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A B S T R A C T

Cardiolipin (CL) is a unique lipid component of mitochondria in all eukaryotes. It is important for the archi-
tecture of mitochondrial membranes and for mitochondrial dynamics. CL also creates a highly specific micro-
environment of mitochondrial protein machineries. CL biosynthetic pathway is, however, only partially char-
acterized in the fission yeast Schizosaccharomyces pombe. Here we show that CL synthase is an essential protein in
S. pombe. It is encoded by the ORF SPAC22A12.08c as a C terminal part of a tandem fusion protein together with
a mitochondrial hydrolase of unknown function. Expression of S. pombe CL synthase is able to complement
deletion of the CRD1 gene of Saccharomyces cerevisiae and, vice versa, S. cerevisiae CRD1 gene complements
deletion of S. pombe SPAC22A12.08c. The proper expression of CL synthase and its partner in the tandem
protein, the mitochondrial hydrolase, is regulated at the level of alternate intron splicing. The first part of the
SPAC22A12.08c fusion protein could be translated from both major SPAC22A12.08c derived mRNAs, with and
without intron IV. Functional CL synthase, however, is produced only from the minor SPAC22A12.08c derived
mRNA that has intron IV retained. Thus, intron retention is a novel mechanism for the differential expression of
two proteins that evolved as a fusion protein and are under the control of the same promoter.

1. Introduction

Cardiolipin (CL, diphosphatidylglycerol) is a unique lipid compo-
nent of mitochondria in all eukaryotes. It is an anionic, non-bilayer
forming phospholipid with a relatively small hydrophilic head group
compared to a larger hydrophobic domain consisting of four acyl
chains. This molecular architecture gives CL its conical shape. The
optimal membrane lipid composition is essential for critical mi-
tochondrial processes including maintaining proper membrane archi-
tecture, protein import, and oxidative phosphorylation (for review see
[1]). Particularly, CL is essential for the biogenesis, stability, and ac-
tivity of respiratory chain complexes and for mitochondrial dynamics
[2, 3]. CL role in signaling, especially in mitophagy and apoptosis,
started to emerge recently [4]. The biosynthetic pathway leading to the
formation of CL has been best characterized in the yeast Saccharomyces
cerevisiae [5]. It starts with phosphatidic acid (PA) which is transported
to the inner mitochondrial membrane with the help of a hetero-dimeric
complex Ups1-Mdm35 [6]. Subsequently, synthesis of cytidine

diphosphate diacylglycerol (CDP-DAG) from PA and cytidine tripho-
sphate (CTP) is catalyzed by mitochondrial CDP-DAG synthase Tam41
[7]. CDP-DAG is further converted to phosphatidylglycerol (PG) by
phosphatidylglycerolphosphate (PGP) synthase Pgs1 [8, 9] and PGP
phosphatase Gep4 [10]. In yeasts, as in all eukaryotes, CL is formed
from one molecule of CDP-DAG and one molecule of PG. This con-
densation reaction is catalyzed by CL synthase Crd1 [11–13]. Newly
synthesized CL than acquires a distinctive set of fatty acids in the re-
modeling process that starts by formation of mono-lyso CL (MLCL),
mediated by Cld1 [14, 15], which is subsequently transacylated by CL-
specific transacylase tafazzin, Taz1 [16]. Studies of CL synthase in other
organisms, including humans [17–19] and plants [20, 21], followed
identification of CL synthase in the yeast S. cerevisiae.

The fission yeast Schizosaccharomyces pombe is an important uni-
cellular organism for the study of eukaryotic molecular and cellular
biology, in many aspects better resembling higher eukaryotes than its
distant cousin, S. cerevisiae [22]. It has been used predominantly in the
fields of cell-cycle control and differentiation, although it is becoming
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Juraj Gazdarica2,3,4, Michaela Zrubcová4, Andrej Ficek4,
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Abstract

Motivation: Short tandem repeats (STRs) are stretches of repetitive DNA in which short sequences,
typically made of 2–6 nucleotides, are repeated several times. Since STRs have many important
biological roles and also belong to the most polymorphic parts of the human genome, they became
utilized in several molecular-genetic applications. Precise genotyping of STR alleles, therefore, was
of high relevance during the last decades. Despite this, massively parallel sequencing (MPS) still
lacks the analysis methods to fully utilize the information value of STRs in genome scale assays.
Results: We propose an alignment-free algorithm, called Dante, for genotyping and characteriza-
tion of STR alleles at user-specified known loci based on sequence reads originating from STR loci
of interest. The method accounts for natural deviations from the expected sequence, such as vari-
ation in the repeat count, sequencing errors, ambiguous bases and complex loci containing several
different motifs. In addition, we implemented a correction for copy number defects caused by the
polymerase induced stutter effect as well as a prediction of STR expansions that, according to the
conventional view, cannot be fully captured by inherently short MPS reads. We tested Dante on
simulated datasets and on datasets obtained by targeted sequencing of protein coding parts of
thousands of selected clinically relevant genes. In both these datasets, Dante outperformed
HipSTR and GATK genotyping tools. Furthermore, Dante was able to predict allele expansions in
all tested clinical cases.
Availability and implementation: Dante is open source software, freely available for download at
https://github.com/jbudis/dante.
Contact: budis@dcs.fmph.uniba.sk
Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

