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Abstract

Kazachstania bulderi is a yeast species belonging to a ubiquitous group of non-conventional
yeasts which has the ability to grow efficiently on glucose and §-gluconolactone at low pH.
This unique trait makes K. bulderi an ideal candidate as a new host for low pH fermentation
processes for sustainable production of green chemicals such as organic acids. To accelerate
strain development with this species, detailed information of its genetics is needed. Here, by
employing high accuracy long read sequencing we report a high-quality phased genome as-
sembly for three strains belonging to K. bulderi species, including the type strain. The se-
quences were assembled into 12 chromosomes with a total length of 14Mb, and the genome
was fully annotated at structural and functional levels, including allelic and structural vari-
ants, ribosomal array, centromeres and mating type locus. This high-quality reference ge-
nome provides an essential resource to advance our fundamental knowledge of biotechno-
logically relevant non-conventional yeasts and to support the development of genetic tools for

manipulating such strains towards their use as production hosts biotechnological processes.

| ntroduction

Biorefineries have been proposed as a solution to replace oil-derived products with
more sustainable biotechnologies, which are based on the use of renewable resources for the
commercial production of chemicals and other products. These types of processes are often
hampered by the high costs associated with the recovery and purification of the product(s),
which in many cases, can be as high as 50%-80% of the total production cost (1-3) This is
particularly evident for the production of organic acids by fermentation. Because most
production microorganisms used in the industry need a neutral pH for optimal performance
during the fermentation process, as the organic acids are synthesized and accumulated in the
culture media, pH decreases, and the organic acid has to be neutralized by the addition of a

base, leading to the formation of the organic acid salt (4,5). Subsequent applications of the
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organic acids normally use the acid form, and the neutralizing cation has to be removed,
disposed or recycled (6). There is, therefore, a need to develop new production hosts that
have an optimum performance at low pH. Production of organic acids at low pH, would
decrease or eliminate the formation of the organic salts, and improve product recovery and
overall process economics. Three strains of Kazachstania bulderi, formerly Saccharomyces
bulderi, isolated from corn silage (7), have been reported to rapidly and efficiently, ferment
glucose and &-gluconolactone to ethanol and carbon dioxide at pH between 2.5 and 5.0 (8),
making K. bulderi a very attractive host for low-pH fermentations. However, the
development of a new production host for commercial processes, requires a deep
understanding of its genomic sequence and organization, with accurate gene annotations, as

well as the development of genetic tools to modify the strain to create the desired phenotypes.

Kazachstania, as their closer neighbours, Naumovozyma and Saccharomyces genera, arose
after the whole-genome duplication event that gave rise to part of the Saccharomycetaceae
(9). Kazachstania genus encompasses a large and diverse group of ascomycetous budding
yeasts. To date, it is composed of over 40 species isolated from wild, domesticated and

clinical environments (7,10).

Currently, high quality genome assemblies at chromosome level for Kazachstania strains are
still limited, as only four assembled and annotated genomes have been published to date for
K. africana (11), K. naganishii (11), K. saulgeensis (12) and K. barnettii (10). Highly
fragmented assemblies have been drafted for seven species, such as K. humilis (13), K.
servazzii (14,15), K. telluris (16), K. dooffiae (17), K. bovina (18), K. exigua and K.
unispora (17); other species have a draft assembly with very few, or no annotations (19,20).
A fragmented genome for K. bulderi strain appears has been deposited in NCBI, but there is

no publication attached to it.

Here, using a combination of next generation sequencing, de novo assembly tools and gene
annotation algorithms, we construct high-quality reference genomes, including ribosomal
repeats, mating type locus, and mitochondria DNA for the three reported K. bulderi strains
CBS 8638 (type strain), CBS 8639 and NRRL Y-27205. We also carried out comparative
genomic analysis of the strains, including allelic and structural variation, synteny, and
identification of species-specific and genus-specific genes. The availability of this genome

will not only allow the optimization of gene manipulation tools towards the development of
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sustainable green products but will also provide a platform for future population genomic, or

‘omics studies for Kazachstania species.

Results

1. Phenotype characteristic of K. bulderi strainsat low pH, lactic acid and drugs.

To confirm the potential of K. bulderi as a new production host for low-pH fermentations, we
assessed the growth of three K. bulderi strains under different range of pH, from 5.5 to 2.1 on
minimal SD media. We observed that, in contrast to Saccharomyces cerevisiae lab strain
BY4743 and commercial strain NCYC 505, the three K. bulderi strains CBS 8638, CBS 8639
and NRRL Y-27205 maintain a constant high growth rate, even at pH to 2.1 (Figure 1A).
CBS 8638, in particular, seems to grow better at lower pH compared to the other strains. For
Saccharomyces cerevisiae strains, the growth is significantly affected at pH < 2.5, being
completely hindered at pH 2.1 for BY4743 (Figure 1A). Since an efficient host for low pH
fermentation should be able to stand high concentrations of organic acids, we assessed the
growth of K. bulderi strains in the presence of different concentration of lactic acids up to
100 g/L. At 85 g/L lactic acid, CBS 8638 strains was still able to maintain optimal growth,
while the other Kazachstania strains showed growth delay and the S. cerevisiae BY4741
could not grow (Figure 1B). Only when lactic concentration was lowered to 50g/L, we could
detect some growth for S. cerevisiae (Figure S1). We also tested the ability of the yeast
strains to grow in presence of 25mM formic acid. Only the Kazachstania strains were able to
grow in this condition (Figure 1C). All the growth parameter for the strains tested in the dif-
ferent conditions are reported in Table S1.

