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Abstract
Genome-wide nucleotide composition varies widely among species. Despite extensive research, the 

source of genome-wide nucleotide composition diversity remains elusive. Yeast mitochondrial genomes 

(mitogenomes) are highly A+T rich, and they provide a unique opportunity to study the evolution of AT-

biased landscape. In this study, we sequenced ten complete mitogenomes of the Saccharomycodes 

ludwigii yeast with 8% G+C content, the lowest genome-wide %(G+C) in all published genomes to date. 

The Saccharomycodes ludwigii mitogenomes have high densities of short tandem repeats but severely 

underrepresented mononucleotide repeats. Comparative population genomics of these record-setting 

A+T rich genomes show dynamic indel mutations and strong mutation bias towards A/T. Indel 

mutations play a greater role in genomic variation among very closely related strains than nucleotide 

substitutions. Indels have resulted in presence-absence polymorphism of tRNAArg (ACG) among 

Saccharomycodes ludwigii mitogenomes. Interestingly, these mitogenomes have undergone 

recombination, a genetic process that can increase G+C content by GC-biased gene conversion. 

Finally, the expected equilibrium G+C content under mutation pressure alone is higher than observed 

G+C content, suggesting existence of mechanisms other than AT-biased mutation operating to 

increase A/T. Together, our findings shed new lights on mechanisms driving extremely AT-rich 

genomes.

Significance statement
Genomes with extreme nucleotide composition help us understand mechanisms in genome evolution. 

This study reports the most AT-rich genome sequenced to date. Comparative genomic analyses show 

that both mutation and non-mutation mechanisms drive the most extreme genome-wide AT-richness. 

Introduction
Genome-wide nucleotide composition has long been recognized to vary across species (Belozersky 

and Spirin 1958), yet the source of nucleotide composition diversity among genomes remains elusive 

(Agashe and Shankar 2014; Bohlin and Pettersson 2019). A detailed understanding of base 

composition evolution requires knowledge of molecular and evolutionary processes including mutation, 

recombination, natural selection, and random genetic drift (Lynch 2007). Fortunately, comparative 

genomics of organisms with extensive nucleotide composition diversity provides a powerful tool for 

understanding the underlying mechanisms and genomes with extreme base composition offer unique 

insights (Gardner, et al. 2002; McCutcheon and Moran 2010; Smith, et al. 2011; Su, et al. 2019). Nearly 

six decades ago, Sueoka (1961) reported that guenine+cytosine (G+C) content of genomic DNA varies 

approximately from 25%-75% in bacteria. Recent bacterial genome sequencing has widened the range 
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to 13.5%-75.3% (McCutcheon and Moran 2010; Chen, et al. 2019) thanks primarily to the discovery of 

extremely A+T rich genomes in symbiotic bacteria (Moran, et al. 2008). Mitochondrial genomes 

(mitogenomes) evolved from an endosymbiotic alphaproteobacterium (Lang, et al. 1999) and are a rich 

reservoir for unconventional and extreme genomes (Smith and Keeling 2015). Currently sequenced 

mitogenomes exhibit a wide range of G+C content from 10.9%-68.1% (Bouchier, et al. 2009; Hecht, et 

al. 2011) with most mitogenomes being AT-rich (Smith 2012). G+C contents in yeast mitogenomes 

range from 10.9% in Nakaseomyces bacillisporus to 52.7% in Candida subhashii (Fricova, et al. 2010).

There are several driving forces in the evolution of genome-wide nucleotide composition. First, 

biases in the mutation process result in diversity of base composition. Despite mutation is mostly 

biased toward A/T (Hershberg and Petrov 2010), reduced mutation bias is evident in many G+C-rich 

genomes (Long, et al. 2015; Long, et al. 2016; Sun, et al. 2017). Secondly, G+C-content can be 

influenced by G/C-biased gene conversion in recombination (Eyre-Walker 1993). In eukaryotes, G/C-

biased gene conversion leads to an increase of GC contents in regions with high recombination activity 

(Mancera, et al. 2008; Pessia, et al. 2012). In bacteria and archaea, it has been debated on whether 

recombination acts as a universal force to increase (Lassalle, et al. 2015) or decrease (Bobay and 

Ochman 2017) G+C content. Thirdly, natural selection often favors increased G+C in protein-coding 

genes (Hildebrand, et al. 2010; Raghavan, et al. 2012; Long, et al. 2018). In reverse, reduced effective 

population size and selection efficacy result in decreased G+C. In fact, genomes having the most A+T 

rich genes in bacteria (McCutcheon and Moran 2010), mitochondria (James, et al. 2013), and plastids 

