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Gene mapping methodology
powered by induced genome
rearrangements

HideyukiYone?!, Hiromitsu Kono?, Hayato Hirai' & Kunihiro Ohta%?*

Phenotypic variation occurs through genome rearrangements and mutations in certain responsible
genes; however, systematic gene identification methodologies based on genome rearrangements
have not been fully established. Here, we explored the loci responsible for the given phenotype using
the TAQing system and compared it with a conventional mutagenesis-based method. Two yeast
strains with different genetic backgrounds and flocculation phenotypes were fused and genomic
rearrangements were induced by transient DNA breaks. Then, selection pressure was applied and
multiple mutants were generated, showing different flocculation abilities. We also raised mutants with
altered cohesiveness due to spontaneous mutations during long-term recursive passages of haploid
strains without TAQing treatment. Comparative genomic analysis of the TAQed mutants revealed
three chromosomal regions harboring pivotal flocculation genes, whereas conventional mutagenesis
generated a more diverse list of candidate loci after prolonged selection. The combined use of these
approaches will accelerate the identification of genes involved in complex phenotypes.

In traditional genetic mapping methods, genes involved in the expression of a particular phenotype are identified
by generating many mutants of this phenotype through conventional mutagenesis. Since authentic mutagenesis
often produces multiple mutations in the first generation of mutants, identifying the genes responsible for the
phenotype requires further purification procedures, using backcrossing or verification procedures by reverse
genetics to eliminate the effects of irrelevant mutations. Generally, this genetic analysis method works efficiently
but requires a relatively long time for the alteration of generations during crossing. The conventional analysis of
genotype—phenotype correlation using mutations in single genes is also gradually approaching saturation after
considerable historical accumulation of similar trials.

In addition to these technical hurdles, certain known phenotypes are difficult to address using simple genetic
analysis. For example, quantitative traits are altered to various extents by a combination of multiple genes with
small effects. In the analysis of genes involved in such traits, quantitative trait loci (QTL) analysis, which statisti-
cally analyzes the linkage between genetic polymorphisms at multiple sites (genetic markers) and phenotypes
after biparental mating, is used to clarify the complex involvement of multiple genes". Another important
approach is genome-wide association study (GWAS), which analyzes the association between the observed trait
differences and the genome-wide nucleotide sequence variations of different individuals®~. Moreover, expression
QTL (eQTL) analysis, a correlation analysis method between transcript expression levels and genetic markers, is
widely used in conjunction with GWAS to identify genes or alleles responsible for diseases and phenotypes, and
databases and tools has become extensive®. However, these methods are based on the analysis of populations
with diverse phenotypes and mutations that already exist or have been acquired through biparental mating or
other means, thus limiting the range of samples for analysis.

Furthermore, phenotypic alterations occur through genome rearrangements such as copy number variations
(CNVs), translocations (TLs), and loss of heterozygosity (LOH), as reported for phenotypes associated with can-
cer traits and various genetic diseases'®!! such as the Prader-Willi syndrome (heterozygous 15q11-q13 deletion)'?,
the Williams-Beuren syndrome (heterozygous 7q11.23 deletion)'?, and the BCR-ABLI translocation (t(9;22)
(q34;q11))™. However, gene mapping methods based on genome rearrangement have not been fully established.
To resolve these technical difficulties, it is crucial to combine conventional mutation analysis with other meth-
odologies based on genome rearrangements that do not involve time-consuming crossing or meiotic processes.

We previously developed the TAQing system technology that randomly induces multiple DNA double-
strand breaks (DSBs) and subsequent recombination events by conditionally activating restriction endonucleases
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introduced in living yeasts and Arabidopsis thaliana mitotic cells''°. In the original TAQing system, we intro-
duced a gene encoding the thermo-activatable restriction enzyme Taql, which recognizes the four-base TCGA
sequence into living cells and is transiently expressed using inducible promoters. Upon elevating the temperature
of the culture, Taql in the cell is activated to randomly form DSBs throughout the genome, leading to a large-
scale genome rearrangement by DNA repair. Importantly, the TAQing system generated point mutations at low
levels. Additionally, genetic rearrangements induced by the TAQing system often generate remarkable phenotypic
changes without genetic crossing and meiotic processes. These features enabled us to easily and quickly identify
genes responsible for phenotypic changes.

We further extended the TAQing system to many non-conventional industrial yeasts, including a strain of
Cyberlindnera jadinii that cannot undergo normal meiosis and cannot be improved by crossbreeding. For this,
we developed a TAQing system of the protein transfection type (TAQing2.0) by directly delivering Taql into
fungal cells using the cell-penetrating peptide method'. Additionally, we employed restriction endonucleases,
other than Taql (e.g., Msel) in the TAQing system, to improve the frequency of genome rearrangement and
phenotypic diversification in plants (extended-TAQing system, Ex-TAQing)'¢.

Here, we developed a method to study the genotype-phenotype correlation by employing the TAQing system.
We applied the TAQing system to cell-fused yeast strains with many single-nucleotide variations (SN'Vs) on each
homologous chromosome and generated mutants with altered flocculation phenotypes by TAQing-induced
genome rearrangements. Comparative genomic analysis of the mutants led us to identify loci that are important
for the flocculation phenotype. This approach is faster than the conventional mutagenesis approach combined
with reverse genetics. TAQing-based gene mapping is expected to facilitate genetic studies in various organisms.

Results

Selection of TAQed mutants with altered flocculation abilities. To investigate the genotype-phe-
notype correlation based on the TAQing system-inducing large-scale genome rearrangements, we focused on
Saccharomyces cerevisiae’s flocculation phenotypes. Two yeast strains with different genetic backgrounds and
flocculence phenotypes (S799/SK1 background and YPH499/5288C background) were fused and used for
genetic analyses employing TAQing-induced genome rearrangements (Fig. 1a). The cell-fused diploid strain
WT14 (MATa/a) had 0.7% SNVs'®, which enabled us to identify chromosomal rearrangement sites in the TAQed
mutants. The WT14 strain showed much more cohesive phenotypes than both parental strains and readily pre-
cipitated under gravity (Fig. 1b, see WT14), possibly due to the trait’s enhancement by the complementation
factors between the two parental $799 and YPH499 strains.