With the purpose of developing genetic tools for genetic manipulations of K. bulderi, we
evaluated the resistance of these strains to common drugs used in the laboratory. We ob-
served that CBS 8638, CBS 8639 showed a high resistance to the standard working concen-
trations of hygromycin B and phleomycin (Figure 1D) when compared with S. cerevisiae
strains 96.2, BY4741 and NCYC 505. Interestingly, NRRL Y-27205 does not show the same
resistance, being more sensible to the tested drugs. The drug that showed to be most effective
for all K. bulderi strains was nourseothricin. These results suggest that the three tested K.

bulderi strains display a reduce cellular uptake of cationic drugs.
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Figure 1. Phenotypic analysis of CBS 8638, CBS 8639 and NRRL Y-27205 K. bulderi
strains. Panel A: maximum growth rate of the three Kazachstania bulderi strains compared
with Saccharomyces cerevisiae lab BY4743 and type strain NCYC 505 from pH 5.5 to 2.5.
Panel B: growth curves of K. bulderi strains in 85g/L of lactic acid. Panel C: growth curves
of K. bulderi strains in 25mM of formic acid; Panel D: spot test assay of K. bulderi (Kb), and
S. cerevisiae (Sc) BY4741, 96.2 and NCYC 505 strains in phleomycin and hygromycin B.

2. Genome sequencing and de novo assembly of the three K. bulderi strains

a. Genome sequencing, assembly and annotation

Genome sequencing of K. bulderi CBS 8638, CBS 8639 and NRRL- Y27205 strains was per-

formed using HiFi read data derived from single-molecule real-time (SMRT) technology
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from Pacific Biosciences (Pachio), the de novo phased assembly and annotation strategies
followed is summarised in Figure. S2.

We obtained approximately 131,888, 125,890 and 159,349 reads for CBS 8638, CBS 8639
and NRRL Y-27205 respectively. To assemble a high-quality genome, first we tested a com-
bination of different phased assembly algorithms, such as the Improved Phased Assembler
(IPA; the official PacBio software for HiFi genome assembly) and HIFIASM (a fast haplo-
type-resolved de novo assembler for PacBio HiFi reads) on K. bulderi CBS 8638, and CBS
8639 strains. The IPA assembler consistently gave a better assembly with a number of con-
tigs closer to the number of chromosomes found in other Kazachstania species (10-12),
while Hifiasm assembler generated a much higher number of contigs for CBS 8638 and CBS
8639 (Table S2).

IPA generated primary de novo assemblies of 14, 17 and 15 contigs for CBS 8638, CBS 8639
and NRRL-Y27205 respectively, totalling ca. 14 Mb in length (Table S3); and alternative
haplotig assemblies of 85, 108 and 172 contigs for CBS 8638, CBS 8639 and NRRL Y-
27205, respectively (Table S1). These alternative haplotigs represent regions of heterozygos-
ity, which allow separation of haplotypes for K. bulderi diploid strains, and spanned a total of
13Mb, 14Mb and 16 Mb (100% was separated into haplotypes). The total coverage was 59X
for CBS 8638, 63Xfor CBS 8639 and 83.9X for NRRL Y-27205 (Table S3).

A high-quality assembly is determined when it respects three crucial attributes, referred as the
three “C” (21): Continuous (size of contigs), Correct (how accurate) and Complete (ability to
complete the whole structure of the genome). The assemblies obtained using the IPA assem-
bler were hence selected for their better fulfilment of the three “C” criteria.

We then carried out the annotation using both AUGUSTUS (22) and YGAP (23), and the
predicted proteins were functionally annotated using HybridMine (Figure 2). AUGUSTUS
uses a hidden Markov model (probabilistic approach) to predict structural elements, whereas
YGAP uses synteny ancestry (homology approach). HybridMine predicts one-to one ortholog
(24)to infer function, and predicts groups of homologs, including paralogs, using a well anno-

tated reference species, such as S. cerevisiae.

We observed that the structural annotation method that consistently produced consistently a
higher number of genes functionally annotated was YGAP. AUGUSTUS predicted a higher
number of genes and proteins compared to YGAP (Figure S2 A), however, when analysed
with HybridMine, it also had a higher number non functionally annotated proteins, suggesting

that they are either not real ORFs, or the protein sequence was not well predicted, or not
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translated. It is not surprising that YGAP perform better here given it is optimised towards
yeast genome structural annotation. It efficiently infers introns/exons and therefore protein
sequences are more accurately predicted (23)

Reliably, HybridMine was able to functionally annotate more than 90% of protein-coding
genes regardless the method used (Figure S2 B).