(Su, et al. 2019) are all in endosymbiotic organisms. Finally, genome-wide nucleotide composition can 

be shaped by variable length of AT-rich intergenic regions (Xiao, et al. 2017). The Drosophila 

melanogaster mitogenome, with the lowest genome-wide %(G+C) in fruit flies, has exceptionally long 

AT-rich control region (Lewis, et al. 1994). Nakaseomyces bacillisporus (10.9% G+C), the most AT-rich 

mitogenome until this study, contains considerable AT-rich intergenic sequences (Bouchier, et al. 2009). 

In this study, we report the lowest genome-wide %(G+C) in the mitogenome of 

Saccharomycodes ludwigii, which is a non-Saccharomyces spoilage yeast species in winemaking 

(Ciani and Maccarelli 1998), and production of low- and non- alcoholic beers (De Francesco, et al. 

2015). To understand the evolution of this record-setting AT-rich mitogenome, we obtain complete 

mitogenomes from a total of ten Saccharomycodes ludwigii strains. Taking comparative genomic 

approaches, we investigate genomic variation regarding sequence insertions/deletions (indels) and 

intron movements. We further detect mitochondrial recombination and examine sequence 

characteristics of recombinant regions. Finally, we analyze substitution bias and estimate equilibrium 

G+C content to investigate mechanisms dictating the genome-wide nucleotide landscape. 
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Results

Extreme AT richness of the Saccharomycodes ludwigii mitogenome 
The mitogenome of the Saccharomycodes ludwigii type strain Y12793 shows 8.42% overall G+C (more 

genomic details in Supplemental Table S1). Intergenic regions exhibit extremely low %(G+C), introns 

and genes show a striking elevation in %(G+C) (Figure 1). The intergenic regions of notably 

elevated %(G+C) are all GC-clusters, which form hairpin structures and are presumably mobile (de 

Zamaroczy and Bernardi 1986) (Supplemental Figure S1). The ten Saccharomycodes ludwigii 

mitogenomes range from 64,578 - 69,040 nucleotides in size. Their G+C contents range from 7.63% - 

8.42% averaging 8.00% (Supplemental Table S2).

G+C contents in protein genes were compared between Saccharomycodes ludwigii and 

Hanseniaspora uvarum in the Saccharomycodaceae family, and against seven species in the 

Saccharomycetaceae family (Figure 2). Saccharomycodes ludwigii has significantly lower G+C content 

in protein genes than Hanseniaspora uvarum (Wilcoxon rank sum test, P-value = 0.014), but there is no 

significant difference between Saccharomycodes ludwigii versus any Saccharomycetaceae species.

Sequence evolution in Saccharomycodes ludwigii 
To compare substitution rates among nine yeast species, seven mitochondrial respiratory protein genes 

were analyzed. The ribosomal protein gene rps3 (or var1) was excluded due to its extremely high level 

of sequence variation, which can cause inaccurate sequence alignment among divergent sequences. 

The branch leading to Saccharomycodes ludwigii is 5.9 times or 8.3 times shorter in length than that 

leading to Hanseniaspora uvarum based on synonymous (dS) or nonsynonymous (dN) site divergence, 

respectively. Similarly, the branch leading to Saccharomycodes ludwigii is notably shorter than that 

leading to Eremothecium gossypii on both dS and dN phylogenetic trees. There is no evidence for 

accelerated rates of substitution in the Saccharomycodes ludwigii mitogenome.

Saccharomycodes ludwigii also does not show elevated nucleotide diversity relative to other 

yeast species. The average pairwise synonymous nucleotide diversity (πs) is 0.017 and 

nonsynonymous nucleotide diversity (πa) is 0.0002. Compared against species in the 

Saccharomycetaceae family with >5 mitogenomes from our previous study (Xiao, et al. 2017), 

Saccharomycodes ludwigii has πs and πa values lower than Saccharomyces cerevisiae (πs = 0.033, πa 

= 0.0029), Saccharomyces paradoxus (πs = 0.032, πa = 0.0019), Lachancea kluyveri (πs = 0.032, πa = 

0.0013), but higher than Lachancea thermotolerans (πs = 0.005, πa = 0.0001). The πa/πs ratio, as a 

proxy for the level of genetic drift, in Saccharomycodes ludwigii (0.012) is lower than the ratio in 

Saccharomyces cerevisiae (0.089), Saccharomyces paradoxus (0.060), or Lachancea kluyveri (0.041). 
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These findings suggest that mitochondrial genes in Saccharomycodes ludwigii are not under more 

relaxed selection than in other yeast species.

