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Abstract

Saccharomycotina yeasts belong to diverse clades within the kingdom of fungi and are important to human everyday life. This
work investigates the evolutionary relationships among these yeasts from a mitochondrial (mt) genomic perspective. A com-
parative study of 155 yeast mt genomes representing all major phylogenetic lineages of Saccharomycotina was performed,
including genome size and content variability, intron and intergenic regions’ diversity, genetic code alterations, and syntenic
variation. Findings from this study suggest that mt genome size diversity is the result of a ceaseless random process, mainly
based on genetic recombination and intron mobility. Gene order analysis revealed conserved syntenic units and many occur-
ring rearrangements, which can be correlated with major evolutionary events as shown by the phylogenetic analysis of the
concatenated mt protein matrix. For the first time, molecular dating indicated a slower mt genome divergence rate in the
early stages of yeast evolution, in contrast with a faster rate in the late evolutionary stages, compared to their nuclear
time divergence. Genetic code reassignments of mt genomes are a perpetual process happening in many different parallel
evolutionary steps throughout the evolution of Saccharomycotina. Overall, this work shows that phylogenetic studies based
on the mt genome of yeasts highlight major evolutionary events.
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Significance

Mitochondria (mt) are organelles of eukaryotic cells that play an important role in the efficient production of ATP. Yeasts
are conditional aerobes, but functional mt are of utmost importance. Mt originated from an ancestral a-proteobacterial
endosymbiont and they are semi-autonomous, since they carry their own mt genomes. The mitogenomes of yeasts pro-
vide insights to the still incomplete picture of their phylogeny and evolution. In this study, a phylogenetic analysis of mt
genes, a comparative genome analysis concerning gene content and order, intron abundance and gene codon usage,
combined with molecular dating helped deciphering the evolution of mt in yeasts. This work showed that mt genomes
evolved in a perpetual manner with different divergence rates compared to nuclear genomes.
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Introduction

Ascomycetous yeasts comprise some of the most econom-
ically and clinically important species within the fungal
kingdom, which influence many aspects of humans’ every-
day life. For instance, the production of some of the most
common foods in human diet, like bread and wine, involves
Saccharomyces cerevisiae (Botstein and Fink 2011; Peter
et al. 2018), while other yeasts contribute to the fermenta-
tion and flavoring of alcoholic beverages (Eldarov et al.
2016). Other members of the Saccharomycotina subphy-
lum, like some Candlida species, cause serious human infec-
tions (Wang et al. 2018; Pote et al. 2020). Besides their
importance to humans, Saccharomycotina yeasts present
several other characteristics like (usually) a single cell
morphology, asexual and sexual reproduction by budding
and the formation of ascospores, respectively, and faculta-
tive respiration. These characteristics render them highly in-
teresting for research, since they can be employed as
single-cell eukaryotic models, with S. cerevisiae as the
most commonly used example (Stajich et al. 2009;
Kurtzman and Boekhout 2017; Nielsen 2019).

According to current taxonomy, Saccharomycotina con-
sists of a single order, Saccharomycetales, in contrast with
other fungal subphyla that contain several discernible or-
ders. The main reason for this taxonomy is the “simple”
morphology of the budding yeast cells, lacking sufficient
morphological discrimination (Knop 2011). Molecular
based phylogenies classify yeasts at the family level.
Recent phylogenetic studies divide this subphylum into 12
families (Shen et al. 2018), in contrast to previous studies
which were based on few nuclear molecular markers that
assigned them into 11 different families (Kurtzman 2011;
Kurtzman and Boekhout 2017). Numerous studies during
the last two decades showed that Saccharomycotina pre-
sents high levels of genetic variability (Benitez et al. 1996;
Braun 2003; Teresa Fernandez-Espinar et al. 2003; Dujon
2006). Contrasting morphological similarity between spe-
cies like Yarrowia lipolytica and S. cerevisiae, however their
genetic differentiation has reached extensive levels, similar
to that between roundworm and human genome (Dujon
2006; Shen et al. 2018). This genetic diversity is attributed
to several evolutionary events that took place within this lin-
eage, like the alteration of their genetic code and whole
genome duplication (WGD) event (Kellis et al. 2004;
Wolfe 2004; Krassowski et al. 2018). In detail, genetic
code alterations occurred in three independent evolution-
ary events, during which the CUG codon translated
Serine (two different events) or Alanine (third event), in-
stead of Leucine (universal genetic code). As a result, phylo-
genetic trees support the existence of the CUG-Serl,
CUG-Ser2, and CUG-Ala distinct groups (Santos et al.
1997; Miranda et al. 2006; Krassowski et al. 2018). The se-
cond evolutionary landmark which influenced genetic

diversity in yeasts is the WGD event that happened ~100
million years ago (MYA) in Saccharomycetaceae (Wolfe
and Shields 1997; Kellis et al. 2004). It is proposed that
WGD is the result of autopolyploidization or hybridization.
Recently, a model was proposed to explain this WGD
(Marcet-Houben et al. 2015), with genetic rearrangements,
gene losses, and mutations following a hybridization event
that led to genome evolution and adaptation (Wolfe 2015;
Fisher et al. 2018; Escalera-Fanjul et al. 2019).

The mitochondrion (mt) is a vital organelle due to its role
in energy production of eukaryotic cells (Hatefi 1985).
Multiple mt exist inside a cell containing their own genome
(mtDNA) in multiple replicates, with genes encoding,
among other products, proteins necessary for oxidative
phosphorylation (de Zamaroczy and Bernardi 1985;
Burger et al. 2003). The first sequenced mtDNAs of the
Saccharomycotina  subphylum  were  those  of
Wickerhamomyces canadensis and S. cerevisiae (Sekito
et al. 1995; Foury et al. 1998). The mt genes located in
the genomes of Saccharomycotina species are the genes
typically found among the majority of fungal and metazoan
lineages, i.e., subunits of the adenosine triphosphate (ATP)
synthase complex (atp6, atp8, and atp9), apocytochrome b
(cob), cytochrome c oxidase complex (cox1-3), nicotina-
mide adenine dinucleotide (NADH) dehydrogenase
(nad1-6, nad4l), the small and large rRNA (rns and rnl),
and approximately 25 tRNAs (Kouvelis et al. 2004; Dujon
2010; Solieri 2010; Korovesi et al. 2018). Interestingly, mt
genes encoding subunits of NADH dehydrogenase are ab-
sent in specific Saccharomycotina mt genomes, i.e., species
belonging to families  Saccharomycetaceae and
Saccharomycodaceae (Pramateftaki et al. 2006; Freel
et al. 2015).

