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ABSTRACT
We previously developed a genome engineering method (TAQing2.0) based on the direct delivery of DNA endonucleases into 
living cells, which induces genome rearrangements even in non-sporulating nonconventional yeasts without introducing foreign 
DNA. Using TAQing2.0 and conventional mutagenesis (by nitrosoguanidine), we obtained mutant asexual Candida utilis strains 
capable of growing under highly acidic conditions (pH 1.8). Whole genome resequencing revealed that the genomic sequences 
of mutants generated by both methods contain a negligible small population of unmappable sequences, suggesting that both 
types of mutants can be regarded as equivalent to naturally occurring mutants. TAQing2.0 mutants exhibit multiple genome 
rearrangements with few point mutations, whereas conventional mutagenesis produces numerous point mutations. This feature 
enabled us to easily identify candidate genes (e.g., LYP1 homolog) responsible for acid resistance. TAQing2.0 is a powerful and 
versatile tool for mutant production and gene hunting without invasion of foreign DNA.

1   |   Introduction

Conventional mutagenesis, genome editing, and genome shuf-
fling technologies have been powerful tools for producing mu-
tants with useful phenotypes. Conventional mutagenesis with 
drugs or radiation induces numerous base substitutions, i.e., 
single nucleotide variations (SNVs) and insertions/deletions 
(InDels), leading to genetically diverse pools. It has been used for 
a long time for mutant production and hunting causative genes 
important for altered useful phenotypes. However, in many 

cases, the mutant lines produced by conventional mutagenesis 
contain numerous point mutations at sites other than the gene 
of interest. It is therefore necessary to repeat time-consuming 
and laborious backcrossing to remove the effects of the off-target 
mutations.

We have developed the genome engineering technology 
named TAQing system based on induced large-scale ge-
nome rearrangements. In this system, DNA double-strand 
breaks (DSBs) are conditionally induced at multiple random 
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chromosomal locations, which lead to large-scale genome 
rearrangements often accompanied by phenotypic alter-
ations (Muramoto et al. 2018; Tanaka et al. 2020; Yasukawa 
et  al.  2022; Yone et  al.  2022). In the original TAQing tech-
nology, the restriction enzyme TaqI (from Thermus thermo-
philus HB8 and recognizes the 4-base sequence “TCGA”) is 
expressed in living cells. The temperature-dependent TaqI 
endonuclease in the cell is inactive at 30°C but is partially 
activated by shifting the temperature around 37°C–42°C to 
induce DSBs at TCGA sites. The resulting DSBs are repaired, 
followed by the generation of various types of genomic rear-
rangements. The TAQing system, compared to conventional 
mutagenesis methods, exhibits a lower incidence of point mu-
tations. Hence, phenotypic changes caused by TAQing often 
arise due to copy number variations (CNVs), loss of heterozy-
gosity (LOH), translocations (TLs), deletions (Dels), and other 
mechanisms. These characteristics enable us to easily identify 
the causative genes associated with the altered phenotypes of 
the mutants, without the need for time-consuming backcross-
ing (Yone et  al.  2022). In comparison, restriction enzyme-
mediated integration, referred to as the REMI method (Kuspa 
and Loomis  1992), enables linear plasmid DNA integration 
with a high proportion at genomic restriction sites by restric-
tion enzymes, and this recombination process is intrinsically 
similar to that of the TAQing system. Therefore, this report 
supports the practical achievements of mutation occurrences 
reported in the TAQing system.