The uniqueness of each individual in a population is based to a great

degree on interindividual and intraindividual variations of their

genomes. Short tandem repeats (STRs), or microsatellites, are

responsible for a great part of this variability. They represent repeti-

tive DNA in which certain motifs, typically 2–6 base pairs (bp) long,

are repeated several times, and for many STR loci the number of

such repeating units is highly variable. Since they represent the most
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Abstract

Motivation: Non-invasive prenatal testing or NIPT is currently among the top researched topic in
obstetric care. While the performance of the current state-of-the-art NIPT solutions achieve high
sensitivity and specificity, they still struggle with a considerable number of samples that cannot be
concluded with certainty. Such uninformative results are often subject to repeated blood sampling
and re-analysis, usually after two weeks, and this period may cause a stress to the future mothers
as well as increase the overall cost of the test.
Results: We propose a supplementary method to traditional z-scores to reduce the number of such
uninformative calls. The method is based on a novel analysis of the length profile of circulating cell
free DNA which compares the change in such profiles when random-based and length-based elim-
ination of some fragments is performed. The proposed method is not as accurate as the standard
z-score; however, our results suggest that combination of these two independent methods correct-
ly resolves a substantial portion of healthy samples with an uninformative result. Additionally, we
discuss how the proposed method can be used to identify maternal aberrations, thus reducing the
risk of false positive and false negative calls.
Availability and implementation: The open-source code of the proposed methods, together with
test data, is freely available for non-commercial users at github web page https://github.com/jbu
dis/lambda.
Contact: fduris@dcs.fmph.uniba.sk
Supplementary information: Supplementary materials are available at Bioinformatics online.

VC The Author(s) 2018. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com 1

Bioinformatics, 2018, 1–8

doi: 10.1093/bioinformatics/bty806

Advance Access Publication Date: 14 September 2018

Original paper

D
ow

nloaded from
 https://academ

ic.oup.com
/bioinform

atics/advance-article-abstract/doi/10.1093/bioinform
atics/bty806/5096927 by D

upre Library Serials D
ept user on 17 O

ctober 2018

Genome analysis

Combining count- and length-based z-scores
leads to improved predictions in non-invasive
prenatal testing

Jaroslav Budis 1,2,3, Juraj Gazdarica2,4, Jan Radvanszky2,5, Gabor
Szucs6, Marcel Kucharik7, Lucia Strieskova2,4, Iveta Gazdaricova4,
Maria Harsanyova2,4, Frantisek Duris 2,3,*, Gabriel Minarik7,
Martina Sekelska7, Balint Nagy8, Jan Turna3,4,9 and Tomas Szemes2,4,9

1Department of Computer Science, Faculty of Mathematics, Physics and Informatics, Comenius University,
Bratislava 842 48, Slovakia, 2Bratislava, Geneton s.r.o, Bratislava 841 04, Slovakia, 3Slovak Centre of Scientific and
Technical Information, Bratislava 811 04, Slovakia, 4Department of Molecular Biology, Faculty of Natural Sciences,
Comenius University, Bratislava 842 15, Slovakia, 5Institute of Clinical and Translational Research, Biomedical
Research Center, Slovak Academy of Sciences, Bratislava 845 05, Slovakia, 6Department of Applied Mathematics
and Statistics, Faculty of Mathematics, Physics and Informatics, Comenius University, Bratislava 842 48, Slovakia,
7Medirex a.s, Bratislava 820 16, Slovakia, 8Department of Human Genetics, University of Debrecen, Debrecen
H-4032, Hungary and 9Comenius University Science Park, Bratislava 841 04, Slovakia

*To whom correspondence should be addressed.