We then induced genomic rearrangements in the fusion strain WT14 by Taql-mediated DNA cleavage using
the original TAQing system (Fig. 1a). The TAQed mutants were then subjected to a one-step procedure to select
cells exhibiting reduced flocculation abilities from the cell population that remained in the upper part of the
culture medium (planktonic fraction) (Fig. 1a). After inoculating the collected cells on agar plates, single colonies
were isolated. We obtained 30 TAQed mutants exhibiting different levels of flocculation abilities (Fig. 1b), as
revealed by the flocculation scores calculated from the observed cell sedimentation velocity of each strain (see
more details in the “Methods” section, Fig. 1¢). The parental S799 and fused WT14 strains showed very high floc-
culation scores, whereas the isolated TAQed mutants exhibited low flocculation scores despite some differences.

Whole-genome sequencing of the TAQed mutants. Genomic sequences of these TAQed mutants
were studied by short-read sequencing (> 50 coverage; Illumina, San Diego, CA, USA), as described in the “Meth-
ods” section. We used SNV between the S799 (SK1 background) and YPH499 (5288C background) strains to
determine the regions with chromosomal rearrangements. The mapped sequences are illustrated in Fig. 2a and
Supplementary Fig. 1 (blue and megenta segments represent sequences derived from the S799 and YPH499
strains, respectively). We observed multiple SNV, break-induced repairs (BIRs), short gene conversions (sGCs),
TLs, presumed circularization, and aneuploidies in the TAQed mutants (see Supplementary Table 1 and exam-
ples of m126, m131, m159, m166, m174, and m177 in Fig. 2a, and summary of all BIRs, sGCs, TLs, and pre-
sumed circularization in Fig. 2b). As previously reported'®, two TL events occurred between the Ty transposable
elements on chromosomes I and XVI (Fig. 2a, m131) and chromosomes I and III (Fig. 2a, m177). Interestingly,
we detected presumed self-circularization of one chromosome XV at the Taql recognition sequence TCGA in
HXT11 and NRT1 loci (Supplementary Fig. 2, m159).

Mapping of genes responsible for flocculation phenotypes. Notably, mutant 169 had a chromo-
somal rearrangement at the FLOI locus in the sub-telomeric region of chromosome I. In this strain, the region
between SWHI and FLOI loci on YPH499-derived homologous chromosome I was replaced by the S799-
derived counterpart, and the FLOI gene was recombined with the TDA8 region in the left arm of chromosome
I (Fig. 3a). FLOI is involved in the flocculation phenotype and encodes a cell wall lectin-like protein that can
bind mannose'. The Flo1 protein (Flo1lp) has a repetitive structure?® (Fig. 3b), and the length of its repeats varies
from strain to strain®'. Yeast strains with longer Flo1p repeat units exhibit higher flocculation ability*'. Flolp in
$799 (SK1 background) and YPH499 (S288C background) had 10 and 18 repeat units, respectively (Fig. 3b, Sup-
plementary Fig. 3), suggesting that YPH499 had a higher flocculation score than §799. However, we observed
that the YPH499 haploid cells exhibited a very low flocculation score, and the WT14 strain (the hybrid of S799
and YPH499) had an even higher flocculation score than either parental strains (Fig. 1c).

To solve this paradox, we analyzed the correlation between flocculation phenotypes and rearrangement events
in multiple TAQed mutants with altered flocculation scores (Fig. 3¢, d). Aneuploidy frequencies per chromo-
some revealed that TAQed mutants with reduced cohesion were more likely to lose chromosome I derived from
YPHA499 (Fig. 3¢). Additionally, the analysis of LOH frequencies along each chromosome in the TAQed mutants
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Figure 1. TAQing system alter flocculation phenotypes. (a) A schematic of the workflow to obtain non-
flocculent phenotypes from flocculent strains. S. cerevisiae haploid strains flocculent $799 and non-flocculent
YPH499 are cell-fused into diploids (WT14), followed by TAQing treatment. Heat-activated endonuclease
Taql introduces multiple DNA double-strand breaks, leading to large-scale genome rearrangement. Non-
flocculent TAQed mutants are isolated by screening planktonic cells with the remaining culture supernatant.
(b) Flocculation behaviors of parental strains (S799, YPH499, WT14) and TAQed mutants (m123, m126,
m130, m131, m133, m134, m135, m144, m146, m149, m150, m157, m159, m160, m161, m162, m163, m164,
m165, m166, m168, m169, m170, m172, m173, m174, m175, m177, m178, and m179). (c) Flocculation scores
of parental strains and TAQed mutants. P values were calculated using the Welch’s ¢-test compared to WT14:
**P<0.01 and ***P<0.001. Error bars represent standard deviation (n=3).

revealed that LOH peaks (hotspots) were located in chromosomal regions containing flocculation-related genes
FLOI (chromosome I), FLO8 (chromosome V), and SFLI (chromosome XV) genes (Fig. 3d). These findings are
intriguing because FLO8 and SFLI encode transcription factors that either positively or negatively regulate FLO1
gene expression, respectively??~2* (Fig. 3e). Moreover, the genomic sequences of the $799 and YPH499 strains
suggested that FLOS8 in S799 and YPH499 strains are functional and nonfunctional (with a nonsense mutation
at W142), respectively. A previous report also described that Flo1p is not expressed in S288C, because Flo8p in
$288C has a nonsense mutation and is nonfunctional® (Fig. 3b). Moreover, SFLI in $799 and YPH499 strains
is likely nonfunctional (with a nonsense mutation at Q477) and functional, respectively?. These results suggest
that the combination of polymorphisms in FLO1, FLOS8, and SFLI loci via TAQing-induced genome rearrange-
ments leads to various levels of reduced flocculation abilities.

