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ABSTRACT

The mitochondrial genome of the pathogenic yeast Candida albicans displays a typical organization of
several (eight) primary transcription units separated by noncoding regions. Presence of genes encoding
Complex | subunits and the stability of its mtDNA sequence make it an attractive model to study
organellar genome expression using transcriptomic approaches. The main activity responsible for RNA
degradation in mitochondria is a two-component complex (mtEXO) consisting of a 3'-5' exoribonu-
clease, in yeasts encoded by the DSST gene, and a conserved Suv3p helicase. In C. albicans, deletion of
either DSST or SUV3 gene results in multiple defects in mitochondrial genome expression leading to the
loss of respiratory competence. Transcriptomic analysis reveals pervasive transcription in mutants
lacking the mtEXO activity, with evidence of the entire genome being transcribed, whereas in wild-
type strains no RNAs corresponding to a significant fraction of the noncoding genome can be detected.
Antisense (‘mirror’) transcripts, absent from normal mitochondria are also prominent in the mutants. The
expression of multiple mature transcripts, particularly those translated from bicistronic mRNAs, as well as
those that contain introns is affected in the mutants, resulting in a decreased level of proteins and
reduced respiratory complex activity. The phenotype is most severe in the case of Complex IV, where
a decrease of mature COX1 mRNA level to ~5% results in a complete loss of activity. These results show
that RNA degradation by mtEXO is essential for shaping the mitochondrial transcriptome and is required
to maintain the functional demarcation between transcription units and non-coding genome segments.
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Introduction and the eukaryotic nucleus [10]. With the exception of
Jakobid protists that still retain a bacteria-like transcriptional
apparatus in their mitochondria [11], synthesis of polycistro-
nic transcription units depends on a single-subunit polymer-
ase related to T-odd bacteriophage enzymes [12].
Mitochondrial transcription is initiated from simple promo-
ters, and its regulation is limited. Primary mitochondrial
transcripts encompassing protein-coding, tRNA and rRNA
sequences undergo extensive processing by various mechan-
isms, including tRNA excision (punctuation) [13], intron
splicing, and other processing events [14,15]. Comprehensive
studies of the mitochondrial transcriptomes in yeasts
S. cerevisiae [14], S. pombe [16] and C. albicans [15] demon-
strated that the final abundance of RNAs derived from the
same primary transcript can differ by several orders of mag-
nitude, similar variation was also observed between RNAs
derived from the major heavy strand transcript of human
mitochondria [17]. It is thus clear that RNA processing and
degradation play a key role in the expression of mitochondrial
genes.

The transcriptome consists of multiple coding and noncoding
RNAs that originate through complex and evolutionarily
diverse multi-step interconnected processes of synthesis,
maturation, and degradation. Recent advances in RNA char-
acterization techniques revealed unexpected widespread tran-
scriptional activity, extending beyond annotated genes to the
majority of the genome, and occurring both in eukaryotic and
prokaryotic cells [1-4]. Prevalence of pervasive transcription
is most evident in the study of mutants deficient in RNA
degradation [5]. About 75% of the human nuclear genome
is covered by identified primary transcripts, even though
actual coding sequences constitute only a small fraction
thereof [6,7], and evolutionary conservation indicates
sequence-level functionality only for about 10% of its length
[8]. Therefore RNA degradation has to play an important role
in shaping the final, functional transcriptome.

The mitochondrial genetic system, despite its evident
endosymbiotic origins [9], shows many unique derived char-
acteristics that set it apart from the genomes of prokaryotes
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Enzymatic complexes exhibiting processive exoribonucleo-
Iytic activity are the main actors in RNA degradation [18].
The main mitochondrial exoribonuclease complex, known as
mtEXO or the mitochondrial degradosome [19] exhibits 3'-to
-5' directionality and is composed of two subunits: the Suv3
ATP dependent helicase and an exoribonuclease. Whereas the
Suv3 helicase is conserved in the mitochondrial degradosome
of all studied eukaryotic lineages, including fungi [20,21],
plants [22], protists [23], and humans [24], the exoribonu-
cleolytic activity can be assured by two different enzymes: the
phosphorolytic polynucleotide phosphorylase (PNPase) in
animals [25] and plants [26], and the hydrolytic Dss1 RNase
in fungi [21,27] and in trypanosomes [28].

In mammalian cells, degradosome-dependent RNA degra-
dation, turnover, and surveillance play a key role in the
maintenance of organellar gene expression. Dysfunction of
the mammalian mitochondrial RNA degradosome results in
a plethora of phenotypes, including accumulation of noncod-
ing antisense transcripts and dsRNA molecules, with signifi-
cant physiological consequences [29-32].

As an example of a minimal 3'-to-5" RNA decay enzymatic
system, the S. cerevisiae mtEXO complex has been extensively
studied using enzymology [33], structural biology [34], and
genetic [35-37] approaches. Work on S. cerevisiae mutants
deficient in the mtEXO function clearly identified RNA
degradation as the key factor in mitochondrial gene expres-
sion [27,35]. Both mtEXO subunits are essential for mito-
chondrial respiration in S. cerevisiae, and deletion of SUV3
or DSSI results in multiple RNA metabolism defects, includ-
ing accumulation of introns and precursors, as well as desta-
bilization of mature transcripts [27,35].

Studies in S. cerevisiae are, however, hindered by the mito-
chondrial genome instability that is often associated with
defects in organellar gene expression [38]. This phenomenon
is also observed in mtEXO mutants, and their dysfunction
results in mtDNA instability (generation of irreversible rho™/
rho® cytoplasmic petites) through impaired translation
[19,35,39,40]. As RNA processing is inevitably compromised
in such petites, in the S. cerevisiae system it is difficult to
separate the primary phenotypes of SUV3 or DSSI1 deletion
from the secondary effects related to mtDNA instability.

In addition to the mitochondrial genome instability typi-
cal in petite-positive species, significant sequence diver-
gence between different laboratory strains, and extremely
AT-rich low complexity intergenic regions of S. cerevisiae
mtDNA, present challenges for transcriptomic studies, in
particular by making unambiguous mapping of short
sequence reads to intergenic sequences difficult. A petite-
negative species, like C. albicans is thus more suited for
functional analysis of factors affecting mitochondrial RNA
processing. Additionally, mtDNA of petite-negative yeasts is
also generally more stable and less prone to the accumula-
tion of point mutations [41].