Associate Editor: Inanc Birol

Received on May 24, 2018; revised on August 16, 2018; editorial decision on September 9, 2018; accepted on September 13, 2018

Abstract

Motivation: Non-invasive prenatal testing or NIPT is currently among the top researched topic in
obstetric care. While the performance of the current state-of-the-art NIPT solutions achieve high
sensitivity and specificity, they still struggle with a considerable number of samples that cannot be
concluded with certainty. Such uninformative results are often subject to repeated blood sampling
and re-analysis, usually after two weeks, and this period may cause a stress to the future mothers
as well as increase the overall cost of the test.
Results: We propose a supplementary method to traditional z-scores to reduce the number of such
uninformative calls. The method is based on a novel analysis of the length profile of circulating cell
free DNA which compares the change in such profiles when random-based and length-based elim-
ination of some fragments is performed. The proposed method is not as accurate as the standard
z-score; however, our results suggest that combination of these two independent methods correct-
ly resolves a substantial portion of healthy samples with an uninformative result. Additionally, we
discuss how the proposed method can be used to identify maternal aberrations, thus reducing the
risk of false positive and false negative calls.
Availability and implementation: The open-source code of the proposed methods, together with
test data, is freely available for non-commercial users at github web page https://github.com/jbu
dis/lambda.
Contact: fduris@dcs.fmph.uniba.sk
Supplementary information: Supplementary materials are available at Bioinformatics online.

VC The Author(s) 2018. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com 1

Bioinformatics, 2018, 1–8

doi: 10.1093/bioinformatics/bty806

Advance Access Publication Date: 14 September 2018

Original paper

D
ow

nloaded from
 https://academ

ic.oup.com
/bioinform

atics/advance-article-abstract/doi/10.1093/bioinform
atics/bty806/5096927 by D

upre Library Serials D
ept user on 17 O

ctober 2018



Dekan Prírodovedeckej fakulty Univerzity Komenského v Bratislave 
 

udeľuje  
 

Špeciálnu Cenu dr. Ludmily Sedlárovej-Rabanovej 
 

Mgr. Jaroslavovi Budišovi, PhD. 
 

 za vynikajúce vedecké výsledky v oblasti vývoja nových bioinformatických nástrojov na analýzu sekvencií 
genomických DNA publikovaných v časopise Bioinformatics 

 
 
 V Bratislave dňa 10. decembra 2018 

 
 

  doc. RNDr. Milan Trizna, PhD.       prof. RNDr. Ľubomír Tomáška, DrSc. 
dekan Prírodovedeckej fakulty UK                                   za odbornú komisiu pre udeľovanie        

Ceny a Štipendia dr. Ludmily Sedlárovej-Rabanovej 



GENETICS | INVESTIGATION

Evolutionary pathways for the generation of new
self-incompatibility haplotypes in a non-self

recognition system
Katarína Bod’ová⇤,†,1, Tadeas Priklopil⇤,‡, David L. Field⇤,§, Nicholas H. Barton⇤ and Melinda Pickup⇤

⇤
Institute of Science and Technology Austria (IST Austria), Am Campus 1, Klosterneuburg A-3400, Austria,

†
Department of Mathematical Analysis and

Numerical Mathematics, Faculty of Mathematics, Physics and Informatics, Comenius University, Mlynská Dolina, 84248, Bratislava, Slovakia,
‡
Department of

Ecology and Evolution, University of Lausanne, UNIL Sorge, Le Biophore, CH-1015, Lausanne, Switzerland,
§
Department of Botany and Biodiversity Research,

University of Vienna, Faculty of Life Sciences, Rennweg 14, A-1030 Vienna, Austria

ABSTRACT Self-incompatibility (SI) is a genetically based recognition system that functions to prevent self-fertilization
and mating among related plants. An enduring puzzle in SI is how the high diversity observed in nature arises and is
maintained. Based on the underlying recognition mechanism, SI can be classified into two main groups: self- and non-self
recognition. Most work has focused on diversification within self-recognition systems despite expected differences
between the two groups in the evolutionary pathways and outcomes of diversification. Here, we use a deterministic
population genetic model and stochastic simulations to investigate how novel S-haplotypes evolve in a gametophytic
non-self recognition (SRNase/S Locus F-box (SLF)) SI system. For this model the pathways for diversification involve
either the maintenance or breakdown of SI and can vary in the order of mutations of the female (SRNase) and male (SLF)
components. We show analytically that diversification can occur with high inbreeding depression and self-pollination,
but this varies with evolutionary pathway and level of completeness (which determines the number of potential mating
partners in the population), and in general is more likely for lower haplotype number. The conditions for diversification
are broader in stochastic simulations of finite population size. However, the number of haplotypes observed under
high inbreeding and moderate to high self-pollination is less than that commonly observed in nature. Diversification
was observed through pathways that maintain SI as well as through self-compatible intermediates. Yet the lifespan of
diversified haplotypes was sensitive to their level of completeness. By examining diversification in a non-self recognition
SI system, this model extends our understanding of the evolution and maintenance of haplotype diversity observed in a
self recognition system common in flowering plants.