The assembly generated using the IPA assembler and the structural annotation predicted by

YGAP were used as starting point for manual curation.
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Figure 2. Strategy followed for generation of high-quality genome assembly of K. bulderi
strains, including assemblers (IPA and HIFIASM), structural annotation algorithms (YGAP
and AUGUSTUS) and functional annotation tool (HybridMine).

b. Manual curation of the assemblies

When comparing individual strains assemblies between each other it was clear that: i. some
primary contigs in one K. bulderi strain were separated in two/three contigs in others; ii.

across the strains, there were regions with non-uniform distribution in the mapping of long


https://doi.org/10.1101/2023.01.11.523663
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.11.523663; this version posted January 12, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

reads versus the assemblies; iii. translocated and inverted sequences were detected in the
middle of some contigs.

The manual curation was carried out by analysing the alignment of the three assemblies of K.
bulderi, and the mapping of HiFi reads against each assembly. Briefly, the contigs that were
initially split in the different strains were verified by PCR and consolidated (i.e. now total of
12 contigs for all strains); the regions with no read coverage were troubleshooted using the
alternative contig; the translocation was an artifact caused by a mis-assembly, while the in-
version between CBS 8639 and NRRL Y-27205 was experimentally validated via PCR. For a
detailed explanation of the curation, see the Supplementary File 1.

Following manual curation, reads were re-mapped to their respective assemblies resulting in
a regular and uniform reads coverage. The primary assemblies now consist of 12 contigs, to-
talling 14Mb, with contig N50 of 1.2 Mb (Table 1). The coverage of the manually curated
assemblies increased being now 62X, 65X and 84X for CBS 8638, CBS 8639 and NRRL Y-
27205, respectively (Table 1) and a chromosome- level assembly was achieved (Table 2). K.
bulderi CBS 8638, CBS 8639 and NRRL Y-27205 chromosomes number and their sizes were

also confirmed via Pulse Field Gel Electrophoresis (Figure S3).

Table 1. Metrics and summary statistics for the curate K. bulderi de novo PacBio assemblies.

_ De novo assemblies

Metric CBS8638 | CBS8639 | NRRL-Y27205
Size (Mb) 14.47 14.25 14.44
N° Contigs 12 12 12
Largest contig (bp) 2767906 2786749 2758527
N50 (Mb) 1.25 1.24 1.23
N75 (Mb) 0.84 0.86 0.90
L50 4 4 4
L75 7 7 7
GC (%) 33.12 33.11 33.16
Average identity (%) 97.5 97.3 97.3
Mean read length 6042.8 6607.6 7153.3
Median identity (%) 99.4 99.3 99.3
Median read length 5871 6744 7308
Number of reads 149370 136974 167910
Read length N50 7933 8148 8920
Total bases 902618975 905075306 1201106262
Total bases aligned 843227356 879022084 1162715498
Coverage (X) 62.4 64.5 83.9
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The completeness of the assemblies was also evaluated using the BUSCO software using the
‘-Saccharomycetes’data set of BUSCO gene collection (25). Results indicate that 99% of the
CBS 8638 and CBS 8639 assemblies and 98% of NRRL-Y27205 are complete (Table S4).
By comparison, the previous CBS 8639 and NRRL Y-27205 assembly had 97.6% and 97.3%
complete BUSCO alignments respectively. The Missing BUSCO score were 2.1% and 2.4%
for both assemblies respectively, indicating a higher fraction of the genome was missing in

both initial assemblies before curation (Table S4).

Table 2. Total length of chromosome-level genome assembly for three K. bulderi strains af-

ter curation

CBS8638 | CBS8639 @ NRRL Y-27205
Chromosome Size (Mb)

Chrl 2.79 2.77 2.76
Chr i 2.72 2.73 2.72
Chr 11l 1.42 1.37 1.43
Chr v 1.24 1.25 1.22
Chrv 1.12 1.18 1.23
Chr VI 0.99 0.94 1.01
Chr VI 0.86 0.78 0.90
Chr VIl 0.80 0.80 0.84
Chr IX 0.75 0.73 0.73
Chr X 0.72 0.71 0.65
Chr XI 0.43 0.43 0.55
Chr XII 0.40 0.40 0.40

3. K. bulderi functional annotation

YGAP identified a total of 5877, 5759 and 5769 structural elements for CBS 8638, CBS 8639
and NRRL Y-27205, respectively, including protein coding genes and tRNAs. Furthermore,
TR retrotransposons and rRNAs were also annotated (Table 3, Figure 3). The genomic fea-
tures annotated per chromosome, in each strain is listed in Table S5. The output of YGAP

for the K. bulderi predicted genes used the following nomenclature: KB for Kazachstania
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bulderi; 38, 39 and Y27 for the strains CBS 8638, CBS 8639 and NRRL Y-27205, respec-
tively; consecutive alphabet letters for the chromosome number.