Candida albicans is a yeast species known primarily as the
most important infectious fungal pathogen affecting immu-
nocompromised individuals [42]. It has also emerged as
a promising model organism to study various aspects of
fungal cell biology and evolution [15,43-48]. It belongs to
a distinct hemiascomycete clade with a conspicuous departure

from the universal genetic code (the ‘CTG clade’), where the
CUG codon is read as serine instead of leucine [49,50].

The genome of Candida albicans, like all known yeast
genomes, contains genes encoding the two-subunit mitochon-
drial degradosome (mtEXO), composed of the Suv3 helicase
(conserved throughout the entire eukaryotic domain), and the
exoribonuclease which like in other fungi is a 3'-to-5" hydro-
Iytic exoribonuclease belonging to the RNR (RNase II-like)
family, orthologous to the Dssl protein of S. cerevisiae [33-
35,37,39].

Previous studies on the function of mitochondrial degra-
dosome components in C. albicans were limited to the obser-
vation that a suv3/suv3 mutant was unable to produce
chlamydospores and hyphae, grew poorly on acetate as carbon
source [51], and was deficient in biofilm formation [52]. The
involvement of Suv3, or any other nuclear-encoded protein, in
mitochondrial RNA metabolism had not been studied in this
species.

Even though the mitochondrial genome of C. albicans
encodes more proteins (14, not counting intron-encoded
ORFs) than that of S. cerevisiae (nine protein coding genes),
it is more compact (33.6 kb of unique sequence, compared to
75-85 kb), but still contains large (up to 5.6 kb) noncoding
stretches between the eight primary transcripts [15], in con-
trast to the very compact mtDNAs of mammals (~16.5 kb),
and S. pombe (~19 kb). As C. albicans is a petite-negative
yeast that does not tolerate loss of mtDNA [41], its mitochon-
drial genome is essentially stable. In addition, common
laboratory strains of this species have identical mtDNA
sequence and do not show any differences in the expression
of mitochondrial transcripts [15]. These traits make
C. albicans a convenient system to study the mitochondrial
transcriptome using RNA-seq methodology.

Previously we described the major features of the tran-
scriptome in wild-type C. albicans mitochondria, identifying
eight primary transcription units and significant differences in
steady-state levels of mature transcripts [15]. Describing the
transcriptome of wild-type mitochondria presents a snapshot
of the steady-state levels of mature RNAs. As evidenced by
multiple studies mentioned above, studying the transcriptome
of mutants deficient in RNA degradation is required to reveal
the true extent and specificity of transcription. In this work
we analysed the changes in the organellar transcriptomic
landscape resulting from the inactivation of the mitochondrial
degradosome (mtEXO) through genomic deletion of genes
encoding orthologs of the Suv3 helicase and the Dssl exori-
bonuclease in C. albicans. We also investigated the effects of
impaired RNA degradation on the expression of mature tran-
scripts, the proteins they encode, and the activity of respira-
tory complexes in order to obtain a more comprehensive
picture of the role of RNA degradation in mitochondrial
gene expression.

Materials and methods
Strains and media

Candida albicans strain BWP17 (arg4::hisG/arg4::hisG, hisl::
hisG/his1::hisG, ura3:imm434/ura3::imm434, irol::imm434 /



irol::imm434) [53] was used as the wild-type control and the
starting point for construction of mutants.

The ACadssl/ ACadssl strain (arg4/argd, hisl::hisG/hisl:
hisG, wura3:imm434 [ura3:imm434, irol:imm434 /irol:
imm434,
dss1::HIS1/dss1::SAT) was constructed using PCR based tar-
geting [54]. The first allele was disrupted by integration of the
CaSAT1I gene with ~40 nt flanks homologous to the upstream
and downstream sequence of CaDSS1, amplified by PCR on
the template of pFASATI1 [54]. In the second round,
a deletion cassette was constructed by yeast recombinational
cloning [55]. The CaHISI gene from the plasmid pFAHIS1
[54], together with ~1 kb flanks upstream and downstream of
CaDSS1, all obtained by PCR, were used for in vivo recombi-
nation into the pRS426 vector in the S. cerevisisze CW252
strain. Deletion cassettes were amplified on the template of
recombined plasmids by PCR and introduced into C. albicans
heterozygous strains by electroporation [56]. Genotypes of the
obtained knockouts were confirmed by PCR.

The ACasuv3/ ACasuv3 strain (arg4/arg4, hisl::hisG/hisl:
hisG, wura3:imm434 [ura3:imm434, irol:imm434 /irol:
imm434, suv3:HIS1/suv3::HISI, enol::CaCAS9-SAT/ENOI)
was constructed using the C. albicans CRISPR/Cas9 Solo
system as described previously [57]. The guide sequence
started 14 nt downstream of the CaSUV3 ATG codon.

For the reconstitution of the wild-type gene, DSSI or SUV3
genes together with upstream (~1 kb) and downstream (~0.5
kb) fragments were cloned into the pFAURA3 vector using
SLIC [58]. The construct was subsequently linearized and
transformed into C. albicans homozygous knockout strains.
Reconstituted strains were verified by PCR, confirming the
presence of the gene in the target locus.

For the isolation of mitochondria, strains were grown in
liquid YPGal medium (1% yeast extract, 2% peptone and 2%
galactose) containing 80 g/l uridine at 37°C until logarithmic
growth phase. Respiratory growth was tested on agar plates
with either YPD (1% yeast extract, 2% peptone and 2% glu-
cose) or YPG (1% yeast extract, 2% peptone and 2% glycerol).
Salicylhydroxamic acid (SHAM) was optionally added at
5 mM. Growth curves were measured using the Bioscreen
C Automated Microbiology Growth Curve Analysis System
(Thermo) in liquid YPD or YPG media, with the optional
addition of SHAM at 5 mM. Numerical analysis of growth
curves was performed using the Growthcurver R package [59].
Synthetic complete media were 0.67% Yeast Nitrogen Base
(Bifco), 0.2% CSM-His-Leu-Trp-Ura mix (MP Biomedicals)
and 2% glucose, supplemented with histidine (20 mg/1), tryp-
tophan (20 mg/l), leucine (60 g/l), and uracil (20 g/l) as
appropriate.