The mtDNA has been utilized for comparative genomics
of the phylum Ascomycota at various taxonomic levels
(Freel et al. 2015; Wolters et al. 2015; Hao 2022), as it
has a different evolution rate compared to the nuclear gen-
ome, which makes mtDNA a valuable alternative source of
phylogenetic markers as previously shown (Ballard and
Whitlock 2004; Kouvelis et al. 2008; Duo et al. 2012;
Kortsinoglou et al. 2019). The size of the mtDNA varies
greatly among Saccharomycotina species, i.e., from
18,884 bp (Hansenianspora uvarum) to 107,123 bp
(Nakaseomyces bacillisporus) up to now (Pramateftaki
et al. 2006; Bouchier et al. 2009). The majority of yeast
mt genomes are reported as circular molecules
(Williamson 2002). Candida parapsilosis (Kovac et al.
1984) and Hansenula mrakii (Wesolowski and Fukuhara
1981) were the first two described yeast species presenting
linear mtDNAs. Recent studies suggest that mt genomes of
yeast are linear, or circular mapping, or interconvert be-
tween the two topologies (Nosek et al. 1998; Nosek and
Tomaska 2003; Shen et al. 2018). Moreover, the mt gene
order (synteny) is diverse among taxa, even withing the
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same genus (Fricova et al. 2010; Bartelli et al. 2013; Freel
et al. 2015). It has been observed that certain gene clusters
are formed, that remain conserved despite the general oc-
curring relocations of mt regions (Pantou et al. 2008). These
existing patterns help to identify gene rearrangements and
partial genome inversions and duplications. The above
characteristics, as well as the frequent intra- and inter-
species recombination of mtDNA (Fritsch et al. 2014;
Brankovics et al. 2017), render mtDNA helpful for resolving
phylogenetic relationships of Saccharomycotina yeasts.
This work aims to study the evolutionary relationships of
ascomycetous yeasts (in the rest of the manuscript referred
to as “yeasts”) from an mt genomic perspective. The ques-
tions to be answered concern the evolution of mt genomes
and their features, as well as their potential contribution to
the evolution of Saccharomycotina. The resolution of the
phylogenetic positioning of all families, as supported by
the concatenated mt gene matrix, is also addressed. This
will be combined with the timeframe during which the evo-
lutionary changes have happened, as shown by the mt
genes used in the phylogenetic matrix. To this end, this
study investigates the genetic elements (i.e., introns, gene
clusters, intergenic regions, GC islands), genetic mechan-
isms (i.e., recombination) and evolutionary events (i.e., gen-
etic code changes) under the prism of molecular dating.
Moreover, it examines their impact on shaping the existing
phylogenetic relationships within this subphylum.

Results

In order to investigate the evolution of Saccharomycotina
subphylum from a mt perspective, mt genomes of 155 yeast
species and strains were examined, representing all known
phylogenetic families. The genome sizes varied greatly with
the smallest and largest being the ones of Hanseniaspora
pseudoguilliermodii (11,223 bp—whole genome sequen-
cing [WGS] from Shen et al. 2018; mt retrieval and annota-
tion in this work, see doi: 10.6084/m9.figshare.19714219)
and Saccharomycopsis malanga (173,850 bp—CP025327;
annotation in this work, see doi: 10.6084/m?9.figshare.
19714219), respectively. The size of roughly half of the gen-
omes examined (53.8%) was distributed between 20-
39.9 kb. When including sizes ranging from 40 to 40.9 kb,
70.7% of all assessed genomes fit this size distribution
(supplementary table S1, Supplementary Material online).
Genome diversity was further analyzed along with synteny,
introns intergenic regions, phylogeny and molecular dating.
Furthermore, 20 species representing the other Ascomycota
subphyla, i.e., 10 Pezizomycotina and 10 Taphrinomycotina,
were used as outgroups.

Mt concatenated gene phylogeny

The sequences of the 14 conserved mt proteins were used to
determine the phylogenetic relationships of yeasts. Single

gene phylogenies presented the phylogenetic signal of
each gene itself, and in order to represent the phylogeny
of the whole mt genome, a concatenated approach was fol-
lowed. The tree produced by Bayesian analysis was well sup-
ported, as almost all clade topologies presented posterior
probability values of 100% (Fig. 1). This result was mostly
in accordance with the trees produced by the Neighbor-
Joining (NJ) and Maximum Likelihood (ML) methods. In the
Bayesian-based tree, the 155 yeast taxa formed 11 phylo-
genetic clades with almost identical topologies to those ob-
tained by the nuclear based phylogeny (Shen et al. 2018),
with only the three following differences: 1) the
Hanseniaspora clade was placed basally to the CUG-Ser1
clade apart of Saccharomycodes ludwigii, the other member
of the family, 2) Komagataella pastoris appeared to be inside
the CUG-Ala clade and not in its closely related family
(Pichiaceae), and 3) the KLE (Lachancea, Kluyveromyces,
and Eremothecium) Saccharomycetaceae group is not
monophyletic, but the Kluyveromyces clade is basal to the
Lachancea clade and Eremothecium spp. are placed in a sis-
ter clade of S. ludwigii (Fig. 1). Based on the only available mt
genome of S. malanga, mt based phylogeny confirmed that
the CUG-Ser2 clade was basal to the clade containing the
families Saccharomycetaceae and Phaffomycetaceae and it
did not seem to be related to the CUG-Ser1 clade, as was
also supported by the nuclear data (Shen et al. 2018).

Molecular dating

Molecular dating was used to estimate the divergence of the
Saccharomycotina subphylum, presented by the mt phyl-
ogeny and calculated by the Rel-Time method of MEGA11
and the LSD2 method in IQ-TREE (Figs. 1 and 2 and
supplementary file S2 and table S2, Supplementary
Material online). For estimating the molecular clock of this
tree, the same calibration point used in the work of Shen
etal. (2018) were employed. For simplicity reasons, in the fol-
lowing text the divergence times will be presented as
RelTime/LSD2 based divergence times. Main findings worth
mentioning were 1) the subphylum originated approximate-
ly 567/471 MYA, 2) the WGD group diverged 74/83 MYA
from the ZT clade (Zygosaccharomyces/Torulaspora) of the
Saccharomycetaceae, 3) the CUG-Ser1 and CUG-Ser2 clades
diverged independently from their closest relatives
(Pichiaceae and Saccharomycetaceae/Phaffomycetaceae)
at 227/241 and 213/241 MYA, respectively and, 4) the
CUG-Ala clade diverged from Pichiaceae at 137/174 MYA
(Fig. 2). In brief, the outcome of all analyses of molecular
dating showed that mt phylogenetic dating is significantly
different from the nuclear one and the mt phylogeny re-
vealed a faster and slower evolutionary rate in later and
earlier divergence events. Mt molecular dating using the
RelTime method seemed to be closer to the nuclear dating
than when using the LSD2 method, possibly due to the
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different algorithms used by these two methods (Fig. 1 and properties. In all fungal mt genomes, the content in pro-
supplementary file S1, Supplementary Material online). tein coding genes related to oxidative phosphorylation

and production of ATP was conserved, with the
General characteristics of mt genomes single exception of the genes coding subunits of the
The 155 yeast mt genomes studied in this work presented NADH complex which were absent in the families
a few similar characteristics and several different Saccharomycetaceae and Saccharomycodaceae. Based
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on the mt molecular dating, this gene loss was dated 181/
190 MYA (Fig. 2).

Most yeast families presented a uniform pattern of presence
or absence of rps3, a gene that contributes to the assembly of
the small ribosomal subunit. Specifically, this gene was present
in members of the families Phaffomycetaceae, Dipodascaceae,
Pichiaceae, Saccharomycetaceae and Trichomonascaceae,
while it was absent in all other yeast families. One exception
was found in the Saccharomycodaceae family represented
here by two genera, i.e., Saccharomycodes and
Hanseniaspora, in which the gene rps3 was present in the
first genus and absent in the latter. The number of trn genes
in all examined species fluctuated between 21 and 31, with
an average of 24 (supplementary table S1, Supplementary
Material online).