Table 3. Annotation of the three K. bulderi strains.
CBS 8638 CBS 8639 NRRL Y-27205

Proteins coding genes 5666 5551 5562
tRNA 211 208 207
Ty 36 35 37

@

il L

| |
LTI T
e

Kazachstania bulderi
genome

I Positive strand genes

B Negative strand genes
tRNAs

¢ Ty retrotransposons

Figure 3. Circos Plot of 12 chromosome-level scaffolds, representing the annotation result of
genes, tRNAs and transposable elements. The tracks from inside to outside are: Ty retro-
transposons (round dots), tRNAs (grey), genes on positive strand (green), gene on negative
strand (red), chromosomes (represented in different colours), average read coverage (reads
depth track), and chromosome length. The asterisk on chromosome V11l shows the peak of
reads representing the rRNA repetitions.
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Functional annotation was inferred using the one-to-one orthologs found in S cerevisiae
model yeast. As result, 4541, 4543 and 4523 proteins had a function inferred in K. bulderi
CBS 8638, CBS 8639 and NRRL Y-27205 respectively. Additionally, groups of homolog

proteins were also identified in each strain (Dataset S1).

We searched for genes specific to the K. bulderi, which could not be detected by using S. cer-
evisiae as model organism. As K. bulderi has been isolated in maize silage, a low pH envi-
ronment, it is indeed possible that these strains acquired a number of novel genes as adapta-
tion response. To identify them, we first searched the one-to-one orthologs between K.
bulderi and other model yeast species such as Schizosaccharomyces pombe, Candida albi-
cans, Candida glabrata and Yarrowia lipolytica which are all well functionally annotated.
Secondly, we searched one-to-one orthologs in other species that grow well at low pH, such
as Kluyveromyces marxianus, Kluyveromyces lactis, Kazachstania exigua and Kazachstania
barnettii, for which only structural annotations are available. In this way, we could expand
the pool of annotated proteins, potentially including pH related genes, and detected genus-
specific ones.

As result, a total of 5385, 5306 and 5281 proteins for CBS 8638 (Figure S4A, Dataset S2),
CBS 8639 (Figure 4) and NRRL Y-27205 (Figure S4B), respectively, accounting for ~95%
of all predicted proteins, had a one-to-one ortholog found in at least one of the model species
used, thus they are not K. bulderi specific (Figure 4, Table S6). As expected, the highest
number of one-to-one orthologs was detected when comparing the predicted proteins with
species from Kazachstania genus (Table S6, Dataset S2). The 286 one-to-one orthologs be-
tween K. bulderi CBS 8639, K. exigua and K. barnettii that are not shared with the other
yeast species may point out to genus specific elements (Dataset S2).

Remarkably, 281, 245 and 281 (~5%) proteins of K. bulderi CBS 8638, CBS 8639 and
NRRL Y-27205 do not have any one-to-one ortholog in any of the yeast species used. 126
genes are shared among the three strains (Dataset S2) and therefore might be K. bulderi spe-
cific. Interestingly, 193, 160 and 159 out of the potential K. bulderi specific proteins, belong
to a group of homologs and have been predicted as potential new younger paralogs by Hy-
bridMine (Dataset S1).

Algorithms which use the primary sequence homology to assign functional annotation such
as HybridMine do not work well on novel sequences. Recent breakthroughs in deep learning
are promising for such task. Structure-based protein function prediction using graph convolu-

tional networks have shown to be very accurate in predicting novel protein’s function (26).


https://doi.org/10.1101/2023.01.11.523663
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.11.523663; this version posted January 12, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

We used AlphaFold algorithm to predict the 3D structure of the potential K. bulderi specific
proteins, and a graph convolutional network model, DeepFRI (27) trained on protein struc-
tures and their associated GO terms was used to predict Molecular Function (MF), Biological
Process (BP) and Cellular Components (CC) GO terms and EC numbers from the protein
structures. Out of the set of potential of K. bulderi specific proteins, 42, 40 and 3 had a pro-
tein structure predicted by Alphafold in CBS 8638, CBS 8639 and NRRL Y-27205, respec-
tively. Two were the predominant biological processes enriched for these proteins (Dataset
S3): RNA related processes and membrane transporters, suggesting that such class of proteins
are rapid diverging. Interestingly, it has been shown that across the whole tree of life, cytoso-
lic proteins are under tight selection (i.e. they are needed for maintaining internal homeosta-
sis), while membrane proteins are under strong adaptive selection. In fact, there are consis-
tently fewer detectable orthologs for membrane proteins than for water-soluble one (28).
Moreover, ribosome proteins can present segments of high structural variations which are
thought to help adaption to specific environments (29). Therefore, it is not entirely surpris-
ingly that the potential K. bulderi specific proteins that have a predicted structure, falls within

these two biological processes.
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Figure 4. Upset plot showing the number of proteins functionally annotated across K. bulderi
CBS 8639 strain in common when using Saccharomyces cerevisiae, Schizosaccharomyces
pombe, Candida albicans, Candida glabrata, Yarrowia lipolytica, Kluyveromyces marxianus,
Kluyveromyces lactis, Kazachstania exigua and Kazachstania barnettii, as references ge-
nomes. Vertical lines and dots across the species represent the proteins in common between
the reference species and K. bulderi.
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4. Structural variation between strains and experimental validation of detected

I earrangements.