Sequences of all the primers used in the construction and
verification of strains are listed in the Supplementary
Table S1.

Enzymatic assays

Mitochondrial proteins were extracted by 5% DDM treat-
ment. Protein concentration measurement was performed by
the BCA protein assay (Pierce). 100 pg of mitochondrial
protein in 1x loading buffer (Invitrogen) was loaded onto
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a BN-PAGE gradient 3-12% bis TRIS gel (Invitrogen).
Electrophoresis was performed in the light blue cathode buffer
variant, in the X Cell Sure Lock® Mini Cell system according
to the manufactures instruction (Invitrogen). In-gel activity
assays were performed as described previously [60,61]. For
complex I activity staining, gels were pre-washed with reac-
tion buffer (0.1 M Tris-HCI pH 7.4) for 20 min, followed by
the addition of fresh buffer supplemented by 0.2 mM NADH
(Bioshop) and 0.2% nitrotetrazolium blue (NTB) (SIGMA
Aldrich) and further incubated for 1 h with agitation. The
reaction was stopped by the addition of fixing solution (45%
methanol, 10% acetic acid). Gels were scanned after overnight
destaining in the fixing buffer. For ATPase activity staining,
gels were incubated in the reaction buffer (270 mM glycine,
35 mM Tris, 14 mM MgSO,) for 30 min at RT. Gels were
transferred into fresh buffer with 0.2% Pb(NOs), and 8 mM
ATP (pH 8.3) (Bioshop). The gel was subsequently scanned
for quantification of the white lead phosphate precipitate
correlating with ATP hydrolysis. The lead phosphate precipi-
tate was later completely dissolved by adding fixing solution
(50% methanol, 10% acetic acid) and the gels were stained by
Coomassie dye [61].

In vitro colorimetric assays for Complex I, Complex III,
and Complex IV activity were performed as described pre-
viously [62]. 10 uM rotenone, 10 pg/ml antimycin and 10 nM
NaNj; were used as inhibitors for Complex I, Complex III and
Complex IV activity, respectively. For the mitochondrial
ATPase activity assays mitochondria stored at —80°C were
thawed and ATP hydrolysis was measured without osmotic
protection at pH 8.4 in the presence of a saturating amount of
ATP as described previously [63], with the optional addition
of 10 pg/ml oligomycin as the inhibitor of the Fo fragment.

Northern blot analysis

Northern hybridization was performed essentially as described
previously [15,64]. The probes and **P labelling protocols used
to detect each transcript were described previously [15].
Quantitative analysis of blots scanned on the Typhoon FLA
9000 (GE) biomolecular imager was performed in Fiji [65].

Sequence analysis of C. albicans SUV3 and DSS1 genes

DNA and amino acid sequences of SUV3 and DSSI from
C. albicans were obtained from the Candida Genome Database
[66]. Amino acid sequence identity and similarity was calculated
from Needleman-Wunsch global pairwise alignments obtained
using STRETCHER from the EMBOSS suite [67].

Isolation of mitochondria and RNA extraction

RNA was obtained from mitochondria isolated from the log-
phase liquid cultures of C. albicans grown in YPGal as
described previously [15].

Transcriptome sequencing, mapping and analysis

RNA prepared from purified mitochondria was used to con-
struct mitochondrial RNA-seq libraries. RNA-seq libraries Ion
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Total RNA-Seq Kit v2 (ThermoFisher Scientific) were pre-
pared starting with 400-500 ng of mitochondrial RNA,
according to the manufacturer’s protocol. The RNA fragmen-
tation step was shortened to 4 min, preserving intact tRNAs.
RNA quality and library construction was monitored using
BioAnalyzer 2100 (Agilent Technologies) according to the
manufacturer’s protocol.

The libraries were sequenced on the Ion Torrent Proton™
NGS System according to the manufacturer’s instructions.
Raw sequencing data were processed using the Torrent
Suite™ Software (Life Technologies). Barcode removal and
quality trimming were performed in Torrent Suite™ using
default parameters (30% QC threshold, reads <25 nt rejected).
The resulting reads had a mean length of about 120 nt, and
median length of about 110 nt. The processed reads were
exported as FASTQ files.

The complete mtDNA sequence of C. albicans strain
SC5314 (GenBank:AF285261.1), with one of two identical
copies of the inverted repeat region removed and additional
annotations [15] was used as a reference. Reads were mapped
to the reference sequence using BWA-mem [68] which was
found to be the best performing aligner for Ion Torrent data
[69]. SAMtools [70] was used to manipulate the resulting
alignments and to calculate coverage depth for each position
in the reference sequence. The vioplot package in R was used
to visualize coverage depth histograms. Coverage graphs were
obtained by visualizing BWA files obtained using
bamCoverage from the deepTools2 package ([71] in
pyGenomeTracks [72]. Reads mapping to the annotated tran-
scription units in the sense and antisense orientation were
quantified using featureCounts [73] from the Rsubread pack-
age [74].

Mass spectrometry

Mass spectrometry on proteins from isolated mitochondria
was preceded by filter-aided sample preparation (FASP)
[75,76], wusing sequencing grade trypsin (Promega),
Microcon 30 K spin columns (Milipore) and 30 pl of protein
extract (3 pg/ul) per digestion. The LC-MS-MS/MS experi-
ment was performed on an Orbitrap Elite spectrometer
(Thermo). Protein concentrations, relative to the concentra-
tion of mitochondrial porin, were estimated based on MS
spectra, with the use of MaxQuant v1.6.17.0 software and
built-in LFQ algorithm [77,78]. Alternatively, when the num-
ber of detected peptide fragments was not sufficient (as in the
case of Nadlp, represented by three peptides in each sample),
relative abundance was estimated based on peak intensi-
ties [79].