In addition, we developed a minimally invasive and versatile 
system, termed TAQing2.0, utilizing protein-transfection of 
DNA endonucleases (TaqI) facilitated by cell-penetrating pep-
tides (Yasukawa et al. 2022). The event-triggering mechanism 
of this technology is based on the original TAQing system, 
i.e., it temporally activates intracellular TaqI by shifting 38°C 
to induce DSBs in alive cells. This means that the inducible 
mutation patterns of TAQing2.0 are similar to those of the 
TAQing system. On the other hand, the REMI and TAQing2.0 
methods are mechanistically different in that the former uses 
foreign DNA and marker integration, while the latter needs 
neither of them. The TAQing2.0 system is applicable across a 
broad range of species that lack established gene expression 
vectors. Employing TAQing2.0, we successfully generated 
mutants of nonconventional yeasts, including Torula yeast 
(Candida utilis), which are typically inefficient in sporulation 
and thereby present challenges in identifying causative genes 
for altered phenotypes. C. utilis has been used commercially 
as food-grade yeast since it contains rich protein, minerals, 
and vitamins (Bekatorou et al. 2006) and its genome sequence 
has been studied (Tomita et  al.  2012). Our previous study 
(Yasukawa et al. 2022) also estimated that the genome struc-
ture of C. utilis is triploid with six chromosomes, in which one 
copy of a ~700 kb segment of the right arm of chromosome II 
exists. Within wild-type triploid chromosome sets, two major 
alleles tend to have similar single nucleotide variations (SNVs). 
Thus, a basic platform for breeding C. utilis without foreign 
DNA integration has been established. However, no studies 
have been conducted exploring the industrial practicality of 
TAQing2.0 technology so far. In addition, as TAQing2.0 does 
not necessitate the transfection of foreign DNA/RNA frag-
ments from heterologous species, the resulting mutant strains 
are considered non-genetically modified. This characteristic 

is advantageous for gaining social acceptance when mutant 
strains are used for the production of natural food and cos-
metics. However, it remains to be tested whether the mutant 
strains obtained by TAQing2.0 are essentially equivalent to 
those produced by conventional methods in terms of non-
contaminating foreign genetic information.

In this study, to compare the efficiency of obtaining mutants 
with desired traits and the easiness of causative gene identifi-
cation between TAQing2.0 and conventional mutagenesis, we 
generated C. utilis strains with acid resistance using TAQing2.0 
and a conventional mutagenesis, N-methyl-N'-nitro-N-
nitrosoguanidine (NTG) treatment (Adelberg et  al.  1965). 
Here, we evaluated the efficiency of mutant production, the 
spectrum of genetic alterations, and the population of foreign 
and unmappable DNA sequences between these two method-
ologies. TAQing2.0-generated mutants had an equivalent or 
lower frequency of foreign and unmappable DNA sequences 
than conventional mutagenesis. In addition, the incidence of 
point mutations was significantly lower with TAQing2.0 than 
with conventional mutagenesis, suggesting that phenotypic 
changes are mainly due to rearrangements such as LOHs and 
Dels. This property also helped us to identify candidate gene 
regions for acid resistance. Altogether, TAQing2.0 serves as a 
powerful genome engineering technique that does not require 
the incorporation of foreign genetic information. Additionally, 
it is an effective gene identification tool, even for species 
lacking established gene expression systems or the ability to 
crossbreed.

2   |   Results

2.1   |   Production of Acid-Resistant Torula Yeast 
(C. utilis) Strains

Wild-type Torula yeast cells cannot grow in highly acidic envi-
ronments, such as at pH 2.0. However, Torula yeast strains that 
are resistant to acidic conditions have a significant advantage in 
industrial fermentation, as they can avoid contamination from 
other microorganisms. We attempted to obtain C. utilis mutants 
capable of proliferating under highly acidic (pH 1.8) conditions 
by applying TAQing2.0 or conventional NTG mutagenesis. A 
mutant library was generated by treating C. utilis cells at the 
early logarithmic phase once with either TAQing2.0 or NTG 
treatment. For the primary screening, the entire library was 
inoculated onto minimal synthetic defined (SD) medium agar 
plates adjusted to pH 1.8 with sulfuric acid, and colonies larger 
in size than those of the wild-type strain grown under the same 
acidic conditions were isolated. From the TAQing2.0-treated 
group and the NTG-treated group, 9 and 63 colonies were se-
lected, respectively. These cells were then inoculated onto SD 
agar plates (pH 1.8), followed by single colony isolation. By this, 
we obtained 3 and 63 candidate strains from the TAQing2.0-
treated and the NTG-treated groups, respectively (Table 1).