To confirm this notion, we compared flocculation phenotypes of four strains using reverse genetics: WT'14,
$799 FLOI with 10 repeats (sFLO1'%)/YPH499 FLOI with 18 repeats (yFLO1'®}), S799 FLOS8 (sFLO8)/YPH499
flo8W142* (yflo8 W142*), and S799 sf11Q477* (ssfl1Q477%)/YPHA99 SFLI (ySFLI); WT14-1, WT14, but deletion
of sSFLO1'% WT14-2, WT14, but deletion of yFLO1'%; WT14-3, WT14, but deletion of sSFLO8; WT14-4, WT14,
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Figure 2. Chromosome structures in non-flocculent TAQed mutants. (a) Schematic diagrams of rearranged
chromosomes in non-flocculent TAQed mutants. S799 chromosomes, blue; YPH499 chromosomes, magenta.
(b) Circular diagram of break-induced repairs (BIRs, green), short gene conversions (sGCs, gray), and the other
rearrangements (purple, recombinations between Ty elements; black, presumed circularization) within 30 non-

flocculent TAQed mutants.

but homozygous for ySFLI (Fig. 3, g). Only WT14-1, in which sFLOI'% was deleted in WT14, showed strong
aggregation, while all other deletion strains showed severely reduced flocculation abilities. In other words, a
significant reduction in flocculation ability was observed in the following three cases: (1) when yFLOI'*R (derived
from YPH499, $288C) was deleted and only sFLO1'%R (derived from S799, SK1) was expressed; (2) when the
functional wild-type FLO8 (encoding a FLO1 gene activator) was lost, or (3) when the functional wild-type SFLI
(derived from YPHA499, S288C, encoding a FLOI gene repressor) was homozygous in two copies. These results
indicate that whole-genome sequencing of TAQed mutants with reduced flocculation abilities can efficiently
enable us to identify a set of genes that play a central role in flocculation phenotypes.
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Figure 3. Comparative analysis of genomes of non-flocculent TAQed mutants. (a) Complex gene conversions
at subtelomeric regions in non-flocculent m169. Recombinations of homologous sequences A (green), B (navy
blue), and C (yellow) lead to the depletion of the YPH499-derived FLOI gene and generates the two de novo
ORFs. ORF1 is a fusion gene of FLOI and TDA8 and OREF?2 is the coding region of the FLOI 3’-terminus. (b)
Natural variation in Flo1, Flo8, and Sfl1 proteins between parental strains. W142 in YPH499-derived Flo8 and
Q477 in S799-derived Sfl1 were replaced by stop codons. (c) Number of aneuploidies within 30 non-flocculent
TAQed mutants (S, S799; Y, YPH499). White bars show chromosomal gain and black bars show a chromosomal
loss. (d) Level of homozygosity across the genome within 30 non-flocculent TAQed mutants, calculated as the
ratio of homozygosity/heterozygosity in 10 kb windows. (e) Schematic diagram of the regulatory network of
the FLOI gene. Flo8 activator and Sfl1 repressor have an antagonistic role in regulating the gene expression

by binding the common promoter element. (f) Flocculation scores of WT14-1 (sflol/yFLOI), WT14-2
(sFLO1/yflo1), WT14-3 (sflo8/yflo8), and WT14-4 (ySFL1/ ySFLI). Error bars represent standard deviation
(n=3). (g) Flocculation behaviors of WT14-1 (sflo1/yFLO1), WT14-2 (sFLO1/yflo1), WT14-3 (sflo8/yflo8), and
WT14-4 (ySFL1/ ySFLI).

Gene mapping using a long-time selection with spontaneous mutagenesis. We then analyzed
genotype-phenotype correlations using mutants with altered flocculation abilities generated by spontaneous
mutagenesis during long-term passaging (Fig. 4a). In a similar experimental evolution, Hope et al.?” used hap-
loid Saccharomyces cerevisiae cells to make genetic analysis easier. They conducted long passages to generate cell
lines with altered flocculation abilities and identify genes important for trait changes. Therefore, as the start-
ing ancestor strain for the following iterative selections, similar to the analysis by Hope et al.?’, we employed a
YPHA499-derived haploid strain (YPH499-FLOS) in which the wild-type FLOS8 derived from the S799 strain was
expressed. Because the haploid YPH499-FLOS strain has both functional FLO8 and FLO1"R with longer repeats,
it exhibits a very strong cohesive phenotype.

We first cultured the ancestor strain YPH499-FLOS8 at 30 °C for 24 h with agitation in 18 independent test
tubes containing a liquid medium. We temporarily stopped the agitation and withdrew the cells remaining in the
planktonic fraction. The collected cells were diluted in a fresh liquid medium and allowed to grow for another
24 h, after which agitation was halted again and the planktonic fraction cells were collected. After repeating
this procedure 20 times (20 days), we inoculated the final planktonic fraction cells onto agar plates and isolated
single colonies from each of the 18 parallel experiments (Fig. 4a). The isolated cells were then grown in a lig-
uid culture, and flocculation scores were calculated from the cell sedimentation rate of each strain (Fig. 4b, c).
We obtained 18 mutant strains with various levels of reduced flocculation ability. Of these, partial reductions
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Figure 4. Altered flocculation phenotypes by re-inoculation of culture supernatant. (a) A schematic of serial
transfer experiment. YPH499 cells expressing the wild-type FLOS8 gene derived from the S799 strain (YPH499-
FLO8) are cultured for 24 h and culture supernatant was re-inoculated into a new medium. This manipulation
was repeated for 20 days, followed by single colony formation on the agar plate. (b) Flocculation behaviors of
YPH499, YPH499-FLOS8, and less-flocculent clones isolated by serial transfer experiments. (¢) Flocculation
scores of YPH499, YPH499-FLO8, and less-flocculent clones. P values were calculated using the Welchs ¢-test
compared to YPH499-FLOS8: *P<0.05, **P<0.01, and **P<0.001. Error bars represent standard deviation
(n=3). (d) Relative expression of FLOI genes in YPH499, YPH499-FLOS8, and less-flocculent clones. FLO1
expression is measured by RT-qPCR and normalized to the expression of ACTI gene. P values were calculated
using the Welch’s t-test compared to YPH499-FLO8: **P<0.01, and ***P<0.001. Error bars represent standard
deviation (n=3).

in flocculation abilities were observed in clones 1, 10, and 16, while other clones exhibited much more severe
defects in cell-cell adhesion.