We compared our polished K. bulderi genome assemblies by considering CBS 8639 strain as
a reference outgroup. We found that all the 12 chromosomes of CBS 8638 are collinear with
CBS 8639 (Figure 5A), while NRRL Y-27205 presented a genomic rearrangement in chro-
mosome VII. This region of about 167kb, encompassing 71 genes, was inverted in NRRL Y-
27205 genome compared to CBS 8639 (Figure 5B).
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Figure5. Identification of chromosomal rearrangements between K. bulderi strains. Panel A:
dot plot representing the alignment between K. bulderi CBS 8639 and CBS 8638 genomes;
Panel B: dot plot for the alignment between CBS 8639 and NRRL Y-27205 genomes. The
inversion in chromosome VII for NRRL Y-27205 is highlighted in blue circle. Panel C: car-
toon representation of the inversion including the flanking genes (not to scale) and the loca-
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tion of the primers used to confirm the inversion. Panel D: Gel electrophoresis of PCR prod-
ucts amplified to confirm the inversion. Different combinations of primers (F1-R1, F2-R2,
F1-F2 and R1-R2) were used to amplify products in K. bulderi CBS 8638 (a), CBS 8639(b)
or NRRL Y-27205 (c) and S. cerevisiae (d) strains. The negative control (e) has been carried
out without DNA as template. In each case the resulting PCR products support the inversion
identified by the genome assembly.

We used diagnostic PCR to experimentally confirm this inversion at both sides (Figure 5C).
The breakpoints of the inversion in CBS8639 were located in the intergenic regions between
KB39 _0G02120 (annotated gene as hypothetical protein) and KB39_0G02130 (functionally
annotated as CYT2) on one flank and KB39 0G02820 (annotated as AQY1) and
KB39_0G02810 (annotated as YKL162C) on the other flank. The up-stream region in
NRRLY-27205 strain does not have the KB390 G02120 gene, but has different gene,
NR27_0G02130, in that position, where the breakpoint is. The downstream breakpoint is in
the same inter-genic region as CBS 8639. While, KB39_0G02120 is also an annotated gene in
K. exigua, NR27_0G2130, is part of the set of genes with no 1:1 ortholog after functional an-

notated analysis, and no Alphafold prediction.

6. Comparison of K. bulderi vs other Kazachstania genomes.

The phylogenetic relationships between Kazachstania species remain poorly investigated due
to a lack of complete and well-assembled genomes. In fact, only four Kazachstania genomes
assembled in chromosomes are publicly available, (10-12). K. barnetti and K. saulgeensis
have been isolated in bread sourdough (10,12) and share with K. bulderi the ability to growth
at low pH, while K. africana and K. naganishii, isolated in soil (39) and decayed leaves (40)
respectively, thus, might not share the same tolerance. The synteny analysis between K.
bulderi CBS 8639 and these four Kazachstania species, revealed an expected high level of
conservation with the closest related species, which are also low pH tolerant (Figure 6A). Be-
tween K. bulderi and its closest relatives K. barnetti and K. saulgensis, there are 16 and 15
synteny blocks, respectively, larger than 100 Kb and almost all chromosome 111 is maintained
with the same synteny and gene order (Fig. S5 A and B). A breakdown of synteny blocks by

their size for all species is reported in Dataset S4 and Figure S5.
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Figure 6. Synteny blocks between the Kazachstania bulderi CBS 8639 genome (light blue)
and Kazachstania barnettii (Panel A), Kazachstania salugeensis (Panel B)) Kazachstania af-
ricana (Panel C) Kazachstania naganishii (Panel D). The synteny blocks are represented by
the grey areas between the CBS 8639 query genome and the other Kazachstania sp. genome.