Gene content of yeast mt genomes was mostly con-
served (with the exception of Saccharomycetaceae and
Saccharomycodaceae, which lack the nad genes). If in-
trons and intergenic regions were not considered, all mt
genomes were approximately of the same size. The
mean size of all 14 mt protein coding genes combined
was approximately 16.5 kb. Therefore, the observed gen-
ome size variability was determined by the diversity of in-
trons and intergenic regions. For instance, the examined
mt genome of N. bacillisporus (107,123 kb) presented in-
tergenic regions equaling 88% of the entire genome, and
no intronic sequences. The genome with the smallest pro-
portion of intergenic regions was Millerozyma farinosa,
with only 7% attributed to intergenic regions, while
48% of its genome size corresponded to introns (Fig. 2
and supplementary table S1, Supplementary Material
online).

Yeast genomes were mapped as either linear or circular
(19 and 112 mt genomes, respectively, the topology of the
remaining 24 is not yet known) (Fig. 2 and supplementary
table S1, Supplementary Material online). It appeared that
both size and genome structure variation occur scattered
among all yeast families without a clear pattern.
However, the general size tendency of mt genomes was
clearly towards 20-50 kb, and the majority of them were
of circular configuration (supplementary table S1,
Supplementary Material online).

Synteny

Gene order analysis revealed a clear pattern of genome or-
ganization among all taxa studied. This pattern was based
on the existence of several gene clusters consisting of both
trn genes, protein and ribosomal coding genes. These
genes were considered to form clusters, because they
were found intact (at the same or inverted orientation)
in different locations of mt genomes of various species.
Based on the presence of these conserved clusters, six ma-
jor groups and several sub-groups of taxa could be

determined (Fig. 3, Table 1 and supplementary table S3,
Supplementary Material online). The only criterion for
grouping various taxa in one main group was the exist-
ence of at least two identical or highly similar syntenic gene
groups in all its members (Table 1 and supplementary table
S3, Supplementary Material online). Therefore, Group A con-
tained species belonging to clades Saccharomycetaceae
post-WGD, ZT, KLE, and Phaffomycetaceae, and Group B con-
sisted of the Metschnikowiaceae and Debaryomycetaceae
families. Group C corresponded to species of Pichiaceae, while
species that belong to the CUG-Ala clade comprised Group
D. Finally, species belonging to the Dipodascaceae and
Trichomonascaceae families represented group E, and the
Lipomycetaceae clade represented Group F (Fig. 3 and
supplementary table S3, Supplementary Material online).
Species belonging to CUG-Ser 2, Sporopachydermia and
Trigonopsidaceae clades were underrepresented and
did not present enough similarities to assign them to
any of the above-mentioned groups. For this reason, it
seemed prudent that these groups may be considered
as separate additional groups which, however, need fur-
ther examination by adding sequence data from more
species (not currently publicly available). It is worth men-
tioning that Hanseniaspora spp., which belong to
Saccharomycodaceae clade, were not considered as an
additional syntenic group, despite being well repre-
sented (all species have publicly available mt genome
data, Nguyen et al. 2020). The main reason for this is
that all Hanseniaspora spp. have an almost identical
gene order and did not present any evident genomic re-
arrangements that would allow the recognition of separate
gene clusters similar to the syntenic gene shuffling found
in other relative clades, like the Debaromycetaceae clade
which forms Group B.

Taxa belonging to Group A had a small degree of
intra-species rearrangements in all subgroups (Fig. 3 and
supplementary table S3, Supplementary Material online).
It was possible to distinguish four main gene clusters
(Table 1). Despite the conserved anchoring of these clus-
ters at intra species level, there was a high rate of gene re-
arrangements inside each individual cluster. The gene
content was the same, but the gene order was different
in each syntenic group. Characteristic examples were the
rearrangements of syntenic groups trnG-trnD-trnS-trnR
and trnY-trnN-trnA-trnl (see Table 1 and supplementary
table S3, Supplementary Material online for alternative
orders).

As previously mentioned, taxa belonging to Group B had
seven main syntenic groups (Fig. 3, Table 1 and
supplementary table S3, Supplementary Material online).
These maintained a conserved gene content but were sub-
jected into several major whole cluster rearrangements. As
a result, this gene shuffling created new reversed, joined
or divided clusters. Taxa belonging to groups C, D, E and F
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presented larger syntenic units of usually four to eight genes conserved among members of Group F (Lipomycetaceae
(Fig. 3, Table 1 and supplementary table S3, Supplementary clade) and Group A (Saccharomycetaceae post WGD, ZT,

Material online). The cluster of trnR-trnG-trnD-trnS is and KLE clades).
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Genetic codes and codon frequency

The study of 155 strains belonging to the
Saccharomycotina subphylum showed that the species be-
longing to families Debaryomyceteceae, Metschnikowiaceae
(i.e., both comprising phylogenetic clade CUG-Ser1),
Dipodascaceae, Lipomycetaceae, Pichiaceae, Phaffomy-
cetaceae, Trichomonascaceae, Trigonopsidaceae, and the
CUG-Ala phylogenetic clade employ genetic code NCBI 4
for translating their mt genes, while almost all
species of Saccharomycetaceae (i.e.,, KLE, ZT and
post-WGD clades with the exception of Kluyveromyces
spp), Saccharomycodaceae (i.e., Saccharomycodes ludwigii,
Hanseniaspora spp.) and Pachysolen tannophilus use genetic
code NCBI 3 (supplementary tables S1 and 54,
Supplementary Material online).

Accumulative relative synonymous codon usage (RSCU)
values of individual genes, as well as the overall RSCU va-
lues, presented highly biased frequencies for ATG (Met),
TGA (Trp), ACA, and ACT (Thr), with the exception of genes
atp8 and atp9 in the TGA codon, where no codons or Trp
were detected (Fig. 4 and supplementary table S4,
Supplementary Material online). The ATA codon was used
by species utilizing genetic code NCBI 3 with an approxi-
mate ratio of 1:5 to the synonymous ATG codon. In a similar
way, the TGG codon, which is the universal codon for tryp-
tophan, was mainly found in yeast genomes utilizing gen-
etic code NCBI 4, in a ratio of 1:4 to the respective TGA
codon. On the contrary, species using genetic code NCBI
3 had a higher percentage of the TGA codon (97.6%), com-
pared to the TGG (2.3%) (Fig. 4). In all taxa studied, the
most abundant Thr codons were ACA and ACT (Fig 4). As
expected, CTN codons (Thr) were only detected in species
using genetic code NCBI 3, and the most abundant codons,
after ACA and ACT, were CTA and CTT (Fig. 4 and
supplementary table S4, Supplementary Material online).
Trp codons were not detected in atp9, while in atp8 these
codons were absent only in species utilizing genetic code
NCBI 4 (supplementary table S4, Supplementary Material
online). The gene atp9 had a high number of ACA codons
in taxa belonging to both genetic codes.

Intron distribution

The mt genes of the examined yeasts presented an interest-
ing intronic distribution concerning intron types and their
host genes. Most introns were found in the cox1 gene
(544 introns) which usually contained IB introns (408 in-
trons) and to a lesser extent type Il and ID introns (i.e., 60
and 50, respectively) (supplementary table S5I.b,
Supplementary Material online). The cob gene was the se-
cond most intron-rich gene (200 introns), followed by rn/
(72 introns) and nad5 (37 introns) (supplementary table
S51.b, Supplementary Material online). Genes atp6, cox2,
cox3, nad1, nad4, and rns contained fewer introns (i.e.,

less than 10) compared to the above genes, while atp8,
atp9, nad2, nad3, nad6, and nad4l lacked introns in the
mt genomes of the yeasts examined (supplementary table
S51.b, Supplementary Material online). The most common
type of intron in the cob gene was ID (85 ID out of 200 in-
trons found in cob), followed by the IB intron (59)
(supplementary table S5I.b, Supplementary Material on-
line). The most abundant intron of rn/ was IA (50 out of
72 introns found in rn/) (supplementary table S5I.b,
Supplementary Material online). Eighty-eight group Il in-
trons were found in six different genes, i.e., cox1 (60 in-
trons), cob (17 introns), rn/ (8 introns) and rns, cox2 and
nad5 (from 1 intron each) (supplementary table S5I.b,
Supplementary Material online).

