron-containing transcripts

The results from mapping with minimap2 in transcript
assembly mode (prior to merging with short read map-
ping results) for the BWP17 strain as well as ACaDSS1
and ACaPET127 deletion strains served as input for iso-
form analysis. LIQA [39] was used for quantifying levels
of discrete transcript isoforms for three intron-contain-
ing genes: rnl, COB and COX1. The commands and iso-
form annotation files used in this analysis are available at
repod.icm.edu.pl.

Maodification detection, identification and quantification

To identify modified positions, sequencing results from
each of the three strains were compared with those
from in vitro-transcribed mitochondrial transcripts
of C. albicans. Modification detection was carried
out using the MoP2 package [25], which incorporates
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Nanopolish [40], Tombo [41], EpiNano [9], and Nano-
compore [42] programs. Due to relatively short read
lengths and probable high density of modifications,
tRNAs, couldn’t be reliably analyzed with MoP2 pipe-
line as individual transcripts. Modifications could
however be detected when tRNAs were analyzed as
a part of longer transcription units, including, but
not limited to the part of TU5 (along with NAD2 and
NAD3) or COX2 pre-mRNA. Individual tRNAs were
also analyzed with NanoRSM [43] (with paired con-
dition pseudouridine detection script) and ELIGOS
(pair_diff_mod) [44]. Both of these tools take advantage
of the fact that some RNA modifications result in erro-
neous basecalling (also known as miscalling) in ONT
direct RNA sequencing [42, 45, 46]. The most promi-
nent type of miscalls in ONT data is U to C, indicative
of pseudouridine modification. Detection of miscal-
associated modifications other than pseudouridines
was conducted with ELIGOS. Positions with coverage
over 100, p<0,005 and the ratio of an indicative mis-
call greater than 10% were selected. Separate analy-
sis for pseudouridine quantification was performed
for mature tRNAs and pre-tRNAs. Reads were filtered
by lengths with transcripts below 70 nt classified as
mature and over 140 nt as pre-tRNA (transcripts of
intermediate lengths were excluded from the analysis).
Sequencing miscalls have been visualized with Golden
Helix GenomeBrowser 3.1.0 [47]. m6A detection was
performed with CHEUI (Methylation (CH3) Estimation
Using Ionic current) [48] with FTO treated/untreated
WT native RNA and in vitro transcribed RNA sequenc-
ing data as inputs. FTOvsIVT output was filtered by
removing all entries such that: stoichiometry ratios
were below 0.8 or above 1.2, statistics parameter was
below -2 or above 2 or p-value was below 0.1. This was
intended to remove all k-mers where a significant dif-
ference was detected between the FTO-treated sample
and IVT sample (as the intersection between unfiltered
WTvsFTO and WTvsIVT sets excluding the unfiltered
FTOvsIVT set yielded no entries). The filtering results
were intersected with WTvsFTO and WTvsIVT out-
puts. The output was then filtered by keeping entries
with p-value under 0.005, stoichiometry ratio above
1.5; statistics parameter greater than 3, a positive stoi-
chiometry difference and coverage>100 (for all listed
parameters in both WTvsFTO and WTvsIVT compari-
sons). The bam files from MoP2 preprocessing module
were used as inputs for both CHEUI and MoP2 modifi-
cation detection.

ELIGOS, NanoRSM and CHEUI were all run on default
settings. MoP2 configuration and reference files, along
with the ELIGOS, NanoRSM and CHEUI commands are
made available at repod.icm.edu.pl.
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Bisulfite sequencing analysis

Fastq output files were mapped to the reference sequence
where all cytosines were substituted for thymines (either
in normal or inverted orientation, the latter for reverse
strand transcripts). Due to RNA fragmentation result-
ing from bisulfite treatment as well as multiple spurious
alignments observed when BWA short read mapping
(bwa mem -W13 -k6 -xont2d -T20) was employed, two
different mapping strategies were used. These involved
either three rounds of mapping (long spliced read map-
ping, followed by short read mapping with minimap2
and BWA mapping with standard settings) or short read
mapping with minimap2. T-C mismatches were detected
and quantified with ELIGOS and NanoRSM separately
for each type of mapping, with synthetic converted
RNA serving as control. With ELIGOS analysis, posi-
tions detected in native RNA (compared with the in vitro
transcribed control) where C was the major allele, and
where C counts were higher in the native sample than
in the synthetic sample were selected. For NanoRSM
analysis, positions where the C ratio between native and
in vitro transcribed RNA was at least 3 were selected. A
minimum coverage of 20 per position was set for each
analysis. Scripts for bisulfite read mapping and ELIGOS/
NanoRSM analysis are available at repod.icm.edu.pl.