7. Inspection of Mating Type L oci

The HO endonuclease gene is present on chromosome | in all strains. The mapping of the
MAT locus was carried out using Saccharomyces cerevisiae, Kazachstania nagan-
ishii, Kazachstania saulgeensis and Kazachstania barnettii genomes as reference. We
mapped the HML and the MAT loci in the same region on chromosome V for all three K.
bulderi strains. With functional annotation we identified only 1:1 ortholog for MATALPHAL
gene, which however, is located in the HML locus. The HML locus, including the neighbour-
ing genes (i.e. CHAL) on the X region of the HML locus (Figure 7), is broadly similar to Ka-
zachstania saulgeensis and Kazachstania naganishii (10). On the Z region of HML locus the
neighboring genes are different in K. bulderi compared with the other Kazachstania strains.
Such organization of the MAT locus is likely due to a series of deletions following the whole
genome duplication (11). There was no mapping for the HMR region in the K. bulderi strains,
suggesting that it might have been lost. The HMR locus is conserved between K. barnettii and
K. saulgeensis, (10), but lost in K. Africana (11). Moreover, chromosomal rearrangements at
the MAT locus are common in several Kazachstania species. For instance, K. barnettii shows
an inversion between HMR and MAT locus (10), whereas in K. africana a translocation has
caused the loss of HML and HMR silent cassettes (11).
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Figure 7. Organization of the HML locus in K. bulderi, S cerevisiae, K. naganishii, K.
saulgeensis and K. barnettii strains. The blue colored boxes, the central one contains the
HML type genes (i.e., alpha 1 and alpha 2) and the two surrounding ones represent flanking
genes. Blocks of the same color between species represent conserved regions with shared
syntenic genes.

8. Mapping of the mtDNA in K. bulderi

Mitochondria have been described to play a crucial role on evolutionary and ecological proc-
esses that drive the understanding of phylogenetic relationships between organisms and their
mechanisms of adaptation to new conditions (41-43). We could not detect mitochondria
DNA using the PacBio suggesting that these strains may be deficient of mitochondrial DNA.
This was backed up by the fact that none of them grew on glycerol as sole carbon source
(Figure S6). We then use DAPI stain to visualise the DNA content (nuclear and mitochon-
drial, typically observed in the periphery of the cell) in the three strains, including a rho” and
rho” S cerevisiae control strains, which displays a distinct punctate structure (44). We could
not detect any mitochondrial DNA for CBS 8638 and CBS 8639 and therefore concluded that
these strains are likely to be rho® strains. On the other hand, the staining of the mtDNA of
NRRL Y-27205 was similar of the control rho” and contained a mixed population of cells
displaying either a rho™ or rho® phenotype (Figure 8). To further verify the presence/absence
of mitochondrial in these strains, we re-sequenced them using the nanopore technology. We
mapped the nanopore reads versus the mtDNA of Kazatchstania servazzi of the size of
30,782 bp (15). For CBS 8639 only one read partially mapped to an intergenic region of 200
bp in the mtDNA, while no reads of CBS 8638 mapped to any portion of the Kazatchstania

servazzii mtDNA, confirming the rho® nature of the strains.
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Figure 8. DAPI staining of K. bulderi CBS 8638, CBS 8639 and NRRL Y-27205 strains
along with S cerevisiae BY4741 and KGY029. Cells were observed under differential inter-
phase contrast (DIC) and after DAPI staining. White arrows point to mitochondrial DNA
(mtDNA) and nuclear DNA (nuDNA). The mtDNA in KGY029 shows a network of punctu-
ate dots at the cell periphery, phenotype common in rho” strains.
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For NRRL Y-27205 strain we found some evidence of mtDNA, since ca. 2,725 reads mapped
to a region of 5,100 bp of the mtDNA from Kazatchstania servazzi that includes three genes,
namely COX1, ATP8, ATP6. We therefore propose to classify NRRL Y-27205 as rho'.

Conclusions

A high-quality genome assembly of three K. bulderi strains was achieved through i. a com-
parison of algorithms for genome assembly and annotation, ii. manual curation and iii. ex-
perimental validation and a fully annotated reference genome for this species was con-
structed. Moreover, we distinguished and validated chromosomal rearrangements in the K.
bulderi strains studied in this work, that could contribute to their phenotypic variation. Exten-
sive functional annotation revealed potential genus-specific and species-specific genes that
might have evolved under the highly selective pressure of maize silage. We showed that the
K. bulderi strains have low level of heterozygosity and are overall closely related to K.
barnetii and K. saulsengensis, recapitulating the ITSL tree. K. bulderi strains have lost the mi-
tochondrial DNA and are unable to grow on non-fermentable sources, and they lack the HMR
locus.

The current assemblies established a basis for further studying the phylogeny of the Kazach-
stania genus, and it can be used to investigate genomic events associated with yeast domesti-
cation and species radiation. Moreover, bespoke molecular tools can now easily be developed
for biotechnological purposes, given such strains can optimally grow at low pH and can cope

with high concentration of organic acids in the media.

Materials and Methods

Strains and phenotypic analysis

Three K. bulderi strains CBS 8638, CBS 8639 and NRRL Y-27205 and five S. cerevisiae
strains 96.2, BY4743, BY4741, NCYC 505 and KGY029 were used in this study. A detailed

description of the strains is listed in Table S8.