IB introns were the most abundant within various mt
genes of all genomes studied, regardless of the family or
phylogenetic  clade  (supplementary  table  S5l.a,
Supplementary Material online). In detail, in all families IB
introns represented more than 50% of the total introns
found, with the lowest value (37,3%) in the case of
Pichiaceae and the largest values (80% and 70%) in
Sporopachydermia clade and Saccharomycetaceae of the
KLE clade, respectively (supplementary table S5I.a,
Supplementary Material online). Five phylogenetic clades,
i.e., Debaryomycetaceae and Metschnikowiaceae (both
comprising the CUG-Ser1 clade), Saccharomycetaceae (be-
longing to the ZT and post-WGD  clades),
Saccharomycodaceae, and Trichomonascaceae showed
an IB intron distribution of approximately 50%. Introns of
subtypes ID and IA were the next most commonly found
ones within the yeast phylogenetic clades, in 16.16% and
11.74% of the genomes, respectively (supplementary
table S5l.a, Supplementary Material online). Group Il in-
trons were located in only 10 species, which either con-
tained more than one group Il introns (i.e., S. malanga
and S. ludwigii in which all group Il introns were found in
cox1) or as single occurrences in fungal species belonging
at CUG-Ala clade and the “early diverging” lineages, like
Lipomycetaceae, and Trigonopsidaceae families, and
Sporopachydermia clade (supplementary table S5II,
Supplementary Material online).

When examining the intron distribution in relation to the
mt host genes and the family or phylogenetic clade in which
these genes were located, it became obvious that most
intron-rich genes were those of cox1 of the post-WGD
Saccharomycetaceae clade, followed by cox1 of the
Debaryomycetaceae  family and cox1 of the
Dipodascaceae, with 116, 104, and 79 cases, respectively
(supplementary table S5l.c, Supplementary Material on-
line). Introns of Dipodascaceae and Trigonopsidaceae fam-
ilies were distributed in six genes, respectively, while in the
rest of the families, introns were only located in one to five
genes (supplementary table S5I.c, Supplementary Material
online).

Genome Biol. Evol. 14(5) https://doi.org/10.1093/gbe/evac073 Advance Access publication 16 May 2022 9


http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
https://doi.org/10.1093/gbe/evac073

Christinaki et al.

[ — 174 Met (M) Thr (1) Trp (W) o s— 401 Met (M) Thr (1) Trp (W)
A A c T 4 (4 A A A A T T A A c c c { A A A A T T
Family N2 [ SrS ErS e Er S S e e S IR il e S Sa | 6 Phylogeneticclade |~ | 7 [t |7 [T |7 |7 |c|c|lc|c|a |6
Ale | T c A G |6 c AT A G A |6|T|]C|[A|G|G|C|A|T A G

Post- WGD 27

Saccharomycetaceae | 55
Saccharomycodaceae | 10
Saccharomycopsidaceae| 1
Phaffomycetaceae 9
Debaryomycelaceae | 37
Metschnikowiaceae .
Pichiaceae 12
Dipodascaceae 12
Trichomonascaceae 2
Dipod./Trichom. 2
Lipomycetaceae 7

Trigenogidsceae 4
Taphrinomycotina 10

Pezizomycotina 10

IT

Saccharomycetaceae-KLE
Saccharomycodaceae

Phaffomy

CUG-Ser2

CUG-Serl

Pichiaceae

CUG-Ala

Dipod./Trichom.

Spororopachydermia

Trigonopsidaceae
Li

10

Taphrinomycotina

10

WMATA] WMATG) STICTT) WT(CIC) WTICTA) WT(CTG) NTACG) ST(ACC CTIACA] ETIACT) WW(TGA) R W(TGG)

A

V2222002270224

= MATA] ® M{ATG)
s

3

|

€ EEEE

STCTT) WTICT) WT(CIA) BTICTG) = TACG) = TACE)

It

T(ACA) WTIACT) ®WITGA) = W(TGG)

|

|1l

L

/a7

Fic 4—Mean RSCU values (heatmaps) for each codon of (4) all families and (B) all phylogenetic groups. Mean RSCU values were calculated using the
respective mean values of each genome, from all taxa belonging to each clade/phylogenetic group.

Intron insertion sites correlated with both their included
ORF (homing endonuclease gene—HEG or reverse tran-
scriptase gene) and their host gene, and they presented
three different motifs of intronic distribution: 1) introns
which, while carrying intronic ORF of similar type, may be
found as ancestral elements at the same insertion site of
amt gene, 2) they may be mobile from one gene to another
(due to similar insertion site), and 3) their intronic ORF may
independently be mobile or lost (supplementary table S5,
Supplementary Material online). Single species examples
which covered all three mentioned observations could be
detected in families Trigonopsidaceae, Lipomycetaceae,
Dipodasceceae, Trichomonscaceae, and the CUG-Ser2
clade. In these mt genomes, the cob gene harbored an in-
tron at position 429 bp. This intron belonged to subtype ID
and carried a LAGLIDADG HEG. It was inserted at a con-
served position (5" WYWNTGRGGT | GCWACWGTWA
3’) for all species examined (supplementary table S5lII,
Supplementary Material online). As an exception, in three
Yarrowia species (Y. deformans, Y. galli, and Y. lipolytica),
a similar intron ID carrying the LAGLIDADG gene was found
at a similar insertion site of cox3 (position 444 or 528 bp of
gene). Moreover, in the case of Y. galli strain CBS9722, the
third hypothesis related to motifs of intronic distribution
could be confirmed, as at the same insertion position of
the cob gene an ID intron was located, but it was
ORF-less (supplementary table S5Il, Supplementary
Material online).

GC clusters

The analysis of GC-clusters showed that 71 of the mitogen-
omes did not contain any GC repeats that met the applied
search requirements (see Materials and Methods), while 49
of the genomes had less than 10 repeats and the remaining
35 had repeats ranging from 10 to 435 (Y. prachuapensis
WB15 presented the maximum number of 435 repeats)
(supplementary table S1, Supplementary Material online).
The number of GC rich repeats seemed to be positively re-
lated to the size of the mitogenome (p <0.001, rho=
0.5350) according to the Spearman correlation test, while
it was not related to GC content (p-value < 0.001, rho=
—0.4328). The examination of these repeats for each
species individually showed sequence conservation and re-
vealed the formation of distinct groups in each different or-
ganism based on this sequence similarity. Representative
sequences, one of each GC clusters from all species, were
aligned and showed that there is a highly conserved core
of GC nucleotides in most of the species that had more
than 10 GC rich repeats (supplementary file S3,
Supplementary Material online).