Results

Read distribution and coverage

A read distribution comparable to the one achieved with
Ion Torrent sequencing was obtained for all mitochon-
drial protein-coding transcripts and rRNAs [30], however
the coverage for individual exons was significantly more
uniform, indicating that the drops in coverage observed
for exonic regions in Ion Torrent sequencing were in fact
artifacts resulting from the library preparation process
(Fig. 1). There was also notably higher relative coverage in
intragenic regions of mitochondrial transcription units.
The majority of reads were mapped to the large subunit
rRNA (74,17% compared to 61.23% in Ion Torrent RNA-
seq data). The relative abundance of reads mapped to the
small subunit rRNA (rns), as well as reads for all coding
transcripts was lower for ONT sequencing (Table 1 and
Fig. 2). This is primarily due to increased representation
of reads corresponding to tRNAs, demonstrating that
two-stage mapping, along with in vitro polyadenyla-
tion, which allows for overcoming the 200bp threshold
of MinION software (Supplementary Fig. 1), more than
compensates for the previously reported issue of insuf-
ficient tRNA coverage [11] and provides a straightfor-
ward method for obtaining a comprehensive view of
organellar tRNAs and other short transcripts. However,
it also underscores the degree to which the mapping
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strategy affects all the subsequent stages of transcriptome
analysis.

Transcription units and transcript ends

The Candida albicans mitochondrial genome contains
8 policistronic transcription units (TUs) [30]. ONT
sequencing enabled (both through direct observation and
generation of consensus reads by RATTLE) the detec-
tion of long reads covering multiple genes within these
transcripts, such as NAD6-NADI1 in TUO1, ATP8-ATP6
in TUO4, NAD2-NAD3 in TUO5 and NAD4L-NAD5 in
TUO07, as well as multiple cases of reads covering coding
transcripts along with adjacent tRNAs (Fig. 3A). Addi-
tionally, it was found that TUO2 is considerably longer at
the 3’ end than previously reported [30], reaching as far
as the end of an unidentified transcript at position 8940.
The 5" and 3’ ends observed for some mature transcripts
have also been found to differ from those reported pre-
viously (Fig. 3B) [30]. Most of said changes, summarized
in Table 2 are relatively small and may be due to arti-
facts from library preparation procedure for Ion Torrent
sequencing. A significant 3’ extension of more than 100nt
was also found for TUO3, however its heterogeneity
makes it impossible to define a specific 3’ end position.
Of particular interest are the 5’ ends of TU05 and TUO06,
which have been found to be 8 and 6 nucleotides down-
stream of putative transcription start sites, respectively
[30]. Most reads are in fact an additional 2—3 nucleotides
shorter, and no reads corresponding in length to putative
transcription start sites have been detected. If this is a
consequence of posttranscriptional processing, it would
not involve exonucleolytic truncation by CaPet127, as 5
ends corresponding to the predicted promoter+1 sites
were not detected in ACaPET127 strain either. It should
be noted however, that 5" end mapping by direct ONT
direct RNA sequencing is also prone to artifacts, primar-
ily 3’ coverage bias, unless accompanied by 5 adapter
ligation [49, 50]. Thus, these relatively small changes at
the 5" ends will require further verification.

Qualitative differences were also observed between the
WT and deletion strains (Fig. 4). CaPet127 is a 5 —3’
exonuclease — thus, changes at the 5 ends of tran-
scripts were to be expected in ACaPET127 strain. This
was indeed found for the TUO8 and TU06/COB tran-
scripts, where discrete isoforms with 5’ extensions can
be detected (Fig. 4A). These elongated transcripts are
present along with properly truncated ones. This was to
be expected for TUOS, as the downstream tRNA genes
would be excised from the transcript during the process
of maturation. However, 5 elongation is also observed
for TUO6/COB, although at a relatively low level of
approximately 3% (compared to TUO8, where at least
40% of reads have 5" elongations). This could suggest the
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Fig. 1 Mitochondrial RNA from wild type C. albicans (strain BWP17) mapped to mtDNA. Forward strand coverage is marked in blue. Reverse
strand coverage is marked in red; A — reads from lon Proton platform; B - reads from ONT MinlON platform The image was generated

with pyGenomeTracks [37]

presence of alternative transcription start sites which
produce longer transcript that are subsequently trun-
cated by CaPet127. However, a more parsimonious and
indeed more likely explanation for the observed TUO08
5 extension might be that it is co-transcribed with
TUO7 (as transcripts overlapping both TUs were also
observed). Thus what was previously believed to be two
separate transcription units might in large part originate
from single primary transcript, with endonucleolytic
cleavage at the 3’ end of tS(GCU)in early stages of matu-
ration producing two secondary transcripts. One might
speculate if such an expression system, where TUO08
might be transcribed both as a part of longer transcript
along with TUO7 and from its own promoter contributes

to regulatory the flexibility of C. albicans mitochondria.
Likewise, for TU06/COB the 5 extensions might be a
result of a low level readthroughs from TUS5. However, in
this case any physiological significance of such events is
far less likely.