Results

Both mtEXO components are essential for the functioning
of the C. albicans mitochondrial respiratory system

The Suv3 protein in C. albicans is encoded by the
C2_04350C_A gene (0rf19.4519) which is predicted to encode
a protein of 720 amino acids, sharing 46% sequence identity
(64% similarity) with its S. cerevisiae ortholog. The product of

the C. albicans C2_08550C_A (orfl9.3624) gene encodes
a protein of 1146 amino acids with 22% sequence identity
(41% similarity) to Dsslp of S. cerevisiae.

As C. albicans is an obligate diploid, we constructed homo-
zygous deletion mutants in the background of the BWP17
wild-type strain [53]. The ACadss1/ ACadss1 strain was con-
structed in two rounds of transformation using PCR cassettes
with the SATI and HISI markers. The ACasuv3/ ACasuv3
strain was obtained using the CRISPR-Cas9 system adapted
to C. albicans [57]. Additionally, wild-type CaSUV3 and
CaDSS1 genes were reconstituted in their native genomic
loci by recombination following transformation of the respec-
tive homozygous deletants with a linearized pFAURA3 plas-
mid [80] containing a PCR-amplified wild-type gene
sequence. All DNA constructs were verified by sequencing,
and the genotypes of all strains were confirmed by PCR. For
each genotype two independently obtained strains were con-
structed and tested.

Respiratory competence of the mutant strains was assessed
by comparing growth on a non-fermentable carbon source -
glycerol with the fermentable glucose (Fig 1(a)). As some
respiratory defects in C. albicans can be partially compensated
by the activity of an alternative oxidase (AOX) pathway
[81,82], we included a known specific AOX inhibitor - sali-
cylhydroxamic acid (SHAM) in the assay.

The homozygous ACadssl and ACasuv3 strains exhibit
significantly impaired growth on glycerol media, regardless
of the presence of SHAM. On glucose the mutants continue to
grow, even in the presence of SHAM, albeit at a visibly
reduced rate. The respiratory defect in the ACasuv3 strain
seems to be slightly more pronounced than that of the
ACadss] mutant. Reconstitution of a wild-type gene in either
deletant strain restored their ability to grow on non-
fermentable media to wild-type levels.

In order to confirm the results of the growth test we also
performed growth curve measurements in liquid media (Fig 1
(b)). On glucose media both mutant strains grow at a rate that
is similar to that of the wild-type, but they show a longer lag
phase and have a lower carrying capacity (maximum density
at plateau, estimated at 75% of wild-type in YPD, and 40-60%
in YPD + SHAM). On liquid glycerol media the growth defect
is very clear, and more pronounced in the case of the ACasuv3
strain, which essentially fails to exhibit measurable growth.
The addition of SHAM seems to only slightly aggravate the
phenotype of both mutants in this assay. Reconstitution of
a single functional allele of CaSUV3 or CaDSSI restores the
carrying capacity and doubling-time in respiratory media to
near wild-type levels.

These results indicate that both DSSI and SUV3 are
required to maintain respiratory competence in C. albicans.

Pervasive transcription of the mitochondrial genome in
C. albicans mtEXO mutants

In order to gain insight into the role of mtEXO in C. albicans
cells we performed RNA-seq analysis of mitochondrial tran-
scriptomes in the homozygous ACasuv3 and ACadssl strains,
comparing them with the wild-type BWP17 strain. RNA
sequencing libraries were prepared from isolated
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Figure 1. The homozygous ACadss1 and ACasuv3 strains are respiratory-deficient. (a). Growth on solid agar media containing glucose (YPD) or glycerol (YPG) as the
carbon source. Alternative oxidase inhibitor — salicylnydroxamic acid (SHAM) was optionally added at 5 mM. A series of 10x dilutions from an overnight YPD starter
culture were spotted on plates and incubated for 48 h at 30°C. (b). Growth curves based on turbidometric measurements of 1 ml liquid cultures (Bioscreen
C Automated Microbiology Growth Curve Analysis System) were determined at 30°C for 30 h. Three technical replicates for wild-type (WT) and reconstituted (rec)
strains, and three technical replicates of two independent biological replicates for deletant (A) strains were used to calculate plotted mean + SD values.

mitochondria and sequenced using the Ion Torrent Proton™
NGS System. This NGS technology was previously used to
describe the mitochondrial transcriptome of wild-type
C. albicans [15], and is known to perform well in gene
expression studies using reads mapping to a known template
[83], in spite of the slightly higher rate of read errors in
homopolymer sequences [84] compared to other short-read
methods.

Reads were mapped to the mtDNA sequence of C. albicans
strain SC5314 (GenBank:AF285261.1) with one of the two
identical 6.8 kb repeat regions removed. Previous RNA-seq

analysis showed that the sequence of the mitochondrial gen-
ome of BWP17 and SN148 laboratory strains is identical to
this reference [15].

Two independent cultures of the wild-type strain, and two
independent homozygous deletants of each gene were used
for RNA-seq. As there was no significant variation in mapped
read coverage between the replicates, reads from the two
cultures of the same genotype were analysed together. Table
1 presents the sequencing and mapping statistics. The percen-
tage of mapped reads in the wild-type strain (48%) was
comparable to that obtained in our previous study on the
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wild-type C. albicans mitochondrial transcriptome [15].
Mitochondrial RNA preparations from respiratory deficient
strains showed a higher percentage of reads mapping to the
mtDNA reference, consistent with our observations that the

Table 1. Summary of the RNA-seq mapping in the wild-type (BWP17) and
homozygous ACadss1 and ACasuv3 strains.