We then measured the expression levels of the FLOI gene, which encodes a cell wall protein involved in cell
adhesion, in all 18 mutant strains (Fig. 4d). The results showed that the FLOI gene expression level was signifi-
cantly decreased in almost all strains (17/18 strains), except for clone 1, which exhibited an almost identical score
to that of the ancestral YPH499-FLOS8 strain. In clones 10, 13, and 16, a substantial amount of FLOI remained,
although the expression level was decreased.

We determined the whole-genome sequences of these 18 mutant strains and compared them with the genomic
sequence of the YPH499 strain to map the mutation sites (Table 1, Supplementary Fig. 4). We found a repeat
length shortening (clone 1) or partial deletion (clone 13) in the FLOI gene, nonsense mutations in the FLO8 gene
(clones 4 and 17), and mutations in many other genes. The repeat length shortening of FLOI found in clone 1
was likely the reason for the reduced cohesiveness of this strain (Fig. 5a, Supplementary Fig. 5). A pop-out of a
15.9 kb region between FLOI and its 3’-side pseudogenic region caused the deletion in the FLOI gene found in
clone 13 (Fig. 5a). Note that the alteration of SFLI, which was observed in the TAQing-based analysis, was not
found in the mutation list. Moreover, the telomeric regions were deleted by over 10-20 kb in clones 5, 15, and
18. Clones 15 and 18 showed no gene deletions, whereas the COS4 gene was deleted in clone 5 (Supplementary
Fig. 4). Since the gene responsible for the flocculation phenotype was identified in clone 5, no analysis was per-
formed on the COS4 gene (see below).

Based on the list of genetic mutations found among the 18 mutants, we examined their contribution to the
altered flocculation phenotype by constructing individual gene disruptions (Fig. 5b, c). We detected markedly
reduced flocculation scores in the single deletions of the FLOI, MFGI, MRNI1, MSS11, TPK2, SIR2, UBP6, and
DOA4 genes. Fifteen of the 18 lines with reduced flocculation ability had mutations in one of these genes. Mfgl,
Mss11, and Flo8 form transcription factor complex that induce the expression of downstream genes®. TPK2
encodes cAMP-dependent protein kinase that inhibits transcriptional suppressor Sfl1%. Mrn1 is an RNA-binding
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Strain Gene Alteration Null mutant | Description
clonel FLO1 Contraction of repeat units Viable Lectin-like protein involved in flocculation
MFG1 Y251* Viable Regulator of filamentous growth
clone2 VPS13 Q1594* Viable Protein involved in prospore membrane morphogenesis
GUAI T357S Viable Glutamine-hydrolyzing guanosine monophosphate synthetase
clone3 MFG1 L374* Viable Regulator of filamentous growth
clone4 FLOS8 E144* Viable Transcription factor required for flocculation
IRC21 Y154* Viable Protein of unknown function
clones MRN1 Q493* Viable RNA-binding protein
dloneé MSS11 | Q511* Viable Transcription factor that forms a heterodimer with Flo8p
CWC25 | Silent Inviable Component of U2-type spliceosomal complex
PBNI Q106K Inviable gomponent of glycosylphosphatidylinositol-mannosyltransferase
TUPI Q115V Viable General repressor of transcription
cone7  Fpyrr | K398E Viable Alpha-arrestin
TIR4 Multiple Viable Cell wall mannoprotein
((o] Silent Viable Mitochondrial peripheral inner membrane protein
dones CCT3 197L Inviable Subunit of the cytosolic chaperonin
MSS11 | Y62C Viable Transcription factor that forms a heterodimer with Flo8p
clone9 TPK2 T224M Viable cAMP-dependent protein kinase catalytic subunit
donel0 SIR2 S323F Viable NAD+ dependent histone deacetylase
SEC6 Q158K Inviable Essential subunit of the exocyst complex
HYP2 Silent Inviable Translation elongation factor eIF-5A
clonell TAF1 D301A Inviable TFIID subunit, involved in RNA pol II transcription initiation
MSS11 | Q292* Viable Transcription factor that forms a heterodimer with Flo8p
donel2 MFGI1 Q79* Viable Regulator of filamentous growth
DOG2 Fused to DOG1 Viable 2-deoxyglucose-6-phosphate phosphatase
clonel3 | FLOI Fused to pseudogenic fragment | Viable Lectin-like protein involved in flocculation
doneld UBP6 V711 Viable Ubiquitin-specific protease
TPK2 E118K Viable cAMP-dependent protein kinase catalytic subunit
DOA4 D213Y Viable Ubiquitin hydrolase
clonel5 SSY1 D164N Inviable g/zizrf;onent of the SPS plasma membrane amino acid sensor
HMTI E272* Viable SAM-dependent mono- and asymmetric methyltransferase
donel6 KAPI23 | Q30* Viable Karyopherin beta
INO1 Silent Viable Inositol-3-phosphate synthase
HOGI 1355V Viable Mitogen-activated protein kinase involved in osmoregulation
clonel7 | FLO8 Q57* Viable Transcription factor required for flocculation
donels PKH3 K454T Viable Cell wall integrity MAPK cascade
DBP8 R1821 Inviable ATPase, putative RNA helicase of the DEAD-box family