Densities of short tandem repeats 
Saccharomycodes ludwigii has the lowest density of mono-nucleotide repeats (smaller than 1bp 

repeats per kb) among yeast mitogenomes, which contradicts the expected density (Figure 3). The 

densities of mono-nucleotide repeats are also low in Hanseniaspora uvarum (smaller than 1bp repeats 

per kb), Eremothecium gossypii (2.8-bp repeats per kb), Vanderwaltozyma polyspora (3.9-bp repeats 

per kb), and Nakaseomyces bacillisporus (6.4-bp repeats per kb). All except Eremothecium gossypii 

and Hanseniaspora uvarum have higher than expected densities of di-nucleotide repeats. All 

mitogenomes have higher than expected densities of tri-nucleotide repeats. All but Hanseniaspora 

uvarum have higher than expected densities of tetra-nucleotide repeats. Saccharomycodes ludwigii and 

Nakaseomyces bacillisporus are consistently the two species with highest densities of di-nucleotide, tri-

nucleotide, and tetra-nucleotide repeats.

Movements of mitochondrial introns 
Among the eight mitochondrial intron sites in Saccharomycodes ludwigii, five are group I introns and 

three are group II introns (Supplemental Table S3). The cox1 intron2, intron3, and intron 5 contain open 

reading frames (ORFs) that encode endonucleases, the cox1 intron1 contains a maturase-encoding 

ORF. The omega intron in rnl rRNA and cox1 intron1 are presence-absence polymorphic (Figure 4). 

The omega intron is present in four strains (NCYC732, Y12861, Y12860, and NCYC3345), which do 

not form a monophyletic group but are identical at the sequence level. The cox1 intron1 is sporadically 

distributed in five strains. Among the five sequences, four of them (Y12793, Y94, Y8871, and 

NCYC3345) are identical with Y12860 differing by just a single nucleotide. The identical or nearly 

identical intron sequences suggest events of recent intron invasion. 

The presence-absence polymorphism of mitochondrial introns has been associated with 

mitochondrial recombination (Wu and Hao 2014). To detect recombination, phylogenetic analyses were 

performed on the six introns present in all ten Saccharomycodes ludwigii strains. Among the cox1 

intron2 sequences, the most basal strain Y5447 is identical with NCYC3345, and both are more closely 

related to the clade containing the type stain Y12793, than to another basal strain Y12860 (Figure 5). 

The genome-wide nucleotide distance between Y5447 and NCYC3345 is 0.008 (Figure S2). If we 

assume that the occurrence of mutations in the mitogenome follows a Poisson distribution, the 

probability to have identical 1731 nucleotides (the length of cox1 intron2) between Y5447 and 

NCYC3345 is 1.01x10-6. Among the cox1 intron7 sequences, the basal strain Y12860 is identical with 
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three strains (Y12793, Y974, and Y8871). Based on the genome-wide nucleotide distance (0.018) 

between Y12860 and Y12793, the probability to have identical 1202 nucleotides (the length of cox1 

intron7) between Y12860 and Y12793 is 4.16x10-10. The cox1 intron2 is an ORF-containing group I 

intron whereas cox1 intron7 is an ORF-lacking group II intron. This is consistent with our previous 

findings that mitochondrial recombination is common in both group I and group II introns, and 

recombination is not dependent on the presence of intron-encoded endonuclease or maturase (Wu, et 

al. 2014; Wu and Hao 2015). Unexpectedly high sequence similarity and phylogenetic incongruence 

are common in the remaining introns (Supplemental Figure S2), suggesting widespread recombination 

in Saccharomycodes ludwigii introns. 