BWP17 ACadss1 ACasuv3

Total reads 23007600 13282788 13301880

Mapped to mtDNA (%) 11105411 11747820 11667218
(48%) (84%) (88%)

Mapped to transcription units (TUs) 11014996 10792218 10307551
(% of mapped) (99%) (92%) (88%)
Sense (% of mapped to TUs) 11003471 9807730 8851904
(99.9%) (91%) (86%)

A

100% —

ntergenic
TU

WT ACadss1 ACasuv3

amount of cytoplasmic material co-purifying with mitochon-
dria is higher in respiratory competent wild-type strains.
Further analysis and visualization of the results obtained in
the wild-type control strain (Fig 2) also follows the previously
published observations. The majority (99%) of reads map to
the identified primary transcription units in the sense orienta-
tion (Fig 2(a,b)). Only 1% of reads map to regions not anno-
tated as the primary transcripts, and this activity is limited to
a few short fragments, previously identified in the major
noncoding stretch in the repeat region. Few, if any reads
map to regions separating the primary transcription units.
The amount of reads mapping to the transcription units in
antisense orientation in wild-type strains is negligible (<1%).
Distribution of coverage depth shows that in the wild-type

B Antisense
Sense

100% —

WT

ACadss1 ACasuv3

BWP17 ACadss1 ACasuv3

«
_——

| |
0 2000

| | |
4000 6000 8000

coverage density

Figure 2. Statistics of RNA-seq reads mapping to the mtDNA reference sequence in the wild-type (BWP17) and homozygous ACadss1 and ACasuv3 strains. (a).
Percentage of reads mapping to the annotated transcription units (TU [15]), and intergenic regions. (b). Percentage of reads mapping to the annotated transcription
units in sense and antisense orientation. Data for a. and b. were obtained using featureCounts [73] from the Rsubread package [74]. (c). Violin plots showing the
distribution of sites in the the mtDNA reference sequence with varying coverage depth. Width of the plot corresponds to the frequency of sites covered by the
number of reads shown on the X axis. White circles and dark bars correspond to the median and the interquartile range (IQR), respectively. Coverage depth was
calculated using the -depth option of SAMtools [70] and visualized in R using the vioplot package.



strain 3685 positions in the reference sequence have no RNA-
seq reads mapping to them, and the regions with highest
coverage correspond to a small subset of the genome
(Fig 2(c)).

These results conform to the expected landscape of the
mature transcriptome, with relatively few highly expressed
short transcripts, mostly corresponding to tRNAs and, to
a lesser extent, rRNAs, mRNAs present at significantly lower
steady-state levels, and the noncoding and intronic sequences
efficiently removed.

The RNA-seq results obtained in the mtEXO mutants are
in stark contrast to those observed in the wild-type control. In
total, 12% and 8% of reads map to the regions outside the
annotated transcription units in the ACasuv3 and ACadssl
strains, respectively, compared to 1% observed in the wild-
type control (Fig 2(a)). Additionally, reads mapping to the
primary transcripts in the antisense orientation, virtually
absent from the wild-type transcriptome, also show
a marked increase (14% and 9% in the ACasuv3 and
ACadssl strains, respectively) (Fig 2(b)). Quantitative analysis
of the distribution of coverage depth in the mtEXO mutants
also shows a drastically different picture compared to control
(Fig 2(c)) There are no sites in the reference genome without
any reads mapped to them (the lowest coverage values are 576
and 85 in in the ACasuv3 and ACadss1 strains, respectively),
and the majority of genome has very high RNA-seq read
coverage.

A cursory observation of the coverage by reads mapping to
the mitochondrial genome sequence (Fig 3) shows nearly

RNA BIOLOGY (&) 309

uniform coverage of the entire genome in the mutant strains.
In particular, RNA-seq reads cover the noncoding regions,
including fragments separating different transcription units,
and the main non-coding region. Introns, particularly those in
the COX1 gene, also show a much higher coverage.

These results indicate that in the absence of mtEXO func-
tion, transcriptional activity covering the entire mitochondrial
genome is revealed, including a significant amount of anti-
sense (‘mirror’) transcripts. Removal of excised introns is also
visibly impaired. The effect is apparent in both homozygous
mutants, but it is somewhat more pronounced in the ACasuv3
homozygous mutant, reflecting the slightly more pronounced
respiratory phenotype in that strain.

Steady state levels of multiple mitochondrial transcripts
are affected in C. albicans mtEXO mutants

In order to verify how the dysfunction of mtEXO affects the
processing and steady-state levels of mature mitochondrial
transcripts, we performed a series of Northern blot experi-
ments on RNA isolated from mitochondria of the homozy-
gous ACadss] mutant, with the wild-type BWP17 strain used
as control. The deletant with one wild-type CaDSSI allele
reconstituted by recombination was also included in the ana-
lysis. The results (Fig 4(a-d) and Table 2) show that the
steady-state levels of several mature mRNAs are significantly
affected by the deletion of CaDSSI.

Of the mitochondrial mRNAs encoding Complex
I subunits, three bicistronic transcripts (cf. Fig 3 for the
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organization of transcription units): NAD6-NAD1, NAD2-
NAD3, and NAD4L-NAD5 all show decreased steady-state
levels of mature transcripts (13%-29% of wild-type, Table 2),
and, to a varying degree, accumulation of high molecular
weight precursors, particularly apparent for NAD4L-NADS5
(Fig 4(a)). The monocistronic NAD4 mRNA also shows pre-
cursor accumulation, but without significantly decreased
mature transcript level (78% of wild-type). Among transcripts
encoding subunits of Complexes III and IV, expression of
intron-containing transcripts of COB and COX1 is severely
affected (Fig 4(b) and Table 2), with the accumulation of
unspliced precursors and loss of the mature mRNA. The
COX1 transcript is by far the most severely affected, with
only ~5% of mature mRNA remaining (Table 2). The level
of the COX3 transcript is only moderately affected, and COX2
shows no significant decrease in the mutants. The bicistronic
ATP6-ATP8 transcript shows decreased steady-state level of
the mature mRNA to about 24%-28%, whereas the ATP9
mRNA is only moderately decreased (60% of wild-type,
Fig 4(c) and Table 2). No significant reduction in both
rRNAs (RNS and RNL) was observed (Fig 4(d)).

In addition to these effects on mature transcripts, a more
subtle phenotype is also apparent in the majority of Northern
blots (Fig 4(a-d)). Hybridization with samples from the
homozygous ACadss] mutants shows an increased level of
background ‘smear’ signal, both larger and smaller than the
probe target. This is particularly apparent with the NAD4
(Fig 4(a)) and COB (Fig 4(b)) probes, but can be also
observed for other samples. Wild-type and reconstituted sam-
ples show significantly lower background. This is likely to be
the effect of the presence of low-levels of multiple RNA
fragments covering the entire genome, which was revealed
by RNA-seq.