The ACaDSS1 strain displayed a stronger phenotype
and thus a higher level of intermediate transcripts cor-
responding to intragenic regions (also outside of estab-
lished transcription units) was observed, which is in line
with previously published results [13]. Since CaDSS1 is
a 3’ =5 exoribonuclease, long readthroughs were also
observed (like in TUO02, TUO03 and TUO04) (Fig. 4B).
A short transcript of approximately 300nt was also
detected at the 3’ end of TUO06, directly downstream
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Table 1 Relative abundances of reads corresponding to
mitochondrial genes (excluding rnl) obtained from ONT
sequencing, mapped in a two-step fashion (with minimap2 and
BWA) and from lon Torrent sequencing. Genes with a relative
increase in read number in ONT sequencing are marked in blue.
Genes with decreased relative read number are marked in red

WT ONT
minimap2+bwa

Gene ID

WT Ion Torrent

of rns. It is present both in WT and deletion strains;
however, in deletion strains, reads covering both said
transcript and rns were also detected (Fig. 4C). This
suggests that it is a product of a readthrough from rns,
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that is subsequently endonucleolytically excised (the
presence of unexcised transcripts in deletion strains
being a secondary effect of mitochondrial dysfunction).

Isoform analysis of intron-containing transcripts
The C. albicans mitochondrial genome includes three
intron-containing genes: rnl, COB and COX1. Unlike
rnl, where mature rRNA makes up the majority of
transcript species, for COB and COX1 the levels of
mature isoforms appear to be underestimated. These
results might be a consequence of lower coverage of
these transcripts and in the case of COX1 also of tran-
script complexity and a very short exon 3 (of mere
10nt), and thus all the results from this section should
be treated as semiquantitative. Relatively high levels of
three different partially spliced isoforms of the COX1
transcript, missing either intron 1 (19.27%), intron 4
(10.88%) or intron 3 (5.33%) were detected. The per-
centages of COB transcripts retaining either intron 1
(7.47%) or intron 2 (9.08%) were also comparable. This
finding indicates that splicing of these transcripts is
not strictly a sequential process. For rnl on the other
hand, the abundance of transcripts retaining intron 2
was nearly 40 X higher than of those retaining intron 1,
implying a considerable degree of sequentiality.
Changes in the relative abundances of transcript iso-
forms were observed between the WT strain and dele-
tion strains. A decrease in mature transcript levels and
an increase in unspliced transcript levels were very pro-
nounced in ACaDSS1 strain, with ACaPET127 exhibiting
intermediate levels of mature and unspliced transcripts
between those of the WT and ACaDSS1 strains. This
result is in line with previous studies indicating that
ACaDSS1 has considerably more severe mitochondrial
defects, as well as Northern blot, NGS and reverse tran-
scription analyses for ACaDSS1 and ACaPET127 indicat-
ing, respectively: lower levels of mature mitochondrial
transcripts, higher intron coverage and an increase in
retention [13, 14]. Changes in levels of spliced “inter-
mediate” isoforms were also observed for each gene
(Table 3). These findings are broadly consistent in dele-
tion strains when compared to WT strain, indicating
that splicing impairment is mainly a secondary effect of
general mitochondrial dysfunction. However, some dif-
ferences between the deletion strains were also observed.
The relative abundance of isoforms retaining intron 2
in COB and introns 3 and 4 in COX1 was decreased in
ACaPET127 but increased in ACaDSS1, and COB intron
1 and COX1 introns 1 and 2 were retained at higher rela-
tive levels in ACaPET127, which suggests that 5°/3’ exo-
nucleolytic RNA processing might affect the splicing of
adjacent introns.