Discussion

Mt genomes analyses provide phylogenetic information,
which, in a few deep-branched topologies, is different
from the one revealed by the respective nuclear (nc)
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analyses. The most characteristic difference is the
alternate phylogenetic relation of Saccharomycotina with
Taphrinomycotina and Pezizomycotina (Bullerwell et al.
2003; Pantou et al. 2008). However, in this study the phyl-
ogeny of the mt-based matrix (Fig. 1) was in accordance
with the respective nc-based one (Shen et al. 2018). Both
mt and nc datasets provided similar topologies with excel-
lent statistical support. The nc-based phylogeny proposed
that the CUG-Ser2 clade is positioned basally to
Saccharomycetaceae and Phaffomycetaceae families and
thus, the CUG-Ser2 clade is not phylogenetically related
to the CUG-Ser1 clade. The results of our study further sup-
port that this phylogenetic distribution of CUG-Ser families
was formed by two different evolutionary events (Shen
et al. 2018) and support the hypothesis that the corre-
sponding different reassignment of the genetic code for
the CUG codon happened twice independently (Shen
et al. 2018). Similarly, the phylogeny based on the mt
data of this work is in agreement with the recent revision
(see Schoch et al. 2020) placing CUG-Ala species
(Peterozyma toletana, P. tannophilus, Nakazawaea holstii)
as a monophyletic sister clade to the Pichiaceae family.
Moreover, this work showed that the mt gene order of
these species is conserved among them, and unique com-
pared to the other syntenic groups. Thus, it is indicated
that the mt sequences of CUG-Ala clade have a common
mt ancestor, further supporting the argument that the
CUG-Ala clade is a new phylogenetic and taxonomic group
(Krassowski et al. 2018; Shen et al. 2018). Even though
both phylogenies, produced by different matrices, are cru-
cial for the unraveling of Saccharomycotina evolution, mi-
togenome based phylogenetic analysis is obtained faster
and is equally reliable as the nuclear based one, since it re-
sulted from the concatenation of only 14 mt proteins,
whereas the nc dataset included 2,408 amino acid ortholo-
gous groups (Shen et al. 2018). Thus, it becomes evident
that mitogenome based phylogenies are highly informative
for providing accurate and easily generated phylogenies.
It is widely accepted that mt phylogenies present a differ-
ent divergence rate when compared to the nc based ones,
i.e., faster for metazoans, but slower for plants (Sandor
et al. 2018). However, until now the different evolutionary
rate in fungi has not been examined in depth, to our knowl-
edge. Thus, in this work, the obtained rate is compared to
the respective rate of the nuclear (nc) encoded dataset
(supplementary file S1, Supplementary Material online).
Mt based analyses presented a slower rate of divergence
compared to the respective values of nuclear datasets dur-
ing the early evolution of yeasts, but in later evolutionary
stages, the opposite was observed. For instance,
Pichiaceae and CUG-Ala clades diverged from CUG-Ser1
(and H. uvarum) at a time of 224/263 and 210 MYA based
on the mt and nc datasets, respectively, while the split of
the Saccharomycetaceae ZT clade from the post-WGD

species was set to 74/83 and 93 MYA from the mt and nc
datasets, respectively (Fig. 2 and Shen et al. 2018).

In previous studies that tried to explain the codon reas-
signments in mt genetic codes of eukaryotes, several me-
chanisms have been suggested to explain these
alterations (Sengupta and Higgs 2005, 2015). In detail,
four mechanisms have been proposed, i.e., “Codon dis-
appearance”, the “unassigned codon”, the “ambiguous
intermediate” and the “compensatory change” (Sengupta
et al. 2007), with the first two recently receiving more ac-
ceptance (Koonin and Novozhilov 2009; Sengupta and
Higgs 2015). In this study, it became evident that the
“Codon disappearance” mechanism might have driven evo-
lution towards the observed genetic code changes through
mutation and selection, as several codons like ATA, CTN,
and TGG, are underrepresented, as shown by the RCSU in-
dex in this work (supplementary table S4, Supplementary
Material online) and another study (LaBella et al. 2019). A
comparison with the mt-based phylogenetic tree is needed
to fully interpret genetic code alterations. Results from this
study are in accordance with previous data from Sengupta
et al. (2007) that described the major mt genetic code alter-
ation events that took place during the evolution of all main
phylogenetic eukaryotic lineages. The molecular clock ob-
tained in our work provides an additional approach to esti-
mate the timeframe during which the mt genetic code
changed. In detail, the reassignment of a UGA stop to the
Trp codon occurred as two independent events in the
Ascomycota lineage (Sengupta et al. 2007), but only once
during Saccharomycotina evolution (Fig. 2). This latter
change in yeasts occurred 471/567 MYA, when the subphy-
lum Saccharomycotina diverged from Taphrinomycotina
(used as outgroup in this work). This codon reassignment
also marked the deviation from the standard genetic code,
since all yeasts examined besides the ones belonging to the
Taphrinomycotina subphylum, employ the alternative mt gen-
etic codes NCBI_3 and NCBI_4 (supplementary table ST,
Supplementary Material online). CTN reassignment Leu to
Thr occurred as a unique event right before the emergence
of the Saccharomycetaceae and Saccharomycodaceae clades
which took place approximately 129/134 MYA and marked
the important evolutionary event of genetic code alteration
from genetic code NCBI_4 to NCBI_3 (Fig. 2). This is further
confirmed by comparing the high RSCU values of the respect-
ive CTN codons (genetic code NCBI_3) among all phylogenetic
groups (Fig. 4). CTN codon employment is more distinct in
cases of CTT and CTA codons, since they present significantly
higher RSCU values in the above-mentioned phylogenetic
clades, compared with the majority of the remaining
groups/families which employ the ACN codon for Threonine
translation (Fig. 4). Reassignments of ATA from lle to Met oc-
curred as two independent events throughout yeast evolu-
tion: 1) the first event took place approximately 129/134
MYA within the KLE clade, right before the separation of

Genome Biol. Evol. 14(5) https://doi.org/10.1093/gbe/evac073 Advance Access publication 16 May 2022 11


http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evac073#supplementary-data
https://doi.org/10.1093/gbe/evac073

Christinaki et al.

GBE

the subclade consisting of Eremothecium spp., the rest of the
members of the KLE clade were not subjected to that genetic
code reassignment (Fig. 2) and 2) the second event took place
within the post-WGD clade of the Saccharomycetes, after its
separation from the ZT clade (Fig. 2). Sengupta et al. (2007)
placed this event in the beginning of post-WGD clade forma-
tion in order to exclude members of the KLE clade, but did not
analyze data from any representative of the ZT clade; thus, no
conclusions could be made regarding codon reassignment
within this clade, in that study. However, the reassignments
of the genetic codes as presented in this study are supported
because nowadays, information on mt genomes of more spe-
cies is available. The codon frequency analysis showed a very
low RSCU value of the ATA Met codon in the ZT clade, indicat-
ing that this genetic codon reassignment of lle to Met did not
occur in members of this clade. Thus, it may be assumed that
this reassignment occurred at the beginning of the post-WGD
clade formation in a relatively recent event, less than 74/83
MYA (Figs. 2 and 4).