For liquid fitness assays, K. bulderi and S cerevisiae strains were grown at 30°C overnight
on YPD and then diluted to an ODgyo Of 0.1. Growth measurements at ODsgs Were recorded in
every condition using a FLUOstar OPTIMA Microplate Reader (BMG). The ODsgs

measurements were taken by the microplate reader at 25°C for 72 hours at intervals of 5 min
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and with 1 min linear shaking before every read. Three technical and three biological samples
were used for each K. bulderi and S cerevisiae strains. For the lactic acid and the formic acid
media, the pH was kept constant to 2.5 and 3, respectively, independently of the acid
concentration. To adjust the pH either 10M of NaOH or 1M of H3PO,4 was used.

Graphs were generated by GraphPad Prism, version 7.0 and growth parameters were
calculated using “Growthcurver” R package (45). For spot test assays on solid media,
cultures were grown overnight at 30°C and number of cells were normalized to an ODggo Of 4
before being serially diluted 1:10 and spotted onto YPD agar plates containing 100 pg/mL,
150 pg/mL, 200 pg/mL and 300 pg/mL of hygromycin B (Invitrogen), or 5 pg/mL, 10
ug/mL and 25 pg/mL of phleomycin (InvivoGen) and and YP+ 2% glycerol . The drug
concentration that inhibits growth in S. cerevisiae is 5 pg/mL and 200 pg/mL for phleomycin

and hygromycin B, respectively.

DNA extraction and library preparation for long read next generation sequencing.

DNA was extracted from samples using the CTAB (Cetyl trimethyl ammonium bromide)
method (46). Briefly, ImL of overnight culture was added to 50mg of acid washed glass
beads 425-600 um (Sigma). 1mL of CTAB extraction buffer was then added, and after incu-
bation at 65°C, RNAse A treatment was conducted by adding 2 uL of RNAse A 100ug/mL
(Qiagen) and incubating the samples at 37°C for 15 min. After purification with phe-
nol:chloroform:isoamyl alcohol (25:24:1) the DNA was eluted in 50 uL of ultrapure distilled
water (Invitrogen) and store at 4°C. The DNA quality was assessed using the NanoDrop
LiTE Spectrophotometer (Thermofisher Scientific) to be within quality specification range

required by the PacBio and Oxford Nanopore protocols.

The genomic DNA was adjusted to 10 ng/uL in 150 pL and sheared to approximately 10 ki-
lobase fragments using g-TUBES (Covaris) following the manufacturer’s instructios.. The
quality and seize of DNA fragments were verified using Fragment Analyzer (Advanced Ana-
Iytical Technologies) following the DNF-90 protocol. Samples were prepared for sequencing
following the Express Template Prep Kit 2.0 protocol (Pacific Biosciences), with multiplex-
ing using the Barcoded Overhang Adapter kit 8(1A (Pacific Biosciences). DNA libraries were
sequenced using the SMRT Cell 1M chips on the Pacific Biosciences Sequel system with
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10 hour data acquisition time. For Oxford Nanopore sequencing, 17ug of the same DNA
samples (not sheared) were prepared for sequencing using the SQK-LSK109 Ligation se-
quencing kit and Flongle sequencing expansion kit FLO-FLG001 (both Oxford Nanopore),
following the manufacturer’s instructions. Each strain was sequenced using a MinlON

Flongle flow cell with 24"hours data acquisition time.

Genome assembly

Pacbio sequencing data was processed to generate circular consensus sequencing (CCS, or
HiFi) reads using the CCS application in SMRT Link 8.0 software package with a minimum
three passes, considered to generate a minimum Q20 accuracy. The CCS read length ranged
from 10 to 50,000. CCS reads were assembled using the PacBio assemblers algorithms Im-
proved Phased Assembly (IPA v1.8.0) method (available at
https://github.com/PacificBiosciences/pbipa.qgit) and the HiFiasm assembly tool (47) with de-
fault settings. Both genome assemblers output consists of one primary contig and one alter-

nate haplotig files that were converted to FASTA format.

Curation and polishing of the definitive genome assembly

Final adjustments of selected genome assembly were made manually based on the assembly
graph, read coverage and distribution and experimental validations. By using de novo assem-
blies of the three K. bulderi strains we were able to build a reference genome by i. visualizing
the assembly alignment by Bandage V0.8.1 (48); ii. contiguous edges between split contigs
(nodes) for each K. bulderi strain were identified using the other two strains as references; iii.
extracting candidates’ sequences for long PCR validations in order to resolve incomplete/split
contigs; iv. identifying repetitive regions located at the ends of each contigs that are likely to
represent telomeric regions; v. mapping the HiFi reads by minimap2 v2.24 (49,50) of each
strains against each de novo assembly to identify linear read coverage and resolve potential
contigs translocated or misplaced by the assembly tool used. The alignments were visualized
by Ribbon interactive online visualization tool (51) available http://genomeribbon.com.
Primers for long amplicons between contigs edges designed for validations are listed in Sup-
plementary File S1. Finally, assembled sequences were visualized and compared against the
final assembly using the BLAST (52), to obtain the final polished assembly. A detailed de-
scription of the manual curation is described in Supplementary File S1. Genome assembly
statistics about quality and contiguity were assessed using QUAST 5.0.114 (53) at both con-
tig and chromosomal level. To assess completeness we used BUSCO version 5.3.2 (25),
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based on T=the lineage dataset: saccharomycetes odb10 (number of genomes: 76, number of
BUSCOs: 2137) in both polished and unpolished assemblies. Circos plot of the curated final

K.bulderi genome assembly was generated with Circa (http://omgenomics.com/circa).