Table 1. List of genes with de novo mutations in experimentally evolved clones. Genes associated with the
decreased adhesion are shown in bold.

protein that represses the translation of target mRNAs including SFLI*. Sirtuin Sir2 is histone deacetylase
required for the biofilm formation and flocculation in wine yeast strain®'. UBP6 and DOA4 encode ubiquitin-
specific proteases’?*?, which have not been reported to be associated with flocculation to our knowledge. Clones
7,16, and 18 harbored none of the studied mutations. In contrast, we observed no change in flocculation phe-
notypes in single deletions of VPS13, GUAI, IRC21, TUPI1, BULI, TIR4, DOG2, HMT1, KAP123, HOGI, and
PKH3. We could not disrupt CWC25, PBN1, CCT3, SEC6, HYP2, TAF1, SS§Y1, and DBPS8 genes because they
are essential. Therefore, the genes responsible for altered flocculation in clones 7 and 18 may be among these.

Discussion

We have developed TAQing technology that enables rapid and efficient phenotypic changes by shuffling the
genome of a host organism. Large-scale genomic rearrangements induced by the TAQing system are triggered by
arelatively clean DNA cleavage by restriction enzymes that can be repaired promptly. Therefore, unlike sponta-
neous mutations induced by replication errors or mutagenesis by chemical or radiation treatments, point muta-
tions are rare, and phenotypic changes are caused mainly by genome rearrangements, including translocations,
deletions, and copy number variation. We have further developed Ex-TAQing and TAQing 2.0 to expand the
range of species in which TAQing is applicable. These works focused on the TAQing system enables phenotypic
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Figure 5. Genes mutated in less-flocculent isolates are associated with flocculation. (a) Recombination of
homologous sequences in the FLOI locus. Recombination between intragenic tandem repeats causes the
contraction of the FLOI repeat (from 18 to 8 repeats) in clone 1. In clone 13, FLOI genes are fused to the
homologous sequence in the pseudogenic region located about 16 kb downstream of the FLOI gene. (b)
Flocculation behaviors of the deletion mutants of the YPH499-FLOS strain. (c) Flocculation scores of the
deletion mutants. P values were calculated using the Welch’s ¢-test compared to YPH499-FLOS: *P <0.05,
**P<0.01, and ***P<0.001. Error bars represent standard deviation (n=3).

changes by efficient genome rearrangements, whereas a method to identify the genes responsible for the traits
was not established.

In this study, we proposed a method for genetic mapping using induced genome rearrangements in mitotic
cells using the TAQing system. We compared the characteristics of this mapping method with those of conven-
tional genetic mapping using spontaneous mutations in a model experiment for flocculation phenotypes. This
TAQing system feature enables easier identification of the important genes responsible for the trait of interest
after whole-genome sequencing and comparative genomics studies.

Determining the whole-genome sequences of a large number of mutants and executing comparative genomic
analysis is extremely costly and laborious. However, recent advances in DNA sequencing technologies have
enabled rapid and low-cost genome sequencing of a large number of individuals and cells, thereby overcom-
ing the technical challenges of TAQing-based genetic mapping. In fact, in this study, genome resequencing of
approximately 33 strains, including the original tester strains, was conducted with more acceptable costs and
time compared to previous studies. After genome resequencing, the chromosomal regions involved in the altered
flocculation abilities could be efficiently identified using analytical tools for detecting aneuploidy and LOH in
Fig. 2a, b. Accumulated information from gene annotation and gene ontology also strongly supports gene iden-
tification using the TAQing system. After analyzing the genomic sequences of numerous TAQed mutants, we
could narrow down potential chromosomal regions involved in the phenotypic changes and further focus on
candidate genes that may be involved in the phenotype by gene ontology analysis. Additionally, more rapid and
automated analyses will be available if we refine the gene-mapping tools for bioinformatics analysis.

In this study, using TAQing-based mapping, we identified a group of genes involved in flocculation phe-
notype changes. We observed an extreme bias in the incidence of aneuploid formation on chromosome I in
TAQed mutants with reduced flocculation abilities (we could detect only the loss of YPH499/5288C-derived
chromosomes). Additionally, the frequency of LOH occurrence peaked in chromosome regions harboring FLOI,
FLOS8, and SFLI genes. The FLOI gene is present on chromosome I and is reported to encode a mannose-binding
cell wall protein with intramolecular repeats, whose length correlates with flocculation strength. Many TAQed
mutants (11/30 cases) with reduced flocculence lacked the YPH499/5288C-derived chromosome I, which con-
tains the FLOI gene with a longer repeat. These TAQed mutants have only the S799/SK1-derived chromosome
I harboring the FLOI gene with a shorter repeat, thereby exhibiting reduced cohesiveness.

It is noteworthy that in this experiment, along with the FLOI polymorphism, LOHs were highly concentrated
in chromosomal regions, including FLO8 and SFL1, which encode transcription factors that positively and nega-
tively regulate FLOI gene expression, respectively. The FLO8 gene encodes a transcription factor that activates
the FLOI gene, and the SFLI gene product represses FLOI expression, thus suppressing flocculation phenotypes.
Although natural yeasts often exhibit high flocculence, yeast strains with high flocculation abilities are difficult to
handle in laboratories, and flocculence has been artificially reduced over many years of experimental processes
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(laboratory domestication). The laboratory strain YPH499, with the S288C background, lacks the functional
FLOS8 gene and has low flocculence®. In contrast, the $799 strain derived from the SK1 strain, which is substan-
tially distant from the S288C strain, retained a functional FLOS8 gene. Moreover, a hyper-flocculent S799 strain
with the SK1 background contains a nonsense mutation in the SFLI gene, whereas the non-flocculent YPH499
with S288C contains the wild-type SFL1 gene®. Thus, it is likely that TAQing-induced genome rearrangements
altered the combination of these genetic variants, resulting in the diversification of flocculation phenotypes. In
the field of brewing and bioethanol production, controlling yeast flocculation is crucial for improving productiv-
ity and efficiency. Combining the genetic polymorphisms involved in flocculation discovered in this study may
provide for more precise artificial control of flocculation in the future.