KEYWORDS Self-incompatibility, diversification, balancing selection, inbreeding depression, S-Locus F-Box, SRNase

Introduction

THE origin and maintenance of the extraordinary diversity
observed at loci involved in genetically based recognition

systems such as MHC in animals (Hedrick 1998), mating types
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in fungi (May et al. 1999) and self-incompatibility (SI) in plants
(Wright 1939; Lewis 1949) has long fascinated evolutionary bi-
ologists. In all these systems, balancing selection maintains
genetic variation (Charlesworth 2006a; Delph and Kelly 2014).
Plant self-incompatibility is widespread in flowering plants (Igic
et al. 2008) and functions to prevent self-fertilization and the
consequent deleterious effects of inbreeding depression. Here,
negative frequency-dependent selection, a form of balancing
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ABSTRACT Self-incompatibility (SI) is a genetically based recognition system that functions to prevent self-fertilization
and mating among related plants. An enduring puzzle in SI is how the high diversity observed in nature arises and is
maintained. Based on the underlying recognition mechanism, SI can be classified into two main groups: self- and non-self
recognition. Most work has focused on diversification within self-recognition systems despite expected differences
between the two groups in the evolutionary pathways and outcomes of diversification. Here, we use a deterministic
population genetic model and stochastic simulations to investigate how novel S-haplotypes evolve in a gametophytic
non-self recognition (SRNase/S Locus F-box (SLF)) SI system. For this model the pathways for diversification involve
either the maintenance or breakdown of SI and can vary in the order of mutations of the female (SRNase) and male (SLF)
components. We show analytically that diversification can occur with high inbreeding depression and self-pollination,
but this varies with evolutionary pathway and level of completeness (which determines the number of potential mating
partners in the population), and in general is more likely for lower haplotype number. The conditions for diversification
are broader in stochastic simulations of finite population size. However, the number of haplotypes observed under
high inbreeding and moderate to high self-pollination is less than that commonly observed in nature. Diversification
was observed through pathways that maintain SI as well as through self-compatible intermediates. Yet the lifespan of
diversified haplotypes was sensitive to their level of completeness. By examining diversification in a non-self recognition
SI system, this model extends our understanding of the evolution and maintenance of haplotype diversity observed in a
self recognition system common in flowering plants.

KEYWORDS Self-incompatibility, diversification, balancing selection, inbreeding depression, S-Locus F-Box, SRNase

Introduction

THE origin and maintenance of the extraordinary diversity
observed at loci involved in genetically based recognition
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Abstract

Recent developments in automated tracking allow uninterrupted, high-resolution recording

of animal trajectories, sometimes coupled with the identification of stereotyped changes of

body pose or other behaviors of interest. Analysis and interpretation of such data represents

a challenge: the timing of animal behaviors may be stochastic and modulated by kinematic

variables, by the interaction with the environment or with the conspecifics within the animal

group, and dependent on internal cognitive or behavioral state of the individual. Existing

models for collective motion typically fail to incorporate the discrete, stochastic, and internal-

state-dependent aspects of behavior, while models focusing on individual animal behavior

typically ignore the spatial aspects of the problem. Here we propose a probabilistic modeling

framework to address this gap. Each animal can switch stochastically between different

behavioral states, with each state resulting in a possibly different law of motion through

space. Switching rates for behavioral transitions can depend in a very general way, which

we seek to identify from data, on the effects of the environment as well as the interaction

between the animals. We represent the switching dynamics as a Generalized Linear Model

and show that: (i) forward simulation of multiple interacting animals is possible using a vari-

ant of the Gillespie’s Stochastic Simulation Algorithm; (ii) formulated properly, the maximum

likelihood inference of switching rate functions is tractably solvable by gradient descent; (iii)

model selection can be used to identify factors that modulate behavioral state switching and

to appropriately adjust model complexity to data. To illustrate our framework, we apply it to

two synthetic models of animal motion and to real zebrafish tracking data.

Introduction

One of the most fascinating topics in interdisciplinary research is to understand the complexi-
ties of animal behavior in naturalistic settings. Many essential questions, explored previously
either through direct observations or qualitatively using mathematical models, remain unan-
swered at the quantitative level that can connect to large scale data: How predictable is
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Copyright: © 2018 Bod’ová et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All data files on fish
motion are available from the website https://
github.com/harpazone/Zebrafish-swimming-data.

Funding: This work was supported by the Human
Frontier Science Program RGP0065/2012 (GT, ES).

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Probabilistic models of individual and
collective animal behavior
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