Pigtkowski et al. BMC Genomics (2024) 25:860 Page 8 of 20
rr\tS(GCU)
10.0- tH(GUG) tY(GUA)
o—tF(GAA) ——tL (UAA)
*~tD(GUC)
—tE(UUC) —tG(UCC rns
—1Q(UUG) AVUAC) VS Liawecy -
——{S(UGA)
tP(UGG) tT(UGU)
o #K(UUU)
v tC(GCA)
*tI(GAV) {M(CAU) tW(UCA) «—COX1
g 1.0-
e}
NI
El «—COB
E —tL(UAG)
ol
'_
= —COX2
NAD2
l +—COX3a
0.1- /" e ATP9
NAD5
«—NAD4
NAD6  NAD1
—ATP6
—NAD4L  e—ATP8

—NAD3

1e02 1e~01

1+00

1e+01 1e+02

WT_lonTorrent
Fig. 2 Scatter plot of relative abundances of reads corresponding to mitochondrial genes (excluding rnl) obtained from ONT and lon Torrent
sequencing. Reads corresponding to genes above the diagonal line are more abundant in ONT data, and reads corresponding to genes
below the line are more abundant in lon Torrent data. Color coding convention is the same as in Table 1

Modification detection, identification and quantification

Comparing sequencing data from native RNA (be it from
WT or deletion strains) with in vitro transcribed (IVT)
RNA of the same sequence allows for the detection of
putative posttranscriptional modification sites (as in vitro
transcribed RNA contains no such modifications). This
was conducted for C. albicans mitochondrial transcrip-
tome via the MoP2 pipeline, with IVT RNAs covering
all mitochondrial coding sequences, rRNAs and tRNAs
serving as unmodified reference. Due to relatively low
coverage for most coding transcripts, MoP2 analysis reli-
ably indicated putative modification sites only for rnl,
rns and COX2 transcripts (Fig. 5A). 1 out of 8 detected
sites, found in rnl, corresponded to a splice junction. This
might indicate the presence of a modification involved in
or resulting from RNA splicing, but may also be an arti-
fact of misalignment during the mapping step. However,
all the sites mentioned above are detected repeatedly and
for a wide range of mapping parameters. Additionally,
two putative modification sites found towards the 3’ end
of COX2 transcript correspond to Asn tRNA, which is a

part of COX2 pre-mRNA. No qualitative differences were
detected between the WT strain and deletion strands in
regard to modifications described above.

Further analyses were conducted on partially
ribodepleted WT RNA, which reduced the percent-
age of rRNA reads from 96-98% to 61-66% (Sup-
plementary Table 6). Here, a number of individual
putative modification sites were detected on coding
transcripts (Fig. 5B). In the case of COX1 transcripts,
all sites found were located in or around positions cor-
responding to splice sites. A considerable number of
said sites are found towards the 3’ ends of transcripts.
For NAD2 and NAD4 modifications were detected for
cotranscribed tRNAs, respectively at the 5" and 3’ ends
of transcripts. Additionally, when entire transcrip-
tion units (or large parts thereof) are being analyzed,
clusters of modifications corresponding to tRNAs are
detected (Fig. 5C), hinting at a high stoichiometric
level of modifications in tRNAs relative to coding tran-
scripts (MoP2 pipeline is not conducive for analyzing
individual short and densely modified transcripts, such
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Table 2 Transcript ends found to be different in ONT
sequencing (changes relative to lon Torrent annotations are
given in brackets)

Transcript Strand End positions on mtDNA

ml + 45(+10) 3153(+4)
TUO02 8940(-743) 10,854
ATP9 12,726(-257) 12,726(+27)
ATP6 12,883(-12) 13,635
TUO5 14,701(+8) 23,769
COX1 14,771 20,936(+10)
TU06 23,933(+6) 26,808

as tRNAs). This analysis yielded a general image of the
modification landscape for mitochondrial transcripts in
terms of modified positions. However, with the nota-
ble exception of pseudouridines (further elaborated on
later in this section), it does not provide information on
specific modification types. Attempts to identify three
types of common RNA modifications, m6A (N6-meth-
yladenosine), ¥ (pseudouridine) and m5C (5-methylcy-
tidine) are described below.

FTO is a m6A RNA demethylase. Thus, a compari-
son between native WT RNA, FTO-treated WT RNA
and in vitro transcribed RNA should enable the identi-
fication of m6A sites in mitochondrial transcripts. Data
from FTO-treated RNA was analyzed with Nanopolish-
based CHEUI pipeline [48], with untreated WT RNA and
in vitro transcribed RNA serving as controls. Eight puta-
tive m6A positions were detected following a three-way
comparison and filtering (see Materials and Methods).
However, only one, detected in a k-mer 303-312 of rnl
corresponded to a k-mer detected by MoP2 comparison
of WT and FTO treated samples. This k-mer also had
the smallest detected stoichiometry difference in FTOvs-
IVT comparison among filtered sites and nearly identical
results for WTvsIVT and WTvsFTO comparisons. K-mer
1395-1404 in rns did correspond to the highest scoring
raw k-mer in the MoP2 analysis, even though no k-mer in
WT/FTO comparison in MoP2 analysis passed the pipe-
line’s filtering. For COB k-mer 855 a similar situation was
observed, with an overlapping MoP2 k-mer scored 4th on
the raw k-mer list (Table 4 and Supplementary Tables 3
and 4). A subsequent LC-MS and dot blot analyses found
relatively low levels of m6A in untreated WT sample
(Supplementary Figs. 2, 3 and 4). This suggests a small
number of m6A positions in C. albicans mitochondrial
transcriptome and/or low m6A methylation level. This
also makes the estimation of FTO-mediated demethyla-
tion efficiency problematic. Thus, the putative m6A sites
listed in Table 3 will require independent experimental
verification.