The fact that TAQing-based gene mapping could selectively shed light on three pivotal genes (FLO1, FLOS,
and SFL1I) involved in the flocculation phenotypes suggests that the TAQing system is indeed advantageous
for the efficient identification of genes responsible for the phenotype of interest. Then, is it possible to identify
such responsible genes in species other than S. cerevisiae? Homologous recombination (HR) -dependent rear-
rangements such as sGC and BIR can frequently occur in S. cerevisiae with high HR frequency. In species with
low HR frequency, cells undergo non-HR more frequently leading to deletion/duplication, TL, and aneuploidy.
However, TAQing-based mapping can analyze both types of rearrangements efficiently and is applicable to spe-
cies with a low HR frequency. When many TAQed mutants with altered phenotypes are available, we believe
that responsible genes can be identified based on partial deletions/duplications, TLs, and aneuploidies profiles.
Moreover, for TAQing-based gene mapping, it is desirable to arrange the original tester multiploid strain with a
considerable number of genetic polymorphisms (SN'Vs) along the homologous chromosomes. However, even if
no interchromosomal polymorphisms exist in the tester strain, where parental chromosomes cannot be distin-
guished by SN'Vs (e.g., homozygous pure lines), we can still identify the genes responsible for the altered traits
by analyzing CNVs and TLs occurring in the TAQed mutants.

In contrast, conventional gene identification using spontaneous mutagenesis can be effective even in the
absence of SN'Vs on homologous chromosomes. In our analysis using spontaneous mutagenesis, we identified
candidate genes, even in haploid cells with no homologous chromosomes. However, in mapping using spon-
taneous mutagenesis, multiple mutations are often introduced simultaneously. Therefore, to identify the most
critical mutation leading to phenotypic changes, it is necessary to rule out the effects of irrelevant mutations by
conducting additional backcrossing or reverse genetics experiments, which are laborious and time-consuming.
In this study, TAQing-based mapping enabled us to analyze the phenotype-genotype correlation after only a
single selection cycle, but the analysis using spontaneous mutagenesis required 20 iterations of the selection
cycles, which was approximately 20 times as long as that in TAQing-based mapping.

While only three critical genes were identified as candidates in the TAQing-based method, over 20 candi-
date genes, including FLO1, were listed in the mapping using natural mutagenesis. This feature may be a major
advantage of mapping using natural mutagenesis. It can list a wider range of responsible genes that could not be
detected in the TAQing-based mapping, although mapping by natural mutagenesis requires tremendous addi-
tional effort and time to verify whether they are indeed involved in the flocculation phenotypes by disrupting
the genes one by one.

QTL and GWAS are powerful conventional methods for genetic mapping. QTL mapping identifies quantita-
tive trait gene regions by identifying known genetic markers that exhibit statistically significant linkages with
trait differences in F2 offspring constructed by the mating of parents with different levels of quantitative traits.
QTL mapping identifies gene regions based on the genetic diversity obtained from a single meiotic division after
mating with a few parents. Therefore, the analysis requires time for genetic crosses and has a scale limitation.

In contrast, mapping by GWAS uses the genetic diversity of existing populations of related species with
many genetic backgrounds derived from historical meiotic recombination events. Therefore, there is no need
to perform time-consuming crossings to analyze the correlation between DNA markers and traits. Moreover,
once the sequence information is obtained, we need only time for the data analysis. Although GWAS is generally
considered more convenient than QTL mapping, there is a risk of listing false-positive candidates when dealing
with rare traits, linkage disequilibrium, or peculiarities in the population used for analysis. In contrast, QTLs
using biparental mating can sometimes enable the mapping of related genes that are difficult to identify in GWAS.

As described above, the main strategy for genetic mapping in modern genetics is to create strains and cross-
breed for QTL analysis or to perform big data analysis with GWAS. Whereas, the TAQing system involves
a precise comparison of the whole-genome sequences of the parental strains and the TAQed mutants with
mitotically-induced genome rearrangements (CNVs, SNVs, TLs, and LOHs) that are linked to phenotypic altera-
tions. The TAQing system enables an efficient mapping strategy using artificially acquired genetic diversity with
smaller sample sizes than QTL and GWAS. Owing to the development of long-read sequencing technology,
TAQing-based mapping can be applied to species that do not have appropriate genetic markers or SNVs, now
that the generation of high-quality whole-genome sequences in non-model organisms has become more cost-
effective. In addition, since meiotic recombination is not required for TAQing-based mapping, it can be applied
to interspecific hybrids that cannot form offspring and to hybrid cells by cell fusions, thus greatly expanding the
target of genetic mapping.

There are other mapping methods using mitotic cells in which chromosomes are recombined by ionizing
irradiation™ or site-specific recombination mediated by CRISPR/Cas9*. Ionizing irradiation induces numerous
point mutations owing to the generation of DNA chemical adducts formed by free radicals in cells. The presence
of numerous irrelevant point mutations can hinder rapid gene identification and often forces us to conduct fur-
ther verification processes, such as backcrossing or reverse genetics experiments. The CRISPR-based mapping
method enables efficient identification of the genes responsible for trait changes by analyzing LOH and CNV, as
in TAQing-based mapping. However, the preparation and transfection of many gRNAs for CRISPR/Cas9 target
sites throughout the genome incur substantial costs. Such technical limitations do not exist in TAQing-based
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mapping, as there are numerous four-base cutter target sites in the genome where DNA breaks occur randomly.
Laureau et al.*® achieved efficient genetic mapping in sterile yeast using yeast return-to-growth experiments.
However, there is a technical challenge with this method, which requires transient activation of meiotic recom-
bination and cannot be applied to cells with intrinsic defects in meiotic recombinases.