To select stable acid-resistant C. utilis strains, the above-
mentioned candidate strains from the first screening were 
subjected to five passages of serial culturing in an SD liquid me-
dium without selection pressure. Among these strains (hereafter 
referred to as “5 passages”), those retaining the acid resistance 
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of the original mutant strains (referred to as “ancestors”) were 
subjected to the secondary screening.

Figure 1a shows the growth of the ancestors and the five pas-
sages in an SD liquid medium at pH 2.0. When the growth of 
the three candidate TAQing2.0-treated mutants (referred to as 
“TAQed m1, m2, and m3”) was examined, we confirmed that 
all of the 5 passage descendants as well as their ancestors grew 
under acidic conditions (Table S1). Within the NTG-treated can-
didate group, randomly picked 29 mutants were examined in SD 
liquid medium at pH 2.0, and five strains #3, #9, #11, #17, and 
#24 (referred to as “NTGed m3, m9, m11, m17, and m24”) were 
selected, whose 5 passage descendants showed the same growth 
rate as their ancestors (Figures  1a and S1, Table  S1). We also 
conducted spot assays on SD agar plates adjusted to pH 1.8 with 
sulfuric acid or hydrochloric acid. All strains demonstrated acid 
resistance to hydrochloric acid (Figure  1b) as well as sulfuric 
acid, suggesting that these strains may have enhanced resis-
tance to protons rather than to a specific anion. Interestingly, 
the growth rate of TAQed m1 was not much different from that 
of WT under the non-acidic condition (pH 4.6), while that of 
TAQed m2 and m3 was significantly slow. All of the NTG-treated 
mutants showed a slight but significant delay (Figure S2).

Table 1 indicates the success rate of obtaining acid-resistant C. 
utilis mutants from the TAQing2.0-treated and the NTG-treated 
groups. The frequency was 2.3 × 10−3% for the TAQing2.0-
treated group and 1.2 × 10−4% for the NTG-treated group.

2.2   |   Possibility of Foreign DNA Sequence 
Contamination

For all strains obtained through the secondary screening, 
whole genome analysis was performed using DNBSEQ-G400 
(MGISEQ-2000RS) short-read sequencing. The genomic DNA 
(gDNA) reads of each strain were mapped using BWA (Li 2013) 
to the previously reported C. utilis reference genome sequence 
(Yasukawa et  al.  2022). In all nine strains, which include the 
wild type, three TAQing2.0-treated mutants, and five NTG-
treated mutants, more than 99.6% of the reads could be mapped 
to the reference genome sequence by Yasukawa et al. (2022).

In Yasukawa et al., the C. utilis reference genome sequence for the 
wild-type was assembled with MaSuRCA (Zimin et al. 2013) and 
Falcon (Chin et al. 2016) using a combination of PacBio Sequel 
long-read and Illumina short-read sequencing. For PacBio long-
read sequencing, assembly was performed using Canu (Koren 
et al. 2017). Unmappable reads of the mutants in this study and 
the wild-type strain (0.4% of the total reads) were re-mapped 

using BWA to all the contigs from the above-mentioned assem-
blies. As a result, 71.0%–92.6% of these previously unmapped 
reads became mappable (Table 2), suggesting that these newly 
mapped reads were derived from unique allele sequences other 
than the reference genome sequence. The remaining unmapped 
reads was further mapped using the C. utilis (NBRC0988) ge-
nome sequence (Tomita et al. 2012) and the genome sequence 
of Cyberlindnera jadinii NRRL Y-1542, considered an ances-
tor of C. utilis (Rupp et al. 2015). Ultimately, 99.90%–99.98% of 
all reads from both the wild-type and the mutant strains were 
mapped to C. utilis-related reference sequences.