Codon reassignments were not the sole important
change during the evolution of mitogenomes, as was ob-
served with the analysis of gene content and order. Mt gen-
omes in all yeast species usually exhibit a conserved gene
content but they also present a high size variability (Lang
et al. 1999; Freel et al. 2015). This variability is analogous
to that observed in genomes of the species belonging to
Pezizomycotina, the other large subphylum of
Ascomycota (Pantou et al. 2008; Megarioti et al. 2020).
Our work showed that the range between the minimum
and maximum known mt genome size in yeasts is now ex-
panded to 11,223 bp (H. pseudoguilliermondii) and
173,850 bp (S. malanga). The size of the smallest genome
can be attributed to a very low number of intergenic re-
gions and the lack of introns and all nad genes, while the
largest genome has a considerable number of introns and
extremely large intergenic regions. However, total genome
size fluctuations (supplementary table S1, Supplementary
Material online) do not always coincide with the contribu-
tion of introns or intergenic regions, and there is either a
tendency towards genome'’s size expansion, or towards
size reduction as many different studies have shown
(Wolters et al. 2015; Deng et al. 2018; De Chiara et al.
2020). Our analyses indicated the absence of a clear pattern
during yeasts’ mitogenome evolution (Fig. 2 and
supplementary table S1, Supplementary Material online).
Similarly, mt genome morphology (linear or circular mapping)
is randomly found across the phylogenetic trees (Fig. 2). As a
result, both size and morphology of yeast mt genomes may
change in a ceaseless random manner throughout the species’
evolution. The mt genome content, on the other hand, seems
to be consistent in respect to its gene presence, throughout
the evolution of yeasts, with the exception of the genes en-
coding NADH subunits and rps3 (supplementary table ST,
Supplementary Material online).

Gene order is intriguingly variable for yeasts. In this work,
it became evident that the mt gene order of all species be-
longing to Saccharomycotina could split taxa into two highly
and four less populated groups, respectively, presenting dif-
ferent distinct clusters (Fig. 3, Table 1 and supplementary
table S3, Supplementary Material online). The correlation
of the syntenic groups with the respective phylogeny of spe-
cies involved, revealed that gene order not only follows, but
may also affect phylogeny and to an extent also affects the
evolution of the mt genomes. Some gene clusters were
found intact in almost all syntenic groups but in a different
sequential order, while other groups were unigue to each
phylogenetic clade (Fig. 3, Table 1). Nevertheless, the pres-
ence of specific small syntenic units, like atp8-atp6, is con-
served in almost all of 155 strains examined. Moreover,
conserved syntenic units of the early diverging yeasts, like
trnT-trnE-trnM1-trnM2, can be also found in mt genomes
of species belonging to other subphyla, such as
Taphrinomycotina  (this work) and Pezizomycotina
(Kouvelis et al. 2004; Pantou et al. 2008). This designates
the close relationship of these species with the
Pezizomycotina subphylum. This observation agrees with
previous phylogenetic studies which contributed to the
examination of the synteny motifs in Pezizomycotina
(Kouvelis et al. 2004; Pantou et al. 2008). If the above-
mentioned previous studies are combined with the results
presented in current work, it becomes evident that small
syntenic units, like nad4l-nad5, atp6-atp8, and trnS-rnl,
are consistent ancestral elements, presentin the mt genome
of the progenitor of Ascomycota. Furthermore, this syntenic
conservation may be additionally explained through a func-
tional approach, as was already shown in the case of
Metazoa (Taanman 1999), where it was shown that small
genes are co-translated in a polycistronic transcript.
Therefore, the synteny analysis, as presented in Fig. 3 and
supplementary fig. S3, Supplementary Material online,
leads to the conclusion that a confined “relaxed” gene or-
der is retained throughout yeast evolution.

The patterns of genome organization correlate with the
tree topology. Members of the CUG-Ser 1 clade (Group B)
exhibit a significant amount of genetic shuffling that took
place approximately 213/241 MYA, during the alteration
of genetic code. On the contrary, members of the
Pichiaceae and CUG-Ala families (Groups C and D), which
diverged from the CUG-Ser1 clade at a similar evolutionary
time (242/263 MYA), present a smaller degree of gene
shuffling and a partially different type of gene order and
syntenic groups. In addition, members of group A, which
was formed wound the same period (approximately 227/
241 MYA), showed a further differentiation in their gene
order that coincides chronologically firstly with the discrim-
ination of Phaffomycetaceae from Saccharomycetaceae,
and secondly with the split of Saccharomycetaceae into
three clades (post-WGD, ZT, and KLE).
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Interestingly, the syntenic group trnR-trnG-trnD-trnS oc-
curs in both Group F and Group A which diverged from
their close relatives in 471 and 103 MYA, respectively,
and cannot be detected at all in other species’ genomes.
This may be a result of two independent events, but may
also indicate that this and other similar groups are remnants
of a protoancestral origin.

Such an “organized” and “fragmented” synteny of mt
genomes with conserved but mobile gene clusters is a later
acquired characteristic during the evolution of the
Saccharomycotina subphylum, at least in the majority of
the phylogenetic clades. The diverse synteny of mitogen-
omes found for taxa belonging to the same subgroups
and at inter-species level, indicates that this genome shuf-
fling is an ongoing process.

The main mechanism for these gene shuffling events of
several clusters across the Saccharomycotina subphylum in-
dicates that the recombination events happen in a perpet-
ual pace during evolution. Recombination requires
repetitive identical sequences of variable size (depending
on the type) and its results are usually the duplication or
elimination of coding and non-coding regions. Scattered
repetitions of enriched GC content in yeast mt genomes
have been described as GC clusters (supplementary file
S3, Supplementary Material online). They have been sug-
gested as the substrate of genetic recombination in yeasts
(de Zamaroczy and Bernardi 1986; Wu and Hao 2015). It
was shown in this study that the GC repeats in several spe-
cies presented a highly conserved core of GC nucleotides
that is often reversed and complementary within their mt
genome (supplementary file S3, Supplementary Material
online). Thus, GC islands may be the cause of many recom-
bination events (Dieckmann and Gandy 1987), as most of
these GC clusters have been reported to be located in inter-
genic regions (de Zamaroczy and Bernardi 1986), but they
cannot be the only cause of gene shuffling. The existence
of trn genes at the bilateral ends of the described syntenic
units (Fig. 3 and supplementary table S3, Supplementary
Material online) may also contribute to genetic recombin-
ation and genome diversity. These trn genes at the bound-
aries of the syntenic units may form a potential hairpin-like
secondary structure that may play the role of the repetitive
elements needed for recombination, as already proposed
for metazoa (Saccone et al. 1999) and Pezizomycotina
(Pantou et al. 2008).

Finally, intron mobility has been proposed as another
cause of genome diversity (Megarioti et al. 2020;
Mukhopadhyay and Hausner 2021). In this work it was con-
firmed that there are some ancestral introns with conserved
host gene and insertion site, such as the ID intron at pos-
ition 429 bp of the cob gene (supplementary table S5,
Supplementary Material online). This intron has also been
detected in phylum Basidiomycota and in subphylum
Pezizomycotina (Cinget and Belanger 2020; Theelen et al.

2021) and it has been linked to the regulation of cob mat-
uration (Grasso et al. 2006; Vallieres et al. 2011). According
to our analyses of all introns included in the 155 mt gen-
omes examined in this work, introns located in mt genes
of yeasts seem to be expanded, reduced, and transferred
without any clear pattern. A result which is in accordance
with the “aenaon” model suggested by Megarioti et al.
(2020) where the restless perpetual coevolution of introns
and HEGs was presented.