As described above, the gene mapping method using the TAQing system proposed in this study is not only
advantageous for identifying important genes involved in complex phenotypes, but also saves time and labor
by using mitotically induced large-scale genome rearrangements instead of meiotic recombination events. They
can also be applied to sterile hybrids or somatic cell genetics. This method, in combination with conventional
mapping using mutagenesis, is expected to expand the possibility of identifying useful genes involved in complex
phenotypes.

Methods

Yeast strains, culture, and mutagenesis-based selection.  The yeast strains YPH499 (S288C-derived
haploid; MATa ura3-52 lys2-801 ade2-101 trpl-A63 his3-A200 leu2-Al) and S799 (SK1-derived haploid; MATa
ura3 lys2 ho:LYS2 leu2A argd-bgl cyh2-z)*” were used as parental strains of cell-fused strain WT14. Thirty TAQed
mutants, namely ml23, m126, m130, m131, m133, m134, m135, m144, m146, m149, m150, m157, m159, m160,
ml61, m162, m163, m164, m165, m166, m168, m169, m170, m172, m173, m174, m175, m177, m178, and m179
were isolated by Taql activation in WT14 followed by the screening of non-flocculent cell populations. The
hyperflocculent YPH499 strain (YPH499-FLO8) expressing the wild-type FLO8 gene derived from the S799
strain was used as the ancestral strain in mutagenesis-based iterative selection. The naturally mutagenized clones
1-18 were generated by 20 cycles of selection as follows: 10 uL of planktonic fractions (supernatants of cultures
after standing for 1 min) of the ancestral YPH499-FLO8 cells were withdrawn and inoculated into 10 mL of fresh
yeast extract-peptone-dextrose-adenine (YPDA) medium in 18 test tubes, followed by the culture at 30 °C for
24 h. Yeast cells were also cultured in SD/monosodium glutamic acid (MSG) medium at 30 °C for subsequent
experiments.

Yeast strain construction. Gene disruption was performed according to conventional yeast gene-target-
ing methods®®*. WT14-1, WT14-2, WT14-3, and W14-4 were constructed by fusion of YPH499 with S799
carrying flo1, S799 with YPH499 carrying flo1, S799 carrying flo8 with YPH499, and S799 carrying ySFLI (wild-
type SFL1) with YPHA499, respectively. S799 carrying ySFLI was constructed by replacing the ySFLI cassette
with the sfl1::URA3 allele of the S799-derivative sflI disruptant, followed by the selection of URA" colonies on
SD medium plates containing uracil and 5-fluoro-orotic acid (5-FOA, FUJIFILM Wako Pure Chemical Corpora-
tion, Japan). The YPH499-FLOS8 strain for natural mutagenesis experiments was constructed by integrating the
SFLO8:URAS3 cassette into the intergenic region between YCRdeltall and FEN2 on chromosome III in YPH499.

Cell fusion was performed using the following method, with some modifications to a previous study*’. The
parental strains grown to the log phase were harvested and washed once with sterile water. The cell pellets were
suspended in a protoplasting solution (2.8 mg/mL Zymolyase — 20 T (Nacalai Tesque, Japan), 1.7% 2-mercaptoe-
thanol (Nacalai Tesque, Japan), and 25 pL/mL glusulase (PerkinElmer, Inc., USA) in MP buffer) and incubated
at room temperature for 30 min. The protoplast cells were harvested and washed twice with MP buffer (1 M
sorbitol, 100 mM NaCl, and 10 mM acetic acid, pH 5.5). Two parental protoplasted cells were mixed with 2 mL
of 60% polyethylene glycol and 0.2 mL of calcium chloride and incubated for 3 min. Next, 6 mL of MP buffer
was added to the suspension, and the mixture was incubated for 6 min. Protoplast cells were washed twice with
MP buffer, then added to the regeneration agar medium (0.67% yeast nitrogen base without amino acids, 2%
glucose, 1 M sorbitol, 3% agar, and CSM-his-trp-arg), and seeded into 90 mm dishes. Only diploid cells formed
colonies on the agar plate, which enabled the selection of appropriate strains.

TAQing system and screening of non-flocculent TAQed mutants. The WT14 cells harboring the
vector in which Taql is expressed under Cu**-inducible promoter were cultured in 10 mL of SD/MSG medium
at 30 °C overnight. To induce Taql expression, CuSO, was added into the medium at a final concentration of
150 uM and cells were cultured for 4 h as described by Muramoto et al.'*. Cells were washed in distilled water,
and replaced with YPDA medium, followed by incubation for 30 min at 42 °C to temporarily activate Taql
enzyme. Then, the temperature was shifted down to 30 °C for 24 h to promote genome rearrangements and cell
division. The cell culture was agitated with a mixer for 1 min and allowed to stand for 1 min. Ten microliters of
the supernatant (planktonic fraction) were plated on YPDA agar plates for single colony isolation. We measured
the flocculation scores of the isolated TAQed mutants, as described below.

Quantification of flocculation phenotypes. Cells were cultured in 10 mL YPDA medium for 24 h at
30 °C and suspended in a mixer for 1 min, followed by incubation in the culture tubes for 1 min. The flocculat-
ing cells precipitated at the bottom of the culture tubes, while planktonic cells remained in the suspension. The
planktonic population (200 uL) was collected, and the optical density at 600 nm (OD600) was measured using
iMark™ Microplate Reader (Bio-Rad Laboratories, Inc., USA). Clumped cells in the remaining culture were dis-
persed by adding 10 mM EDTA and the OD600 of the cell suspension was measured. The flocculation score (the
ratio of flocculating cells to total cells in the culture) was calculated using the following formula:

| _ oD
OD(T)