Page 10 of 20

A separate analysis of tRNA transcripts revealed a
high level of U-to-C miscalling, indicative of the pres-
ence pseudouridine (V) [43, 52] (Table 5). Majority
of uracils in position~54 wa miscalled as cytosines
indicating the presence of pseudouridines in respec-
tive reads, both in pre-tRNAs and mature tRNAs,
which suggests that the modification takes place prior
to tRNA excision from parent transcript. Other ura-
cils, mainly in positions 25—-41 were also modified, but
to a lesser extent (Fig. 6). The miscall levels for these
positions were also much lower for pre-tRNAs than
for mature tRNAs, indicating that they are primarily
modified following tRNA excision (Fig. 7). These results
are in line with results obtained in vitro for bacterial
tRNAs [53].

Low levels (of approximately 20%) of A-to-G and G-C
miscalls, indicative of inosine [54] and m7G [45] modi-
fications respectively, have also been detected in a num-
ber tRNA sites (Fig. 6, Supplementary Table 8). However,
the relatively low level of these miscalls along with
lower repeatability within and among tRNA transcripts
means that these results warrant further experimental
verification.

m5C modifications can be detected via bisulfite
sequencing, wherein unmodified cytosines are converted
to uracils, while m5C positions are not. Bisulfite conver-
sion of mitochondrial RNA has previously been reported
to occur with relatively low efficiency [55]. This was also
the case with Candida albicans mtRNA, which neces-
sitated the use of in vitro transcribed RNA as control
and limited the analysis only to positions with high lev-
els of m5C methylation. Bisulfite sequencing also served
as an additional control for pseudouridine detection, as
U-to-C miscalls due to ¥ modification are not affected
by bisulfite conversion. Putative pseudouridine modifica-
tions of tRNAs at position ~ 54 were in fact the ones with
strongest signals in ELIGOS and NanoRSM analyses.
Due to fragmentation occurring during the bisulfite con-
version, as well as spurious alignments that necessitated
the exclusion of BWA short read mapping, both native
and synthetic RNA were mapped either with minimap2/
BWA (with long read minimap2 mapping and subse-
quent mapping of short reads with minimap2 and BWA
with standard settings) or with short read mapping with
minimap2. The list of positions thus detected is shown in
Table 6. Three putative m5C sites were detected: in tyros-
ine, glutamine and serine tRNAs. The site in tY(GUA)
was detected with high confidence both with standard
and short read mapping, for both ELIGOS and Nan-
oRSM analyses. The tS(GCU) site was detected by both
algorithms with short read mapping and by ELIGOS with
standard mapping. The tQ(UUG) site was detected only
by NanoRSM with short read mapping.
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Table 3 Relative abundances (calculated as percentages of all reads assigned to a given transcript) of mitochondrial transcript
isoforms in WT C. albicans and differences in abundances between WT and deletion strains as well as differences between the deletion

strains

isoform WT ACaPET127vsWT |ACaDSS1vsWT |ACaDSS1vsACaPET127
1x1,02 1x1,12 1x1,09

rnl unspliced 0,54% 1x1,16

rnl unsp il 0,70% 1x1,02

rnl_unsp i2 26,78% 1x1,05

COB_unspliced
COB _unsp il
COB unsp i2

63,28%
7,47%
9,08%

COX1 unspliced |56,26%
COX1 unsp il ND
COX1 unsp i2 ND
COX1 unsp i3 ND
COX1 unsp i4 ND
COXI1 unsp il12 |ND
COXI1 unsp il3 |ND
COXI1 unsp i23 ]0,02%
COXI1 unsp i34 |1,12%
COX1 unsp i14 |ND
COXI1 unsp i24 |ND
COX1 unsp i123 [10,88%
COX1 unsp i234 [19,27%
COX1 unsp 1134 |[ND
COX1 unsp 124 |5,33%