Several “back and forth” mt genome changes have been
observed throughout the evolution of all yeast species as
shown in this study (Fig. 2). While intron mobility and re-
combination are the two mechanisms which have been
widely discussed as factors of gene shuffling in fungal mt
genomes (Korovesi et al. 2018; Megarioti et al. 2020;
Mukhopadhyay and Hausner 2021), there are numerous
other mechanisms which could potentially contribute to
this diversity found in yeast mt genomes, but these are
not fully applicable based on the results of this work. In de-
tail, it has been proposed that genetic drift is the main fac-
tor for size differentiation of mt genomes among yeasts
belonging to the KLE clade (Xiao et al. 2017). Genetic drift
is an incidental driven process without any clear direction,
usually occurring in small-sized populations (Masel 2011).
Therefore, while genetic drift cannot be precluded as a pos-
sible mechanism of mt genome diversity, genetic hitchhik-
ing (or genetic draft) may be considered as another driving
force as shown by Hill (2020). This hypothesis is supported
in this work by the changes observed in partial gene clusters
of mt genomes, as in several cases one gene entrains an-
other (Fig. 3). However, genetic hitchhiking is most prob-
ably the result of genetic recombination and entails
natural selection (Smith and Haigh 1974). As shown in
this study, the absence of a clear pattern in syntenic
changes of the mt genomes does not indicate that natural
selection in yeasts may have played such a role in the ob-
served mt genome diversity (Figs. 2 and 3). These arbitrary
but perpetual changes found in yeast mt genomes seem
similar to the proposed mechanism of selective sweeps
that was proposed for mammals (Meiklejohn et al. 2007).
This mechanism entails the influence of the external envir-
onment in shaping mt genomes through directional selec-
tion, as previously shown for Metazoa (Ballard et al.
2014; Barreto et al. 2018). Nevertheless, based on the re-
sults of this work, mt genetic recombination and intron mo-
bility remain the key mechanisms for shaping mt genome
diversity. Irrelevant to its type (i.e., homologous, non-
homologous, site-specific recombination and transpos-
ition), genetic recombination may act as a solution to the
cell’s needs for genome repair to assemble a functional
electron transport chain (Stein and Sia 2017). The restless
random process of mt genome evolution resulting from in-
tron mobility and recombination events can be explained if
the usage of the “aenaon” model is not restricted to intron
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mobility but broadened to gene shuffling within the mt
genomes.

Conclusions

In conclusion, the mt based phylogenetic analysis of
Saccharomycotina yeasts representing 11 known families
proved to be equally reliable, when compared to the re-
spective nuclear genome-based analyses, with alignment
of fewer genes needed. Moreover, the molecular time clock
of the concatenated mt dataset employing two different
methodologies showed in both cases that the evolution
of yeasts is perpetual with different divergence rates, i.e.,
slower at the early stages of evolution and faster at later
stages, when compared to nuclear based molecular dating.
Mt genome divergence of yeasts follows the previously pro-
posed “aenaeon” model which explains the intron mobility
and its contribution to the mt genome diversity (Megarioti
et al. 2020), since intron abundance and intergenic region
variability of mitogenomes proved to be labile and major
contributors to the genetic diversity of yeasts. This diversity
is further attributed to the major rearrangements caused by
genetic recombinational events but are also constrained by
the conservation of the few ancestral syntenic units found
throughout the main yeast phylogenetic lineages. Finally,
genetic code alterations do happen throughout the evolu-
tion among the different families of yeasts, even during re-
cent events, like the codon reassignment of ATA from lle to
Met, which occurred before the post-WGD clade forma-
tion. Therefore, mitogenomic analyses are crucial in deci-
phering the evolution of yeasts.

Materials and methods

Retrieval of DNA sequences

In this work, 175 mt genome sequences were examined.
Of the 175 species, 155 belong to the subphylum of
Saccharomycotina and 20 belong to the subphyla of
Taphrinomycotina and Pezizomycotina which were used
as outgroups. The 155 yeast species belong to 11 of the
12 Saccharomycotina families, since representative gen-
omes for the 12th family were not available when the ana-
lyses were performed (last search November 01, 2021). The
majority of the sequences (143 of the 175), including the
species used as outgroups, were retrieved from complete
mt sequence entries of GenBank. Eleven taxa were col-
lected from various databanks, but a complete mt genome
was not found and as a result, the precise gene limits for
these taxa were not detected. For this reason, protein se-
guences were identified and retrieved using protein similar-
ity searches with BLASTp (Altschul et al. 1990) and were
further used in phylogenetic analyses (Table 2 and
supplementary table S1, Supplementary Material online).
Moreover, mt genomes of 23 taxa were extracted from

publicly available WGS projects as assembled contigs
(supplementary table S6, Supplementary Material online),
by using the tBLASTn/BLASTX/BLASTn tool for each WGS
scaffold and comparing them with mt genome sequences
of closely related species. In cases where mt genomes be-
longed to more than one contig different parts were as-
sembled into one sequence using the Segman tool of
Lasergene Suite 11 (DNASTAR Inc., Madison, WI) (Burland
2000).

Genome Annotation

To proceed with the mt genome analyses, annotation of all
acquired genomes was verified manually. Protein coding
and the ribosomal (rRNA) genes were identified using
BLASTx and BLASTNn (Altschul et al. 1990), respectively,
after comparisons with related known sequences. The trn
genes were detected using the online software
tRNAScan-SE (Chan and Lowe 2019). The mt genomes of
32 species were re-annotated, since mis-annotations re-
garding gene limits and intron content were detected (re-
ferred as “modified” in supplementary table S6,
Supplementary Material online). Additionally, 9 mt gen-
omes were de novo annotated along with 23 genomes
found in databanks as WGS projects (referred as “de
novo” and “de novo from WGS"” in supplementary table
S6, Supplementary Material online, respectively).

Genome analyses

Following the correction of genome annotations, compara-
tive gene order (synteny) analyses were performed manual-
ly to locate any existing differentiations or similarities in
genome organization among taxa belonging to different
phylogenetic groups. To further extend our analyses, the
total number of mt genes in each genome was recorded
to detect any possible deletions or duplications, mostly of
trn genes. Our study included genome size comparisons,
as well as an analysis of intron abundance and their distri-
bution among all genes. Intron characterization was per-
formed using RNAweasel and MFannot (Lang et al.
2007). The de novo annotated mt genomes are available
as supporting information in this manuscript as tabular for-
mat (supplementary table S7, Supplementary Material on-
line) and as GenBank format (doi: 10.6084/m9.figshare.
19714219). The transformation from the tabular format
to GenBank format was performed in the web-based pro-
gramme “Galaxy CPT Public” (Ramsey et al. 2020).

Codon usage frequency

Alternative codon usage frequency was examined in all taxa
included in this study. Fungal mt genomes utilize both alter-
native codes to the Universal Genetic Code (NCBI code 1),
i.e., NCBI genetic code 3 (The Yeast mt genetic code) and
4 (The Mold, Protozoan, and Coelenterate Mitochondrial
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Table 2

The families of Saccharomycotina examined in this study. The number of species/strains from each family is provided (details in supplementary table ST,

Supplementary Material online)

Family Number of Taxa Phylogenetic Group (Clade) Number of Taxa
Phaffomycetaceae 9 Phaffomycetaceae 9
Debaryomycetaceae 37 CUG-Ala 3
Metschnikowiaceae 4 CUG-Ser1 39
Saccharomycopsidaceae 1 CUG-Ser2 1
Trichomonascaceae (/Dipodascaceae) 2 Dipodascaceae/Trichomoscaceae 16
Dipodascaceae 12 Lipomycetaceae 7
Trichomonascaceae 2 Pichiaceae 1
Lipomycetaceae 7 Saccharomycetaceae KLE 16
Pichiaceae 12 Saccharomycetaceae post-WGD 27
Saccharomycetaceae 55 Saccharomycetaceae ZT 11
Saccharomycodaceae 10 Saccharomycodaceae 10
Trigonopsidaceae 4 Sporopachydermia 1
Trigonopsidaceae 4
Total 155 Total 155