Presence-absence polymorphism of tRNAArg (ACG) 
Eight out of nine GC-clusters exhibit presence-absence polymorphism among Saccharomycodes 
ludwigii mitogenomes (Figure 4). The arginine tRNA gene tRNAArg (ACG) was analyzed along with GC-

clusters due to its presence-absence polymorphism and relatively high G+C content (Figure 1). Unlike 

the dominant arginine tRNA gene tRNAArg (TCT) that is universally present, tRNAArg (ACG) is 

sporadically distributed in yeast mitogenomes (Table 1). The presence of tRNAArg (ACG) seems to be 

associated with the usage of CGN codons (recognized by tRNAArg (ACG)) in the rps3 gene in 

Saccharomyces cerevisiae, Torulaspora delbrueckii, and Lachancea kluyveri. In Saccharomycodes 
ludwigii, there is no usage of CGN codons for Arginine in any strains regardless of the presence or 

absence of tRNAArg (ACG) (Table 1). The three strains (Y5447, NCYC3345, and Y12860) that lack 

tRNAArg (ACG) are basal lineages on the rooted Saccharomycodes ludwigii tree (Supplemental Figure 

S3). The tRNAArg (ACG) region does not show evidence of sequence degeneration in any of the three 

tRNAArg (ACG)-lacking strains (Supplemental Figure S4), instead, it suggests rapid clean gain/loss of 

tRNAArg (ACG). The most parsimonious explanation would be that tRNAArg (ACG) was acquired once 

after the Saccharomycodes ludwigii species evolved. However, the possibility of multiple tRNAArg (ACG) 

losses cannot be ruled out if tRNAArg (ACG) loss takes place at a much higher rate than tRNAArg (ACG) 

gain.

Genome-wide analysis of mitochondrial recombination 
We removed introns and indels from the alignment before recombination analyses. There is significant 

evidence for recombination in the Saccharomycodes ludwigii mitogenome [PHI-test (Bruen, et al. 2006), 

P-value =0]. A phylogenetic network is shown in Figure 6 to illustrate reticulate evolution. Recombinant 

events were inferred by the four-gamete test (Hudson and Kaplan 1985). Along the 51,469-nucleotide 

intron-free genome alignment, the regions that violate four-gamete-test are 14,981 nucleotides (29.1% 
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of the total alignment, Supplemental Table S4). Overall, there are a significant amount of sequences in 

the Saccharomycodes ludwigii mitogenome associated with recombination. Stand‐alone endonuclease 

genes in yeast mitogenomes can cause recombination (Wu and Hao 2019), but Saccharomycodes 

ludwigii lacks mitochondrial‐encoded stand‐alone endonuclease genes. Therefore, other mechanisms 

are involved in mitochondrial recombination in Saccharomycodes ludwigii.

Variation of %G+C among sequence regions 
Intron sequences in all ten strains have an average G+C content 11.9%. After the removal of introns, 

the G+C content of genome alignment drops to 7.35% (Supplemental Table S4). Insertion/deletion 

(indel) regions in the genome alignment have a significantly lower G+C content (5.28%) than the entire 

alignment (2-test, P-value < 0.001). After the removal of indels, the G+C content of genome alignment 

becomes 7.56% (Supplemental Table S4). Regions that violate four-gamete-test have a significantly 

higher G+C content (9.51%) than the entire alignment (2-test, P-value < 0.001). This is consistent with 

previous reports on increased GC content in regions with high recombination activity (Mancera, et al. 

2008; Pessia, et al. 2012). We propose that GC-biased gene conversion is also prevalent in 

mitochondrial recombination.

Indel sequences among the three most closely related mitogenomes
Among Y12793, Y974, and Y8871 mitogenomes, there are two indel regions, but no substitutions in the 

whole mitogenome alignment. A two-nucleotide indel is located in an (AT) dinucleotide repeat starting 

at alignment position 12274. Y12793 has (AT)10 (i.e., ten AT units), while Y974 and Y8871 have (AT)9. 

The other indel has 292 nucleotides in alignment region 51918-52209. The indel sequence is present in 

Y12793 and Y974, but absent from Y8871. Its first 74 nucleotides have 52.70% G+C and correspond to 

GC-cluster i in Figure 4, while the remaining 218 nucleotides have only 3.67% G+C. These results 

show the importance of short tandem repeats and GC-clusters in indel mutations.