Northern blot analysis of mitochondrial RNA from the
homozygous ACasuv3 mutant showed broadly similar results
to the ones obtained in ACadssl (not shown), with one nota-
ble exception. Hybridization with the small subunit rRNA
probe (RNS) shows a very significant background signal,
with apparent distinct fragments shorter than the mature
rRNA, which disappear upon reconstitution of one wild-type
allele (Fig 4(e)).

Respiratory complex synthesis and activity is affected in
C. albicans mtEXO mutants

In order to assess the effect of transcriptome changes on the
synthesis of mitochondrial oxidative phosphorylation system
complexes, we performed a mass spectrometry analysis of the
mitochondrial proteome, followed by enzymatic visualization
of the activity of Complex I and ATPase (Complex V) on
mitochondrial protein extracts separated in native polyacryla-
mide gels (Fig 5(a)), and in vitro quantitative colorimetric
assays [62] for the activity of Complex I, Complex III, and
Complex IV (Fig 5(b-d)). The function of Complex V was
assessed using a relatively simple (compared to the ATP
synthesis measurement) assay of ATPase activity sensitive to
oligomycin (a specific Fo inhibitor) (Fig 5(e)) [63].

Mass spectrometry analysis (normalized to the levels of
mitochondrial porin) indicates that the levels of detected

mitochondrially encoded proteins Cob, Cox1, Cox2, Nadl,
Nad3, and Nad5 are markedly decreased in the mutant
strains, particularly in ACadssl (Table 2, Supplementary
Table S2). This effect is particularly apparent for the
Complex IV subunits Cox1 and Cox 2 (2% and 9% of wild-
type in ACadssl, respectively). The decrease in detected
protein levels mostly follows that of the respective mRNAs,
with the notable exception of Cox2, where the protein is
present at a significantly lowered amount despite the
mRNA being detected at normal (or even slightly increased)
level, suggesting that translation and/or protein stability is
affected. Not all mitochondrially-encoded proteins were
detected by MS even in the wild-type strain, which is to be
expected based on similar results obtained in human
cells [76].

Visualization of Complex I and Complex V on native gels
shows only a moderate decrease in the levels of assembled
complexes (Fig 5(a)). The levels of unassembled Fo and Fc
fragments of Complex V seem to be slightly increased in the
deletant strains. Synthesis and assembly of these complexes is
thus at least partially preserved, consistent with the presence
(albeit at a reduced level) of the respective mRNAs. As native
gel assays can detect gross abnormalities in the respiratory
complex synthesis, but will not necessarily reveal more subtle
defects, we performed quantitative assays of the respiratory
complex enzymatic activity. The results show a partial, but
significant reduction for Complexes I, III and V, and
a complete loss of Complex IV activity in both homozygous
deletants (Fig 5(b-e)). The activity of Complex I in both
mutants is markedly reduced to about 40% of the wild-type,
and is largely consistent with the observed decrease in mature
mRNA and protein levels (Table 2). This remaining activity is,
however, still higher than that of a control with the CI activity
inhibited by rotenone (27%). Similarly, the activity of
Complex IIT in the mutants is moderately decreased (77%
and 80% of wild-type activity for ACadssl and ACasuv3,
respectively), albeit not as severely, as in the control extract
treated with antimycin (6% of wild-type activity). On the
other hand, Complex IV activity in both ACadssl and
ACasuv3 strains is severely reduced (5% and 22% of wild-
type activity for ACadss1 and ACasuv3, respectively), compar-
able to the control extract treated with NaNs (13% of wild-
type activity). The stark difference between the effect on
Complexes III and IV is indicative of a threshold effect, with
19% of remaining COB mRNA being still sufficient to main-
tain the enzymatic activity of the complex at about 77% level;
whereas the decrease of mature COX1 mRNA to 5% results in
a nearly complete loss of the activity of the complex. Both
total (55% and 74% of wild-type activity for ACadssl and
ACasuv3, respectively) and oligomycin-sensitive (53% and
90% for ACadssl and ACasuv3, respectively) ATP hydrolysis
activity of Complex V shows a moderate, but significant
reduction in the mutant strains, particularly apparent in
ACadssl, in line with the observed reduction in mature
mRNAs and proteins (Table 2).

Such pronounced deficiency in Complex IV, coupled with
a reduced activity of the remaining complexes, would be
sufficient to account for the respiratory negative phenotype
of the mutants.
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Figure 4. Northern blot analysis of mitochondrial mRNA and rRNA transcripts from wild-type (WT, BWP17), homozygous ACadss1 mutants (a-d, two independent
strains), a strain with a single wild-type DSS7 allele reintroduced by recombination (a—d, recCaDSS1) of C. albicans, homozygous ACasuv3 mutants (e, two
independent strains), and a strain with a single wild-type SUV3 allele reintroduced by recombination (e, recCaSUV3). (a). mRNAs encoding subunits of Complex
I. (b). mRNAs encoding subunits of Complex lll (COB) and Complex IV (COX). (c). mRNAs encoding subunits of the ATP synthase (Complex V). (d). rRNAs of the small
(RNS) and large (RNL) subunits of the mitoribosome. (e). Northern blot analysis of mitochondrial rRNA of the small (RNS) subunit in ACasuv3 mutants. RNAs were
prepared from purified mitochondria and separated by agarose/formaldehyde gel electrophoresis in denaturing conditions. Methylene blue staining of the small
subunit cytoplasmic rRNA in the blot is shown below each autoradiogram as a loading control. In panels a-d blot series [NAD2, COB, COX1, RNS]; [NAD4, COX2, RNL];
[NADA4L, ATP9]; [COX3, ATP6]; [NAD5, ATP8] were prepared by stripping and re-hybridizing the same membrane, hence the same loading controls. Two blots within

a single frame indicate that the probes hybridize to two ORFs contained in the same bicistronic mature transcript. Approximate sizes of mature transcripts and most
prominent secondary species are indicated.
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Table 2. Steady-state levels of mature mitochondrial mRNAs determined by
Northern blots (normalized to small subunit cytoplasmic rRNA), levels of selected
mitochondrially-encoded proteins determined by MS (normalized to mitochon-
drial porin), and enzymatic complex activities in the homozygous ACadss7 strain,
expressed as % of the wild-type (BWP17) value. n/a — not available (peptides not
detected by MS).