For the remaining unmapped reads, we further attempted to map 
them to foreign DNA sequences derived from the Escherichia 
coli and vector sequences used in constructing the TaqI expres-
sion vector. However, the reads mapping to these foreign ge-
nomes were less than 4.3 × 10−4% in both the TAQing2.0-treated 
and the NTG-treated mutants (Table 2). They had no significant 
read depth greater than 4× to the E. coli or TaqI vector sequences 
for any of the mutant strain reads while the average depth of C. 
utilis chromosomes were between 1,400×–3,400×.

Additionally, we explored whether there were any common 
unmapped reads between the wild-type and the acid-resistant 
mutants. First, we prepared a custom BLAST database using 
the remaining wild-type unmapped reads. Then, we performed 
local BLAST searches (Camacho et al. 2009) of the remaining 
unmapped reads from the TAQing2.0-treated and NTG-treated 
acid-resistant mutants against this custom BLAST database 
of wild-type reads. As a result, 12.7%–35.0% and 26.4%–37.7% 
of the unmapped reads of the TAQing2.0-treated and the 
NTG-treated had at least one hit against the wild-type custom 
BLAST database, respectively (Table 3). These results show that 
99.971%–99.983% of the reads from TAQing2.0-treated mutants 
and 99.927%–99.982% of the reads from NTG-treated mutants 
can be mapped to C. utilis-related genome sequences (Table 3). 
Since the Quality scores of the final remaining unmapped reads 
were significantly lower than those of the mappable reads to the 
genome reference in all groups (Figure S3), it is suggested that 
the final remaining sequences may contain sequencing-derived 
specific errors. This demonstrates that the likelihood of foreign 
DNA contamination in TAQing2.0-treated mutants is negligi-
ble, comparable to that in NTG-treated mutants.

2.3   |   Analysis of Genome Rearrangements in 
the Acid-Resistant Mutants

Next, we analyzed the genome rearrangements in the acid-
resistant mutants. First, changes in chromosome lengths of 

TABLE 1    |    Efficiency of low-pH resistant screening by TAQing2.0 and NTG mutagenesis.

TAQing2.0 NTG mutagenesis

1st screening (2× low pH agar plates) Library size (cells)
Selected mutant (cells)

1.3 × 105

3
9.4 × 106

63

2nd screening (stable phenotype after 
5 × passages)

Population size (cells)
Selected mutant (cells)

3
3

29
5

Gained mutants/library size (%) 2.3 × 10−3 1.2 × 10−4
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FIGURE 1    |    Schematic diagram of TAQing2.0 technology and selection of acid-tolerant mutants using TAQing2.0 or NTG mutagenesis. (a) 
Comparison of the growth curves between ancestor and 5-passage. Strain was cultured in SD (pH 2.0) at 30°C. Error bars represent standard devi-
ation from three independent experiments. (b) A spot test for observing the growth of CuWT and acid-tolerant mutants under non-stress or acidic 
environment. Cells were spotted onto SD (pH 4.6) or SD (pH 1.8), adjusted with sulfonic acid or hydrophobic acid. Two independent experiments were 
performed and a representative image is shown.
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the mutants were analyzed by pulsed-field gel electrophoresis 
(PFGE). Extra bands corresponding to newly emerging shorter 
or longer chromosomes were observed in the NTG-treated mu-
tants m11 and m17, as well as in the TAQing2.0-treated mutants 
m2 and m3 (Figure S4, open arrowheads), demonstrating that 
large-scale chromosome rearrangements occurred in these 
mutants.