Mutation bias and expected equilibrium %G+C under mutation bias 
Nucleotide changes were mapped on the phylogeny (Figure 7) to infer mutation bias using the intron-

free genome alignment excluding indels and recombinant regions. There are 58 changes from G/C to 

A/T, 94 from A/T to G/C, 406 from A/T to T/A, no changes from C/G to G/C. Based on the empirical 

nucleotide composition (6.77% G+C in the analyzed sequence alignment), the substitution rate of 

A/T→T/A is 4.32 time higher than that of A/T → G/C, the substitution rate of G/C→A/T is 8.46 time 

higher than that of A/T → G/C. There is a very strong mutation bias toward A/T. The expected 

equilibrium G+C content under mutation pressure alone would be 10.54% with 95% confidence interval 
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[7.86%-14.20%], which is still higher than the observed G+C content (6.77%) of the analyzed sequence 

alignment. The phenomenon of observed G+C content being lower than expected equilibrium G+C 

content suggests the existence of evolutionary mechanism(s) operating to increase A/T composition.

Discussion

No extreme acceleration of sequence evolution in Saccharomycodes ludwigii
Unlike AT-rich endosymbiotic bacteria whose genes are under accelerated evolution and increased 

fixation of deleterious mutations (Moran 1996), the Saccharomycodes ludwigii mitogenome does not 

show evidence of accelerated evolution at either synonymous or nonsynonymous sites (Figure 2). 

Saccharomycodes ludwigii has much lower substitution rates than Hanseniaspora uvarum, yet its 

protein genes have lower G+C contents than those in Hanseniaspora uvarum. This suggests that 

accelerated evolution under relaxed selection is not a major force driving the extreme AT-richness of 

the Saccharomycodes ludwigii mitogenome.

Limited role of tRNAArg (ACG) in the Saccharomycodes ludwigii mitogenome
Mitochondrial-encoded tRNAArg (ACG) has been recently acquired in Saccharomycodes ludwigii, but 

there is no evidence for usage of CGN codons in mitochondrial-encoded protein coding genes in any of 

the Saccharomycodes ludwigii strains. tRNAArg (ACG) has undergone gain and loss events in the 

mitogenomes of the Saccharomycetaceae family, where the usage of CGN codons in the rps3 gene is 

evident in tRNAArg (ACG)-containing species. The absence of CGN codon usage in the 

Saccharomycodes ludwigii mitogenomes suggests either that tRNAArg (ACG) is not functional, or that 

the usage of CGN codons has not been established after the recent acquisition of tRNAArg (ACG).

GC-biased gene conversion in mitochondrial recombination
A significant amount of sequences in the Saccharomycodes ludwigii mitogenome are associated with 

recombination. In yeast nuclear genomes, recombination events increase G+C content in the converted 

sequences because of GC-biased gene conversion (Mancera, et al. 2008). This study shows that 

recombinant regions have higher G+C content than non-recombinant regions sequences in the 

Saccharomycodes ludwigii mitogenome. To the best of our knowledge, this is the first study to show 

evidence of GC-biased gene conversion in mitogenomes. Importantly, GC-biased gene conversion 

occurs during recombination even in the most AT-rich mitogenome. 

Dynamic indel mutations 
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Indel mutations are major drivers in yeast mitogenome diversity, even among mitogenomes with no 

substitutions. There are two major types of indel mutations in yeast mitogenomes, presence-absence 

polymorphism and length variation of short tandem repeats. Presence-absence polymorphism of 

introns and GC-clusters can be, in part, explained by their nature as mobile genetic elements (Goddard 

and Burt 1999; Wu and Hao 2015). Length variation of short tandem repeats can be caused by 

slippage and unequal recombination (Toth, et al. 2000; Dieringer and Schlotterer 2003). The 

Saccharomycodes ludwigii mitogenome has substantially underrepresented mononucleotide repeats 

but high densities of other short tandem repeats. This is in sharp contrast to repeat densities in nuclear 

genomes, whose mononucleotide repeats are abundant (Toth, et al. 2000). It is possible that 

mononucleotide repeats are strongly selected against in AT-rich yeast mitogenomes, and/or that 

repeats with >1bp repeated units undergo recent and very rapid expansions in extremely AT-rich and 

gene-poor mitogenomes such as in Saccharomycodes ludwigii.

AT biased mutation in mitogenomes 
There is a very strong mutation bias towards A/T in the Saccharomycodes ludwigii mitogenome. Strong 

mutation bias towards A/T has been shown in many AT-rich mitogenomes such as Drosophila 

melanogaster (Haag-Liautard, et al. 2008), Caenorhabditis briggsae (Howe, et al. 2009), Daphnia pulex 

(Xu, et al. 2012) and Caenorhabditis elegans (Konrad, et al. 2017). The degree of mutation bias varies 

among Paramecium species, with a significant AT bias in the AT-rich P. caudatum mitogenome (22% 

G+C), and little bias in mildly AT-rich Paramecium mitogenomes (39%-42% G+C) (Johri, et al. 2019). 