mRNA in Protein in
Complex Subunit ACadss1 ACadss1 Activity in ACadss1
| NAD1 13% 26% 40%
NAD2  22% n/a
NAD3 29% 44%
NAD4  78% n/a
NAD4L 18% n/a
NAD5 35% 42%
NAD6  24% n/a
1] CoB 19% 12% 77%
\" Cox1 5% 2% 5%
COoX2 120% 9%
COX3  58% n/a
Vv ATP6 28% n/a 55% (total)
ATP8  24% n/a 53% (oligomycin-
ATP9 60% n/a sensitive)
Discussion

Pervasive transcription is revealed in the absence of
mtEXO activity

In order to gain insight into the role of the mtEXO complex
in C. albicans, we analysed the transcriptome of homozygous
ACadss] and ACasuv3 mutant strains using the same
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ACasuv3_2
recCaSUV3

Complex | activity

methodology we previously applied to wild-type mitochondria
in this species. Like in that previous study [15], in wild-type
cells there are no detectable RNA molecules corresponding to
the intergenic noncoding sequences, with the notable excep-
tion of two short transcripts of unknown function originating
from the region between transcription units TU1 and TU2.
Eight clearly separate primary transcription units, each with
its own promoter initiating transcription, are apparent.
Correspondingly, about 10% of the reference mtDNA
sequence has zero coverage by RNA-seq reads in normally
functioning mitochondria.

In stark contrast, in the transcriptomes of mtEXO deficient
mutants, there is evidence of RNA-seq reads covering the
entire mitochondrial genome sequence in both directions.
The levels of different transcripts still vary significantly
(although visibly less than in wild-type), but the separation
of different transcription units is less apparent, as there are
reads covering all the noncoding segments. There are no sites
in the reference genome that are not covered by some RNA-
seq reads. In total, from 8% to 12% of reads map to noncod-
ing regions outside the primary transcription units, compared
to 1% in the wild-type.

RNA-seq, like most transcriptomic analysis methods, pro-
vides information on the steady state of identified RNAs. The
observed increase in RNA-seq reads corresponding to inter-
genic regions and antisense transcripts could thus, in
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principle, result from either increased transcription of these
noncoding sequences, or from deficient degradation of these
transcripts. The latter explanation is, however, much more
likely in view of what is known about the enzymatic activity of
Suv3 and Dssl orthologs in other organisms. Studies in
S. cerevisiae [33] and C. glabrata [34] show that Dssl is a 3'-
to-5' exoribonuclease that is responsible for the RNase activity
of the complex, and the Suv3 helicase is required for efficient
feeding of the substrate to its active site. When RNA species
absent from normal cells appear in a mutant deficient in
a known RNase activity, impaired RNA degradation is the
most likely explanation, in line with interpretation of studies
performed in RNase deficient mammalian cells [85], as well as
human mitochondria [29]. In contrast, proteins with an
RNase activity have never been shown to be participate in
transcription initiation in yeast mitochondria.

The loss of mtEXO activity reveals the existence of tran-
scripts covering the majority of the genome, consistent with
pervasive transcription demonstrated in the Eukaryotic
nucleus [3,5-7,86,87], and in Prokaryotes [4,88,89].
Significant amounts of noncoding RNAs mapping outside
annotated genes were also identified in plant organelle tran-
scriptomes, mostly in chloroplasts [90-93]. Mitochondrial
transcriptome studies of RNA degradation deficient mutants
were mostly limited to human cells [29,30,32], where the
extremely compact genome is transcribed in its entirety
[17,94]. Our results in C. albicans demonstrate that pervasive
mitochondrial transcription occurs in fungal mitochondria
that contain longer noncoding sequences, and is thus likely
a universal phenomenon. As in other systems, the effects of
pervasive mitochondrial transcription in wild-type C. albicans
are undetectable, most likely due to efficient degradation, and
become apparent only in mtEXO deficient mutants.

Antisense transcripts accumulate in the absence of
mtEXO activity

A significant fraction of the abnormal noncoding RNAs that
we identified in the mtEXO deficient mutants corresponds to
transcripts mapping to the sequences of transcription units,
but in an antisense orientation. These ‘mirror RNAs’ are
virtually undetectable in wild-type C. albicans mitochondria,
and in the mutants constitute up to 14% of all reads mapping
to the transcription units.

Accumulation of antisense transcripts was shown in
human mitochondria with impaired degradosome function,
where it contributes to the accumulation of double-stranded
RNA (dsRNA), which is released from mitochondria and
triggers interferon-dependent innate antiviral response
[29,30,32]. In S. cerevisiae, a moderate increase in antisense
transcripts corresponding to two genes was observed in mito-
chondria of a mutant lacking the mitochondrial targeting
sequence of the Dis3 exoribonuclease [14].

Impaired mtEXO function results in aberrant
mitochondrial gene expression and disruption of
mitochondrial respiration

Northern blot analysis of homozygous ACadssl and ACasuv3
mutants revealed some similarities to the phenotypes
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observed in S. cerevisiae. Notably, the expression and proces-
sing of intron-containing pre-mRNAs of COB and COX1 is
severely affected. The visible increase in RNA-seq reads map-
ping to introns and intron-exon boundaries also points to
a splicing defect. The link between RNA degradation and
processing of intron-containing transcripts has been sug-
gested by previous studies in S. cerevisiae [20,36] and
S. pombe [21], and is clearly confirmed by our results. In the
absence of mtEXO RNase activity introns accumulate, which
in turn likely affects splicing, possibly by sequestering protein
factors that assist this process. Also, introns in COX1 and
COB genes contain open reading frames likely to encode
maturase proteins [15] that need to be translated in order to
enable efficient splicing. Generalized mitochondrial gene
expression dysfunction observed in mtEXO mutants could
thus affect splicing by interfering with maturase expression.
Such interpretation is further strengthened by the observation
that even though the introns of large subunit rRNA transcript
(RNL) that lack ORFs do accumulate in the mutants, the
expression of mature rRNA is not significantly affected.