1x1.28

11/ 1| indicate a change exceeding 3 orders of magnitude (usually with very low abundance in one of the samples); ND - not detectable or below 1E-5 in both
samples; relative increase in abundance is additionally indicated in hues of blue, and relative decrease in hues of red. Supplementary Table 9 contains corresponding

data in raw form

Discussion

In this study, we demonstrated the viability of apply-
ing direct RNA sequencing to the mitochondrial tran-
scriptome of C. albicans and by extension, other yeast
species. By using a tailored approach for read mapping,
we obtained sufficient coverage for both long and short
reads generated by ONT sequencing, at least partly com-
pensating for issues reported with short-read mapping
[11]. Analysis of transcript isoforms in the wild-type,
ACaDSS and ACaPET127 strains has demonstrated
the utility of direct RNA sequencing for 5" and 3’ end

(See figure on next page.)

mapping and primary transcription unit detection, as
well as for quantifying changes in mitochondrial splic-
ing, providing a straightforward method of investigating
the effects of deletions/mutations in proteins involved
in posttranscriptional processing in mitochondria.
The relative abundances of transcript isoforms retain-
ing certain introns have been found to be higher either
in ACaPET127 or ACaDSS1 strain, which suggests a
connection between 5'/3" exonucleolytic RNA process-
ing and the splicing of adjacent introns. Still, it is worth
noting, that the pleiotropic character of mitochondrial

Fig. 5 Putative modification sites detected by NanoConsensus tool from Master of Pores 2 pipeline. In each case reads from wild type C. albicans
were compared against unmodified RNA obtained via in vitro transcription. Sites corresponding to splice junctions are marked with asterisks. tRNAs
and tRNA clusters are marked with red boxes. A—Results for rl, rns and COX2 transcripts obtained from sample without ribodepletion. B—Results
for coding transcripts obtained from partially ribodepleted sample. C—Results for C. albicans transcription units TU4, TU7, TU8 and a part of TU5

encompassing a tRNA cluster, NAD2 and NAD3



Pigtkowski et al. BMC Genomics

(2024) 25:860

500

1000

Position

1500

UGOOUEN|

rns

500

Position

1000

150

1.00;

nsus Score

o o o
oo
2 3 a

0.00

COX2

UBSUOOOUEN,

NanoCon:

400
Position

600

USO0UEN|

=
=

400
Position

[SnsuesuogoueN|

Position

900

120

1.00

nsus Score Nar
o o
e
8 a

oConser
o
bl

[snsuesuogouEN|

*
Position

000 %

[SnsuesuogoueN|

250

500
Position

750

r
S
I
%

8

5

nSUSSUOOOUEN]

o000l |7
0

500

Position

1000

Score N

1.00
0.75
050!
0.25
0.00!

o

1.00
0.75]
0.50{
0.25]
0.00f

Score N

560

Position

1000

501

500

Position

1000

1500

ATP9

cos

COoX1

NAD1

NAD2

NAD4

NADS

501

1000

Position

1500

2000

250

o

0.00!

nSUSSUOQOUEN|

500

1000

Position

1500

2000

1.00
0.75]
0.50/
0.25
0.00

Score N

500

1000

Position

1500

2137)
@213, 2208z

500

Position

1000

3
s
3
3
fs)
S
S
8
2
2
i3

TU4

TUS
(partial)

TU7

Tug

Fig. 5 (Seelegend on previous page.)

Page 13 of 20



Pigtkowski et al. BMC Genomics (2024) 25:860

Page 14 of 20

Table 4 Putative m6A sites detected by Nanopolish/CHEUI. K-mer overlapping with independently detected, supported MoP2 k-mer
is marked in blue. K-mers overlapping with high-scoring raw MoP2 k-mers are marked in blue

dysfunctions makes it difficult to draw a clear line
between the specific effects of 5/3” processing (or lack
thereof) and the secondary effects that the deletions of
CaPET127 and CaDSS1 have on splicing. However, one
might cautiously speculate that intermediate splicing iso-
forms accumulated to a higher degree in ACaPET127,
compared both to WT and ACaDSS1 strains, are indeed
directly related to 5 processing, as the consequences of
CaPET127 deletion (both on phenotypic and molecular
levels) are otherwise relatively mild.

These results provide a new insight C. albicans mito-
chondrial transcriptome and could not have been
achieved with short read NGS. It should be noted how-
ever, that they are in line with previously conducted
studies. ONT data presented in this study has indeed
confirmed mechanisms that have previously been hinted
at, such as the presence of additional promoters within
regions corresponding to larger transcription units
[30], as well as the fact that mitochondrial exonucleases
play a crucial role in molding the mitochondrial tran-
scriptome by concealing pervasive transcription [13].
Results pertaining to transcript ends and transcriptional
readthroughs that havent been previously observed or
contradict the findings from Ion Torrent sequencing will
require further verification. Tailored RT-PCR experi-
ments, such as circularized RT-PCR [56] would enable
the confirmation of said results.