Interestingly, the mitogenome of budding yeast Saccharomyces cerevisiae is AT-rich (with 17% G+C), 

but has been shown to have mutations biased towards G/C (Lynch, et al. 2008). Taken together, AT-

rich mitogenomes often exhibit a strong AT mutation bias and there also exist species-specific factors 

dictating mutation bias. 

Mutations from A/T to T/A 
Mechanisms causing A/T to T/A substitutions in the Saccharomycodes ludwigii mitogenome are unclear. 

Mutation rates and patterns can be influenced by sequence context, especially in alternating purine-

pyrimidine sequences (Hess, et al. 1994; Sung, et al. 2015). The frequent A→T mutations in this study 

can be associated with the abundant alternating A-T sequences (i.e., di-nucleotide repeats) in the 

Saccharomycodes ludwigii mitogenome. Hypermutation tends to occur in A nucleotide sites in mammal 

immunoglobulin genes (Spencer and Dunn-Walters 2005; Zivojnovic, et al. 2014). Though mutations in 

immunoglobulin genes and mitogenomes involve different DNA polymerase (eta, PolH vs. gamma, 

PolG) (Delbos, et al. 2007), they all have frequent A→T mutations. Interestingly, A→T mutations in 
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immunoglobulin genes are significantly favored in the alternating A-T sequence context TAT (with the 

focal base underlined) (Spencer and Dunn-Walters 2005; Zivojnovic, et al. 2014). 

Can AT-richness be favored?
Natural selection often favors increased G+C in protein-coding genes (Hildebrand, et al. 2010; 

Raghavan, et al. 2012; Long, et al. 2018). Interestingly, the observed G+C content in this study is lower 

than the expected equilibrium G+C content under mutation bias. This suggests existence of 

mechanisms promoting AT-richness at the mitogenome level in Saccharomycodes ludwigii. GC-biased 

gene conversion is evident among Saccharomycodes ludwigii mitogenomes. Our results, however, 

could not exclude AT-biased gene conversion (Bobay and Ochman 2017) especially if AT-biased gene 

conversion took place before the Saccharomycodes ludwigii species evolved. Similarly, AT-rich 

intracellular elements in bacteria are selectively favored because of limited availability and high costs of 

G+C nucleotides (Dietel, et al. 2019). Base composition is known to be influenced by environmental 

factors (Foerstner, et al. 2005; Reichenberger, et al. 2015; Hellweger, et al. 2018). Since yeast 

mitogenomes have different G+C contents from their corresponding nuclear genomes, any 

environmental factors influencing mitochondrial base composition must be at the subcellular level. The 

subcellular conditions between mitochondria and nucleus are indeed different in many ways. For 

instance, mitochondria have a temperature about 10 C higher than the rest of the cell (Chretien, et al. 

2018), dNTP pools within mitochondria are not in equilibrium with cytosolic dNTP pools (Rampazzo, et 

al. 2004). Finally, the life history of Saccharomycodes ludwigii is not well understood, further studies on 

its life history could shed new lights on the evolution of this extreme AT-rich mitogenome. With the 

remarkable mitogenomic diversity and readily available genetic tools to manipulate subcellular 

conditions in yeasts, yeast mitogenomes become an excellent model system to investigate genetic 

mechanisms driving the evolution of nucleotide composition.

Materials and Methods

Mitogenome sequencing, assembly, and annotation 
Six strains of Saccharomycodes ludwigii (Y974, Y5447, Y8871, Y12793, Y12860, and Y12861) were 

kindly provided by the National Center of Agricultural Utilization Research (IL, USA). Four strains of 

Saccharomycodes ludwigii (NCYC732, NCYC734, NCYC849, NCYC3345) were purchased from 

National Collection of Yeast Cultures (NCYC, UK). Genomic DNA of each strain was extracted from a 

two-day culture of a single colony inoculation. The ten mitogenomes were sequenced at read depths 

ranging from 214×-1431× by the Illumina MiSeq platform (Paired-End 250bp), and assembled using 
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SPAdes v3.7.1 (Bankevich, et al. 2012) with k-mers of 55, 75, 89, 97 and 127. Each assembly was 

validated by mapping raw reads back to the assembly using BWA-MEMv0.7.12 (Li and Durbin 2009), 

following by visual inspection using Integrative Genomics Viewer (IGV v2.3.60) (Robinson, et al. 2011). 