Structural and functional annotations

Gene annotation and gene prediction was achieved using The Yeast Genome Annotation
Pipeline (YGAP) (23) and AUGUSTUS (22) for all the de novo K. bulderi genome assem-
blies. The HybridMine tool (24), initially developed for functional annotation at gene level
was modified to work at protein level and used to identify one-to-one orthologs between the
K. bulderi strains and S. cerevisie, Y. lipolytica, S. pombe, C. albicans, C. glabrata, K. ex-
igua, K. marxianus, K. lactis and K. barnetti, respectively. HybridMine was also used to
identify groups of homologs within each K. bulderi strain genome. Visualization of the pro-
teins shared between the different species was carried out using “ComplexUpset” and
“ggplot2” R packages. Protein structure prediction for 281, 245 and 281 non-annotated pro-
teins in K. bulderi CBS 8638, CBS 8639 and NRRL-Y27205, respectively, has been carried
out using AlphaFold v2.1.1 (26). Functional annotation from the predicted 3D structures was
then achieved using DeepFRI v1.0.0 (27).

Comparative genome analysis

For analysis of intra and interspecific variation the Burrows—Wheeler Aligner (BWA) soft-
ware (54) was used to align the sequence reads to the K. bulderi newly sequenced genomes.
The genomes were first indexed using bwa index. The reads were then aligned to their corre-
sponding genome using bwa aln. The SAI outputs generated were then converted to SAM
format using bwa samse. SAMtools suite has been used to process the sequence alignment
files (55). The SAM files were converted to BAM files using samtools view. BAM files were
sorted and indexed for SNP calling using samtools sort and samtools index, respectively. The
SNPs calling was performed using bcftools mpileup. Low quality SNPs were filtered using
bcftools view. The variant analysis was performed inside the CDS regions to calculate het-
erozygote sites within each genome. The same variant combination and different variant
combination between the heterozygote site was also detected. For variances between strains
the SNPs and Indels inside and outside CDS were also determined.

The dot plots were generated using D-GENIES (56), an online tool available at

http://dgenies.toulouse.inra.fr/. As all K. bulderi genome assemblies were constructed de
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novo, alignments were also made to the unorder and initial scaffolds using MUMmer (57) to
confirm chromosomal orientation. To determine the level of synteny and visualise the
synteny blocks between K. bulderi and other Kazachstania species the ShinySyn application
was used (58-60).

PCR experimental validation.

The continuity of the contigs and the chromosomal rearrangements were validated by PCR. The PCR
mixture composed 12.5 pL of 5X LongAmp Taqg Reaction Buffer (NEB), 0.4uM of forward and re-
verse primers (Invitrogen), 2.5U of LongAmp Tag DNA Polymerase (NEB) and 1uL of gDNA. The
mix was brought up to 25 uL, final volume, with ultrapure H20. Cycling conditions were set up fol-
lowing manufacturer’s protocol setting the annealing temperature between at 55-58°C. 10 pL of PCR
product was loaded on 1% (w/v) agarose gel electrophoresis in 1 x TAE buffer with a5 uL/100 mL of
SafeView nucleic acid stain. Samples were compared to 1 Kb hype ladder (Bioline). The primer se-

quences are listed in Table S9.

DAPI staining and mapping of mtDNA

DNA analysis was performed by DAPI (4,6-diamidino-2-phenylindole; Sigma) staining.
Yeast cells were harvested after overnight growth in YP+ 2% glycerol and washed twice with
PBS. Cells were resuspended in SD media w/o amino acids. DAPI and SDS were added to
the culture at the final concentration of 1 pg/ml and 0.01%, respectively. The cells were in-
cubated in the dark for 10 min at 30°C. Cells were observed with a Eclipse TE2000-U fluo-
rescence inverted microscope (Nikon) fitted with a x 100 immersion objective. The images
were capture using the Ocular Image Acquisition Software V2.0 (QImaging). The images
were then processed and assembled with Image J (61,62).

For Oxford Nanopore data, base calling was performed using Guppy (Oxford Nanopore) and
the reads from CBS 8638, CBS 8639 and NRRL Y-27205 were aligned against the sequence
of mtDNA from K. servazzii using Minimap2 v2.24. The aligned mitochondria reads were
extracted and remapped against the K. bulderi genome assemblies to rule out mapping to pre-

vious annotated nuclear genes.
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