Code and the Mycoplama/Spiroplasma Code), and thus,
they present a few alternative codons encoding for the ami-
no acids Threonine (T), Methionine (M), and Tryptophan
(W). Codon usage frequency was examined using sequence
manipulation suite (Stothard 2000), after inserting the gene
sequence and the genetic code used by the species’ mt gen-
ome. The related information regarding the mt genetic
code utilized by each species was retrieved from the NCBI
Taxonomy database. In case where codon frequency results
were contradictory and unusually different from the rest,
the mt genetic code was further examined and verified or
even corrected in some species. Seven of the 14 protein
coding genes were included in this study, since seven genes
of NADH dehydrogenase subunits 1-6 and nad4l are not
present in all studied fungal genomes, and thus would pro-
vide misleading evidence regarding comparative codon
usage frequency of the whole mt genome. After listing
the frequency of alternative codons, the RSCU index was
calculated as an indication of possible codon usage bias
(Sharp et al. 1986). The RSCU value for a codon reflects
the observed frequency of that codon, divided by the ex-
pected frequency, assuming an equal usage of the syn-
onymous codons for an amino acid (Sharp et al. 1986).
The synonymous codons with RSCU values >1.0 have posi-
tive codon usage bias and are defined as abundant codons,
whereas those with RSCU values < 1.0 have negative codon
usage bias and are defined as less-abundant codons.

In detail, the frequencies of synonymous codons within
each amino acid class were calculated utilizing mt se-
guences of the protein coding genes cob, atp6, atp8,
atp9 and cox1-3. In the above analyses, codon frequencies
and RSCU values were measured for each taxon and for
each of the above genes. In addition, accumulative mean
RSCU values were measured for 1) each codon and each
gene separately, by adding the respective values of all

taxa (e.g., ATG of cob in all species) and dividing them
with the total number of taxa (supplementary table S4,
Supplementary Material online), 2) each codon in all genes
of each taxon (e.g ATG of cob plus ATG of cox1 of each
strain etc.) divided with the number of genes
(supplementary table S4, Supplementary Material online),
and 3) a final mean RSCU value was calculated for each co-
don by summing RSCU values occurring in calculation and
dividing them with the total number of taxa
(supplementary table S4, Supplementary Material online).
In all cases, RSCU values were measured separately for 1)
species utilizing genetic code 3 and 4 and 2) for each codon
within each family or phylogenetic cluster, respectively.

GC cluster analyses

To investigate the role of concatenated GC nucleotides, all
repeats present in the mt genomes of organisms belonging
to the Saccharomycotina subphylum were initially detected
using the UGene program (Okonechnikov et al. 2012), for
each species separately. The minimum length of a GC nu-
cleotide repeat was set to 30 bp and the maximum distance
among repeats was increased to 20,000 bp compared to
the 5,000 bp of the default parameters, in order to expand
our search (more “relaxed” conditions). Repeat analyses
were performed at 90% identity for the purposes of deter-
mining repeats. All other parameters were set to default.
The repeats that contained less than 50% GC were dis-
carded after which the repeats of each organism were clus-
tered with CD-hit-test (Huang et al. 2010) with identity set
to 80% and all other parameters at default. The represen-
tative sequence of each cluster was selected, and an align-
ment was performed with the representative sequences of
all species using Clustal Omega (Madeira et al. 2019), and
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the consensus of this alignment was used to create DNA lo-
gos with WebLogo (Crooks et al. 2004).

Phylogenetic analyses

Amino acid sequences of all 14 protein coding genes usu-
ally found in mt genomes, i.e., Apocytochrome b (cob),
Cytochrome c oxidases (cox) subunits 1-3, ATPase subunit
6,8,9 and NADH dehydrogenases (nad) subunits 1-6,
nad4Ll, were collected in order to construct a concate-
nated matrix (supplementary file S4, Supplementary
Material online). The collected amino acid sequences
were aligned using ClustalW (Thompson et al. 1994) as
implemented in Lasergene’s MegAlign v.11 program
(Burland 2000). Alignment parameters were set to default
and the result was verified manually in order to ensure cor-
rect alignments. In species lacking the nad genes, the cor-
responding sites were replaced with the symbol of the
missing information.

Phylogenetic trees were constructed using neighbor
joining (NJ), Bayesian interference (BI) and maximum likeli-
hood (ML) methods, using PAUP (Wilgenbusch and
Swofford 2003), MrBayes (ver. 3.2) (Ronquist and
Huelsenbeck 2003) and RAXML (Stamatakis 2014) plus
IQ-TREE software (Nguyen et al. 2015), respectively. Ten
Pezizomycotina species and 10 Taphrinomycotina species
were used as outgroups. The methodology applied for NJ,
Bl, and ML phylogenies has already been described in pre-
vious studies (Korovesi et al. 2018; Kortsinoglou et al.
2019). In detail, for the NJ analyses, reliability of nodes
was assessed using 1,000 bootstrap iterations for all the
14 individual and concatenated datasets. For the Bl ana-
lyses the program ProtTest (ver. 3) (Abascal et al. 2005)
was used in order to determine the model that was best
suitable for our dataset. In the case of the concatenated da-
taset, the Bayesian Information Criterion was applied, and
the best amino acid substitution model was found to be
mtREV, with Gamma Distributed (G) rates among sites.
Four independent MCMCMC searches were performed,
using 10 M generations and sampling set adjusted every
100,000 generations. Convergence was checked visually
by plotting likelihood scores vs. generation for the two
runs. Burn-in was set to default in all cases. The ML analysis
in IQ-TREE was implemented using the mixture substitution
model mtREV with C60 in order to take under consider-
ation the heterogeneity across sites and among sequences
(Lartillot and Philippe 2004). Single gene phylogenetic ana-
lyses were also performed using the NJ method as previous-
ly mentioned (supplementary file S5, Supplementary
Material online) and the sequence similarity and divergence
of each gene between all examined taxa were calculated
through Lasergene’s MegAlign v.11 program (Burland
2000) (supplementary table S8, Supplementary Material
online).

Molecular dating

To estimate the divergence times among the subphylum
Saccharomycotina, the concatenated tree, as produced
from the Bayesian analysis, was used as input in the
RelTime method of MEGA7 (Kumar et al. 2016) and the least
square dating (LSD2) method of IQ-TREE (To et al. 2016). In
both cases, four calibration points were used as follows: 1) S.
cerevisiae—S. uvarum split (14.3-17.94 MYA), 2) S. cerevi-
siae—Kluyveromyces lactis split (103-106 MYA), 3) S. cerevi-
siae—C. albicans split (161-447 MYA), 4) Saccharomycotina
—Taphrinomycotina (304-590 MYA) (Kumar et al. 2017,
Shen et al. 2018). For the RelTime analysis, the mtREV amino
acid substitution model with Gamma Distributed (G) rates
among sites (o = 0.6990) was used. The estimated log like-
lihood value was —291342.08. For the LSD2 method, the
same substitution model was used with default parameters.
In order to determine the similarity of our estimated diver-
gence dates in reference to estimations from nuclear gen-
omes (Shen et al. 2018), the ensuing procedure was
followed: at first was test whether the two methods used
in this work provided comparable estimates. To achieve
this, the divergence dates for each node provided by LSD2
method were subtracted from the dates of the correspond-
ing nodes provided by RelTime method. A one-sample t-test,
which was conducted despite non-normal distribution of
data due to large sample size, showed that the dates esti-
mated by the two programs were significantly different
(Lumley et al. 2002). The RelTime method provides generally
earlier divergence dates compared to LSD2 method. As such
each estimation was compared separately to the nuclear es-
timates and the results were assessed to zero by t-test.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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