The alterations in the mitochondrial transcriptome of
ACadssl and ACasuv3 mutants have a profound effect on
their respiratory capability. Both strains exhibit a complete
respiratory deficiency, independent of the alternative oxidase
(AOX) activity. Analysis of the mitochondrial proteome and
the activity of mitochondrial electron transfer chain com-
plexes indicates defects that are generally consistent with the
observed decreased levels of mature mRNAs. Activities of
Complex I, III, and IV are clearly decreased in the mutants.
Despite indications of a slight defect in the coordination of its
assembly, evidenced by the presence of free Fo and Fc frag-
ments, the mature Complex V is still present, its ATPase
activity is, however, moderately, but significantly reduced.
A significant decrease of mitochondrial ATP synthesis activity
can occur in S. cerevisiae mutants that exhibit normal or only
slightly decreased ATPase activity [95], but as the mutant
strains are respiratory deficient, it is unclear whether this is
also the case here.

Probably the most interesting aspect of the physiological
phenotype of ACadssl and ACasuv3 mutants is related to the
remarkable difference in the effect on the activity of Complex
I, which is only moderately (albeit significantly) reduced,
and Complex IV, which is totally inactive in ACadssI (and
severely reduced in ACasuv3). This is consistent with the
levels of mature mRNAs of COB and COXI, and indicates
that even a large decrease in the mRNA level is well tolerated
up to a certain threshold, below which the synthesis and
activity of the respiratory complex collapses. This threshold
appears to be quite low, as the activity of Complex III,
Complex I, and Complex V ATPase is reduced only partially,
and it takes the loss of almost all mature COX1 mRNA to
completely disrupt Complex IV. Interestingly, the loss of
COX1 mRNA results in a marked decrease of not only the
Coxl1 protein, but also of the Cox2 protein, despite normal
levels of COX2 mRNA, corroborating that translation of
mitochondrially encoded Complex IV subunits is tightly regu-
lated and coordinated with the complex assembly [96].

Results from prior functional analyses performed in
S. cerevisiae also indicate that the mitochondrial system is
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quite resilient against even significant decreases in mature
mRNA levels. In strains exhibiting about five-fold decrease
in the overall transcription rate, OXPHOS is still functional
enough to enable respiratory growth [35], and mutants with
about 10% of a COX1 mRNA were shown to still maintain
minimal, but observable, respiratory function [97]. Varying
degrees of reduction in multiple mature mRNA levels
observed in this study allowed us to study this phenomenon
of resilience in more detail. One could be tempted to seek
analogy between the phenotype of disturbed mitochondrial
gene expression revealed in this and other yeast studies, and
the threshold effects observed when analysing the impact of
pathological mtDNA mutations in humans on mitochondrial
function, and on the physiological manifestation of the symp-
toms [98]. At this point, however, it remains speculative.
General resilience to change and the presence of threshold
effects could, however, be a fundamental property of mito-
chondrial systems.

The role of mtEXO RNase activity in the shaping of
mitochondrial transcriptome

The results of this study revealed the role played by RNA
degradation in shaping the transcriptome of mitochondria. In
C. albicans mitochondria the functional distinction between
coding and noncoding regions, i.e. traditionally identified
transcription units and intergenic spacers is realized primarily
on the post-transcriptional level, in spite of the presence of
individual transcription start sites [15]. Homologs of mito-
chondrial transcription termination factors that that are pre-
sent in Metazoa and plants have not been identified in Fungi,
including yeasts [99], and mechanisms that might terminate
mitochondrial transcription in this group remain unknown.
In mtEXO mutants, primary transcripts extend to areas
downstream of the 3’ terminus observed in wild-type mito-
chondria, suggesting that this 3’-to-5" RNase activity plays an
important role in the generation of proper 3' transcript ends.
RNA-seq coverage of the noncoding intergenic regions is
generally still lower than for transcription units, suggesting
that additional mechanism may contribute to the generation
of primary and mature transcripts. Whether this involves
another RNase activity, like the ortholog of the PET127 gene
[100] encoding a putative 5'-3" exoribonuclease, or yet another
mechanism requires further investigation.

Since the organization of the mitochondrial genome into
several polycistronic transcription units separated by noncoding
regions of varying length is a feature shared by most (if not all)
genomes of yeasts and other Fungi [101-103], it is reasonable to
believe that the role of the mtEXO complex in shaping the
functional mitochondrial transcriptome is also similar in other
species of this group. The studies performed in S. cerevisiae dis3
mutant [14] did not, however, provide evidence for truly per-
vasive transcription encompassing the entirety of noncoding
mtDNA regions, and the accumulation of mirror RNAs was
relatively limited compared to what can be observed in
C. albicans in our experiments (and in human mitochondria
as well). This could be due to the fact that yeast Dis3 is primarily
a cytoplasmic and nuclear protein [104-107], and its function in
mitochondria is secondary to that of mtEXO. Also, in spite of

superficial ~similarities, the mitochondrial genomes of
S. cerevisiae and C. albicans show significant differences, con-
sistent with their evolutionary distance (discussed in detail in
[15]), that are particularly manifested in the greater length and
number of intergenic noncoding regions in the former. Our
results are the first indication of pervasive mitochondrial tran-
scription among yeasts, and further studies are necessary to
determine to what extent the phenomenon is prevalent in this
very diverse group of Fungi.

The phenomenon of pervasive transcription of noncoding
regions was observed in many different genomic systems. It is
still not clear whether it is just a ‘wasteful’ process that is not
detrimental enough to be eliminated by evolution, or perhaps
a mechanism with a biological function that is yet to be identified.
In the nucleus it could be involved in maintaining genome
stability through transcription-coupled DNA repair [108]. There
is, however, no clear evidence of such a repair mechanism oper-
ating in mitochondria. Reductive evolution of the endosymbiont
genome that gave rise to modern organellar genomes entailed not
only a reduction in coding capacity, but also a significant simpli-
fication of the regulatory mechanisms, particularly those related
to transcriptional control [38]. Relying on a very simple, two-
component RNase complex for the shaping of transcriptome
could be another indication of this evolutionary trend.
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