All ten mitogenomes were assembled into single, circularized genomes of length 64.6-69.0 kb with G+C 

content ranging from 7.63% to 8.42% (Supplemental Table S2). The assembled genomes were 

annotated using MFannot (http://megasun.bch.umontreal.ca/cgi-bin/mfannot/mfannotInterface.pl), 

followed by manual correction of intron boundaries. 

Sequence alignment and phylogenetic analyses
The seven respiratory protein genes (atp6, atp8, atp9, cob, cox1, cox2, and cox3) were used for 

phylogenetic analyses. The ribosomal protein gene rps3 (or var1) was excluded due to its extremely 

high level of sequence variation. Homologous sequences were aligned using MUSCLE (Edgar 2004). 

Phylogenetic trees were constructed using PhyML (Guindon, et al. 2010) under a GTR + Γ nucleotide 

substitution model. The synonymous and nonsynonymous tree were constructed using SEAVIEW 

(Gouy, et al. 2010). The concatenated mitochondrial protein-gene tree of Saccharomycodes ludwigii 

was rooted using Kluyveromyces lactis as the outgroup (Figure S2). Hanseniaspora uvarum and 

Eremothecium gossypii were not chosen for the outgroup taxa as they have undergone accelerated 

evolution in overall substitutions (Hanseniaspora uvarum) or nonsynonymous substitutions 

(Eremothecium gossypii) (Figure 2). Whole mitogenomes were aligned using the Mauve program 

(Darling, et al. 2004). Since mitochondrial introns are of presence-absence polymorphism (Wu and Hao 

2014) and subject to homologous recombination (Wu, et al. 2015), all introns were removed before 

genome alignment and analyzed separately. 

Detection of recombination 
Existence of recombination was detected by the PHI-test using the software PhiPack (Bruen, et al. 

2006). The Neighbor-Net dendrogram was calculated using SplitsTree4 (Huson and Bryant 2006). The 

four-gamete test (Hudson and Kaplan 1985) is a method for detecting recombination events. Regions 

violating four-gamete-test were removed using RminCutter.pl v1.05 

(https://github.com/RILAB/rmin_cut/).

Analysis of short tandem repeats
Short tandem repeats were counted when repeat unit >2 and repeat length >6. The minimum numbers 

of repeat units are 7 for mono-nucleotide, 4 for di-nucleotide, 3 for tri-nucleotide, and 3 for tetra-

nucleotide repeats. The expected repeat densities in a given %G+C were calculated on randomly 
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generated 1000kb sequences by assuming a random distribution of nucleotides using custom PERL 

scripts.

Inference of substitution patterns on genome alignment
Substitution patterns were inferred only using non-recombinant regions (i.e., not violating four-gamete-

test). A phylogeny was constructed and rooted by placing Y5447 as the most basal strain following the 

concatenated mitochondrial protein-gene tree in Figure S3. To avoid ambiguity and reliably determine 

substitution patterns on an internal branch, we applied strict monophyly (no homoplasy allowed) to infer 

derived characters, and also excluded derived substitutions associated with any of the three basal 

strains. For instance, a substitution X→Y is inferred on the branch leading to the common ancestor of 

Y974, Y12793, and Y8871, only when Y is in Y974, Y12793, and Y8871, X is in all the remaining seven 

strains. 

Mutation bias and expected equilibrium G+C content
The extent of mutation bias is estimated by comparing rates of different substitution types. Substitution 

rate of A/T→G/C was calculated as (number of A/T→G/C substitutions)/(total number of utilizable A/T 

sites), substitution rate of A/T→T/A was calculated as (number of A/T→T/A substitutions)/(total number 

of utilizable A/T sites), and substitution rate of G/C→A/T was calculated as (number of G/C→A/T 

substitutions)/(total number of utilizable G/C sites). The relative substitution rate of A/T→G/C () was 

set to be 1 (=1), so that substitution rates of A/T→T/A (x) and G/C→A/T () can be easily compared 

relative to A/T→G/C (Figure 7). Mutation bias towards A/T (m) was calculated as, m = /, and the 

expected equilibrium G+C content was calculated as 1/(1+m) following Lynch (2007). The 95% 

confidence interval was computed from sampling from the Poisson distribution with a mean of observed 

mutation count following Hershberg and Petrov (2010). In brief, 100,000 values were sampled from the 

Poisson distribution once with a mean of observed 58 G/C→A/T mutations and once with a mean of 

observed 94 A/T→G/C mutations using the R program, rpois. They were used to recalculate 100,000 

equilibrium %G+C values and the resulting values were sorted and used to estimate the 95% 

confidence interval for expected equilibrium %G+C.