Attempts to detect and identify transcript modifica-
tions yielded promising results, however the methodol-
ogy involved requires further development. It should
be noted, that RNA modification data for C. albicans is
extremely sparse, and limited to cytosolic leucine tRNA,
according to Modomics [57]. To the authors’ best knowl-
edge, this is the first work reporting any RNA modi-
fications in C. albicans mitochondrial transcriptome.
Unsurprisingly, mitochondrial tRNAs appear to be the
most densely modified transcripts, with easily detect-
able pseudouridine and m5C sites. Miscall analysis also

ID p value stoichiometry ratio
COB 581 ATGTATGCA 8.84E-05 1.761562998

COX1 1144 TATTATCAA |4.20E-05 1.895604396

COX1 1417 GTGTATTAG |0.000287561 2.08

rml 1430 TGATACCTG 5.20E-63 1.651502971

rml 2165 TAGGACTGT 1.00E-77 2.192885987

allowed us to detect a number of putative inosine and
m7C sites. Additionally, we were able to determine the
stage at which the introduction of pseudouridines at dif-
ferent positions occurs during tRNA maturation by sim-
ply applying size cutoffs for ONT reads. Pseudouridine
modifications serve primarily to ensure structural stabil-
ity of tRNA [58]. m5C promotes base pairing, translation,
and is involved in stress response [59]. m7G is involved
in tRNA biosynthesis and stabilization [60]. The primary
function of inosine is the expansion of codon recogni-
tion when present at the first anticodon position [61].
Puzzlingly, none of the inosine modifications detected
in this study were at that position, with most being pre-
sent either at the third anticodon position or just behind
the anticodon sequence. Pseudouridine, m5C and ino-
sine have also been found to serve as identity elements
for aminoacylation [62]. Aberrations in all the types of
tRNA modifications detected in this study have also been
linked to multiple human diseases [63]. Determining the
significance of each tRNA modification in C. albicans
will require further investigation, possibly involving com-
parative analysis of mitochondrial tRNA modifications
across different yeast species. It should be noted that the
list of tRNA m5C sites detected in this study is almost
certainly not exhaustive (neither in regard to mitochon-
drial tRNAs, nor the mitochondrial transcriptome as a
whole), due to a combination of incomplete bisulfite con-
version — which necessitated strict filtering of putative
sites — and insufficient coverage of some mitochondrial
transcripts. Likewise, only pseudouridine sites with suffi-
cient coverage were included in the list of modified posi-
tions detected via bisulfate sequencing, thus the absence
of some previously detected modifications should not
cast doubt on their presence (as all tRNA pseudouridine
sites at position ~ 54 were detected whenever the cover-
age was sufficient).

Modifications of rRNAs and coding transcripts are con-
siderably more challenging to identify than those within
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Table 5 Putative pseudouridine (V) sites in tRNA transcripts. Sites corresponding to position ~ 54 in their respective transcripts are
marked in bold. CamtDNA postion signifies the position on Candida albicans mitochondrial genome corresponding modification sites

in tRNA transcripts

CamtDNA position tRNA transcript Strand CamtDNA position tRNA transcript Strand
3208 tA(UGC) + 14,143 tC(GCA) -
3224 tA(UGCQ) + 14,144 tC(GCA) -
4054 tN(GUU) + 14,199 tG(UCC) -
10,796 tK(UUU) - 14,226 tGUCC) -
10,814 tK(UUU) - 21,097 tR(UCV) +
10,815 tK(UUU) - 21,098 tR(UCU) +
10,816 tK(UUU) - 21,103 tR(UCV) +
10,817 tK(UUU) - 21,105 tR(UCU) +
11,558 tL(UAA) + 21,118 tR(UCU) +
11,559 tL(UAA) + 21,180 tV(UAC) +
11,564 tL(UAA) + 21,193 tV(UAC) +
11,567 tL(UAA) + 21,207 tV(UAQ) +
11,588 tL(UAA) + 21,259 tW(UCA) +
11,647 tY(GUA) + 21,260 tW(UCA) +
11,648 tY(GUA) + 21,280 tW(UCA) +
11,650 tY(GUA) + 21,329 tF(GAA) +
11,654 tY(GUA) + 21,337 tF(GAA) +
11,664 tY(GUA) + 21,351 tF(GAA) +
11,678 tY(GUA) + 21,445 tRACG) +
11,749 tH(GUG) + 21,460 tR(ACG) +
11,756 tH(GUG) + 26,987 tM(CAU) +
11,806 tT(UGU) + 31,525 tQUUG) +
11,810 tT(UGU) + 31,526 tQUUG) +
11,834 tT(UGU) + 31,531 tQUUG) +
11,886 tE(UUQ) + 31,545 tQ(UUG) +
11,888 tE(UUQ) + 31,623 tD(GUQC) +
11,889 tE(UUQ) + 31,679 tS(GCU) +
11,892 tE(UUQ) + 31,696 tS(GCU) +
11,908 tE(UUC) + 31,704 tS(GCU) +
12,757 tI(GAU) - 31,711 tS(GCU) +
12,779 tI(GAU) - 31,964 tS(UGA) +
13,963 tP(UGG) - 31,987 tS(UGA) +
13,978 tP(UGG) - 32,054 tL(UAG) +
13,991 tP(UGG) - 32,070 tL(UAG) +
14,122 tC(GCA) - 33,512 tM(CAU)2 +
14,128 tC(GCA) - 33,539 tM(CAU)2 +