OD (P) and OD (T) are the OD600 of the culture supernatant and cell-dispersed culture, respectively.
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DNA preparation for whole-genome sequencing. Yeast genomic DNA was extracted using the Dr.
GenTLE™ High Recovery for Yeast Kit (Takara Bio Inc., Japan), according to the manufacturer’s instructions.
The extracted genomic DNA’s quality was confirmed by agarose gel electrophoresis, and the concentration was
measured using a Qubit dsDNA HS assay kit (Qubit 3, Thermo Fisher Scientific Inc., USA). Genomic DNA was
shared to a size of approximately 300-400 bp by a Covaris Focused-ultrasonicator M220 (Covaris, LLC., USA).
DNA libraries were prepared using the NEBNext Ultra II DNA Library Prep Kit for Illumina (New England
Biolabs, USA) and NEBNext Multiplex Oligos for Illumina (New England Biolabs, USA). The quality of the
DNA libraries was confirmed by electrophoresis using MultiNA (Shimadzu Corporation, Japan) as described
by Muramoto et al.'®>. DNA libraries were sequenced using Illumina HiSeq X Ten (> 50 coverage; [llumina, Inc.,
USA).

Next generation sequencing data analysis. The sequencing reads (.fastq) were mapped using a Bur-
rows-Wheeler Alingner to the reference genome sequences obtained from previous studies'>*!. Small variants
such as SNVs and deletions were called by Freebayes*? and filtered by vcffilter in vcftools (DP > 15 & MQM > 30
& QUAL/AO>10 & SAF>0 & SAR>0 & RPR>1 & RPL>1 & QUAL>100 & AF=1) and bcftools®. Filtering by
the software removes unreliable sequence alteration due to repetitive sequences or sequencing errors. LOHs and
aneuploids were determined by the ratio of coverage using the Integrative Genomic Viewer (IGV)*. We read the
TDEF files that show the coverage output by igvtools (https://software.broadinstitute.org/software/igv/igvtools)
into the IGV custom track, and manually search for breakpoints where the average coverage changes abruptly.

Structural variations (homologous or non-homologous recombinations) were detected by extracting chimeric
sequence reads and searching for rearranged positions using SAMtools*® as described by Muramoto et al.'>.
Briefly, we first manually identified chromosomal regions with marked alterations of mapped coverages of Illu-
mina reads as candidates for structural variations. Next, we examined changes in mapped coverages of the same
region of the other homologs. If there were reciprocal or complementary alterations of mapped coverages, we
estimated the regions have BIRs or sGCs. If we could not find reciprocal or complementary changes, we estimated
that non-homologous end-joining such as translocation occurs in these regions. Then, we extracted remarkable
“soft-clipped reads” by SAMtools to detect breakpoints of non-homologous end-joining. Finally, we searched
“discordant pair-end reads” surrounding breakpoints to identify the end-joining pairs. To exclude false positives,
we also confirmed that these sequence reads were not detected in the control strains.

Circular plots visualizing genome-rearrangement events in Fig. 2b were generated by OMGenomics Circa
1.2.2 (https://omgenomics.com/circa/). PCR primer used to confirm chromosomal circularization in m159 were
5'-CCAAGCGATACCAGGTAGACCGGGAG-3' and 5'-CTGGCACACCTTCCAGCCACATAGT-3'".

RNA extraction and RT-qPCR. RNA extraction and reverse transcriptase-quantitative polymerase chain
reaction (RT-qPCR) experiments were performed according to the methods described by Hirota et al.* and
Galipon et al.¥’ with some modifications. Briefly, after being cultured in 10 mL of YPDA medium for 24 h,
the cells were centrifuged at 3000x g for 5 min and frozen in liquid nitrogen. Frozen cell pellets were resus-
pended in 250 uL bead buffer (75 mM NH,OAc, 10 mM EDTA, pH 8.0) at 65 °C with 200 uL acid-washed
glass beads (Sigma-Aldrich, USA), 25 pL of 10% SDS, and 300 pL of acid-phenol: chloroform (pH 4.5, Thermo
Fisher Scientific Inc., USA). The samples were stirred three times 1 min each at 1 min intervals and incubated at
65 °C, followed by a 10 min incubation at 65 °C, 1 min stirring, and 15 min centrifugation at room temperature
(16,000 x g). The aqueous phase was transferred to a fresh tube containing 200 uL of bead buffer and 400 pL of
phenol/chloroform/isoamyl alcohol (25:24:1, Sigma-Aldrich, USA). Tubes were stirred briefly and centrifuged at
4°C, 16,000 x g for 15 min. The aqueous phase was transferred to a fresh tube with 600 pL isopropanol and 20.4
uL of 7.5 M ammonium acetate. Tubes were stirred briefly and centrifuged at 4 °C, 16,000 x g for 30 min. After
discarding the supernatant, the pellet was washed with 70% ethanol, air-dried, and resuspended in RNase-free
water.

The PrimeScriptRT Reagent Kit with a gDNA eraser (Takara Bio Inc., Japan) was used to eliminate genomic
DNAs and reverse transcription according to the manufacturer’s instructions. Real-time PCR was performed
using the StepOne Real-Time PCR system (Thermo Fisher Scientific Inc., USA) and KAPA SYBR FAST qPCR
Master Mix (2x) Kit (Sigma-Aldrich, USA). RT-qPCR primers for the FLOI gene were 5'-CGCCGATCACAT
CAACGAACT-3' and 5'-ACCCCATGGCTTGATACCGTC-3’, and those for the ACTI gene are 5-CTCCAC
CACTGCTGAAAGAGAA-3' and 5'-CCAAGGCGACGTAACATAGTTTT-3". FLOI expression was normalized
to that of the ACT1I gene.

Data availability
Sequencing data were deposited in the DDBJ/EMBL/GenBank database under BioProject accession number
PRJDB13506. Assembled sequenced data of YPH499 and S799 strains are available on our laboratory website
(http://www.ohta-lab.c.u-tokyo.ac.jp/english/en_link.html). All other data are available from corresponding
authors upon request.
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