Data availability
The ten mitogenomes have been deposited to GenBank with accession numbers of KU888694- 

KU888699, MT461932, MT461933, MT534625, and MT534626.
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Table 1: Usage of CGN and AGR codons for Arginine in yeast mitogenomes.

Presence of Seven respiratory protein genes Ribosomal protein gene (rps3)

Species/strains a tRNAArg (ACG) AGR codons CGN codons AGR codons CGN codons

Saccharomyces cerevisiae Yes 39 0 3 1

Nakaseomyces bacillisporus No 35 0 3 0

Vanderwaltozyma polyspora No 36 0 4 0

Torulaspora delbrueckii Yes 39 0 3 2

Lachancea kluyveri Yes 40 0 4 2

Kluyveromyces lactis No 40 0 7 0

Eremothecium gossypii No 34 0 6 0

Hanseniaspora uvarum b No 40 0 - -

Saccharomycodes ludwigii

Y974 Yes 35 0 3 0

Y12793 Yes 35 0 3 0

Y8871 Yes 35 0 3 0

NCYC734 Yes 35 0 3 0

NCYC849 Yes 35 0 3 0

NCYC732 Yes 35 0 3 0

Y12861 Yes 35 0 3 0

Y12860 No 35 0 3 0

NCYC3345 No 35 0 3 0

Y5447 No 35 0 3 0
a Species/strains are shown following the phylogenetic order in Figures 1 and 6.
b The rps3 gene is absent in Hanseniaspora uvarum.
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Figure 1. Mitogenome map of Saccharomycodes ludwigii Y12793 (type strain). The genome is circular 

but presented in a linear view to better illustrate G+C content variation (measured by 50-nucleotide 

sliding windows) along the genome. GC-rich non-genic regions (%G+C>35) are often polymorphic and 

shown in squares (a, b, c, d, e, f, g, h, i, j) with filled squares signifying presence in the 12793T 

mitogenome while open squares indicating absence in the 12793T mitogenome. tRNAArg (ACG) (labeled 

as d) is included because it is polymorphic among the ten sampled strains (Figure 4). 
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Figure 2. Phylograms of synonymous (dS) and nonsynonymous (dN) site divergence for the 

concatenated alignment of seven respiratory protein genes. G+C-content of protein coding genes 

(CDSs), introns and the whole mitogenome is shown on the right for each species. 
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Figure 3. Correlation between short repeat densities (repeats per 1 kb) and G+C content. The line in 

each panel shows the expected repeat densities based on G+C content. The species in each panel 

from left to right are Saccharomycodes ludwigii, Nakaseomyces bacillisporus, Lachancea kluyveri, 

Vanderwaltozyma polyspora, Saccharomyces cerevisiae, Eremothecium gossypii, Torulaspora 

delbrueckii, Kluyveromyces lactis, Hanseniaspora uvarum.
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Figure 4. Distribution of GC-cluster regions and mitochondrial introns in Saccharomycodes ludwigii. 

Filled squares signify presence while open squares indicate absence. The d region is the only GC-rich 

region with an annotated function (tRNAArg with an ACG anticodon). A cladogram on the left is based on 

the phylogeny constructed from the intron-free mitogenome alignment after the removal of indels and 

recombinant regions. For illustration purpose, the three strains lacking tRNAArg (ACG) are in blue, the 

Y12793 type strain and its two closely related strains are in red.
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Figure 5. Phylogenetic evidence for recombination of cox1 intron 2 and cox1 intron 7. Bootstrap values 

greater than 70% are shown. The strain colors are per Figure 3.
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Figure 6. Phylogenetic network of Saccharomycodes ludwigii strains. The Neighbor-Net dendrogram 

was calculated on the intron-free mitogenome alignment using SplitsTree. The strain colors are per 

Figure 4.
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Figure 7. Maximum likelihood phylogeny constructed from the intron-free mitogenome alignment after 

the removal of indels and recombinant regions. The tree is rooted by placing Y5447 as the most basal 

strain following the concatenated mitochondrial protein-gene tree in Figure S3. Substitutions are 

counted and shown on corresponding branches. 
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