tRNAs. Unlike in plant mitochondria, where m6A modi-
fications are abundant [64], early studies have indicated
only low levels of methylation and pseudouridine on
mitochondrial LSU rRNA in S. cerevisiae [65]. This likely
also holds true for C. albicans rRNAs, and by extension
also for coding transcripts. A single m6A in LSU rRNA
was detected with high confidence, with two additional
putative sites in the SSU rRNA and COB transcripts.
These sites will require further experimental verification

(such as reverse transcription with a modification-sensi-
tive polymerase [66]). Once verified, the changes in these
modification sites can be readily detected in future stud-
ies employing direct RNA sequencing on the ONT plat-
form. Detecting other modification sites will however
require a dedicated experimental approach, likely with
a combination of immunoprecipitation with antibod-
ies against a particular modified nucleotides along with
ribodepletion and/or size selection of transcripts. The
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Table 6 Putative m5C (in blue) and pseudouridine (in red) sites detected by bisulfite sequencing. Each site was detected either by
ELIGOS or NanoRSM analysis or both, either with three-step mapping or short read mapping

three-step mapping

short read mapping

osition ene ELIGOS | NanoRSM

ribodepletion procedure for the C. albicans mitochon-
drial transcriptome also requires further optimization, as
it should be applied to mitochondrial RNA of each inves-
tigated strain and sequenced separately alongside non-
depleted RNA. Improved RNAOO4 chemistry recently
introduced by ONT, which includes higher accuracy and
throughput, along with modified nucleotide basecall-
ing [67, 68] will likely also yield better quality and higher
confidence results in future studies.

Conclusions

The results discussed above demonstrate, that direct RNA
sequencing can reveal information about the mitochon-
drial transcriptome that would otherwise be unavailable
via second-generation NGS. We believe that this prelim-
inary study may serve as a proof of concept as well as a
roadmap for analyzing direct RNA sequencing data from
mitochondria of other yeast species and possibly mito-
chondrial transcriptomes from other groups of organisms
with currently available bioinformatic tools. Due to their
diversity in terms of mitochondrial genome organization
and expression, along with a very broad range of evolu-
tionary distances between individual species [69], yeasts
are a particularly attractive model for mitochondrial
comparative transcriptomic analysis, even more so with

ELIGOS | NanoRSM

new types of data made available with ONT sequencing.
Considering that nucleo-mitochondrial incompatibility
has been found to be one of the mechanisms driving spe-
ciation in yeast [1, 70], a comparative analysis focusing on
mitochondrial RNA modifications and nuclear proteins
involved in this process appears particularly promising.

Abbreviations

VT in vitro Transcribed

TU Transcription unit

Rnl Large subunit rRNA

Rns Small subunit rRNA

ONT Oxford Nanopore Technologies

MoP2 Master of Pores 2 data analysis pipeline

ELIGOS Epitranscriptional/(Epigenomical) Landscape Inferring from Glitches
of ONT Signals
RATTLE Reference-free reconstruction and quantification of transcrip-

tomes from long-read sequencing
LIOA Long-read Isoform Quantification and Analysis

CHEUI Methylation (CH3) Estimation Using lonic current

CaPET127  Calbicans Ortholog of S. cerevisiae PET127 (PETite colonies). Systematic
name: C1_11070W_A

CaDSS1 C. albicans Ortholog of S. cerevisiae DSS1 (Deletion of SUV3
Supressor). Systematic name: C2_08550C_A

mtEXO Mitochondrial RNA degradosome

FTO Fat mass and obesity-associated protein, an m6A RNA demethylase

m6A N6-methyladenosine

m5C 5-Methylcytidine

m7G N7-methylguanosine

Yy Pseudouridine

| Inosine
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