We then analyzed the gDNA sequencing data to identify the 
sites of point mutations and rearrangements in the TAQing2.0-
treated and NTG-treated mutants. We observed single nu-
cleotide variations (SNVs), insertions/deletions (InDels), 
homologous recombinations (HRs), break-induced replications 
(BIRs), TLs, aneuploidy, and large Dels (Figure 2a–c). TLs gen-
erally exhibit discontinuous changes in sequence coverage and 
are often observed as instances where different chromosomal 
sequences are linked through the TaqI recognition sequence 
“TCGA” at the breakpoints (Muramoto et  al.  2018; Yasukawa 
et  al.  2022). Indeed, in the TAQing2.0-treated strain m3, two 
inter-chromosomal TLs were observed. One TL occurred be-
tween the left arm of chromosome I (ChrI) near the rDNA repeat 
region and the left arm of chromosome VI (ChrVI), where the 
TaqI recognition sequence “TCGA” was present at the break-
point (Figures 2b and 3a). The connection between these chro-
mosomes was confirmed by PCR amplification using primers 
around the breakpoints on ChrI and ChrVI (Figure 3b). Another 
TL was observed on ChrV (Figure  3c). CNVs were found on 
ChrV, which were observed as ×4 coverage in the left arm and 
×2 coverage in the right arm. One of the major allele chromo-
somes lacks its right arm, and the minor allele has an aneuploidy 
which also lacks its right arm. These right ends were attached 
as a TL (Figure 2b). This TL occurred at the TaqI recognition 
sequence, and the connection of both chromosomes was con-
firmed by PCR amplification (Figure 3d).

Furthermore, large Dels involving extensive coverage changes 
were detected in TAQing2.0-treated m2, m3, NTG-treated m11, 

and m17, notably a large Del on the left arm of chromosome IV 
(ChrIV) (Figure  2a–c). These deletions were verified by PCR 
amplification using primers near the chromosome breakpoints 
and telomeric sequence primers (Figure 3e). TAQing2.0-treated 
m2 and m3 mutants harbored large Dels that occurred on differ-
ent alleles of the right arm of chromosome II (ChrII) (Figures 3e 
and S5).

Next, we analyzed point mutations and HR events. Since wild-
type C. utilis is triploid, heterozygous SNVs generally show al-
lele distributions at ratios of 1/3 or 2/3 throughout the genome 
(Figure  S6a). Point mutations were defined as newly gener-
ated SNVs without recombination templates (Novel SNVs; 
Figure S6b). DSBs often induce copy-paste type HR such as gene 
conversion (GC) using homologous sequences as templates, 
which can overwrite some SNVs and alter local SNV ratios. 
Chromosomal regions exhibiting these local SNV ratio changes 
were defined as GC-type HR sites. For example, when a sequen-
tial local SNV ratio changed from 2:1 to 1:2, one of the two major 
alleles was seemingly repaired by GC using the minor allele as 
a template (Figure S6c). Especially when a sequential local SNV 
ratio changed from 2:1 to 3:0, it can be regarded as LOH-type HR 
whose minor allele was repaired using major alleles as a tem-
plate (Figure S6d). Note that even a single SNV that had a re-
pair template was provisionally regarded as HR. In regions with 
altered coverage due to genome rearrangements (e.g., regions 
with decreased coverage due to Dels or CNVs), we used different 
thresholds for the identification of SNVs, taking into account the 
number of alleles at the loci (ex. 1/2, 3/4 as altered allele ratio; 
Figures S6e, S7 and S8a,b). We also set different thresholds for 
the short ChrII fragment which has a ratio of 2:2 allele separa-
tion with telomeres at both ends observed even in the wild-type.

Through these analyses, we found that the TAQing2.0-treated 
mutants had no InDels and only 1–4 newly occurring SNVs 
per strain. In contrast, NTG-treated mutants exhibited a small 
number of InDels and 503-1,402 new SNVs per strain (Table 4, 

TABLE 3    |    BLAST result of mutants' remaining unmapped reads and ratio of final unmappable and identified reads of TAQed and NTG mutants.

TAQed NTGed

m1 m2 m3 m3 m9 m11 m17 m24

Remaining 
unmapped (BLAST 
query)

27,172 29,164 29,835 29,248 42,203 72,476 47,882 44,637

Num. of reads with 
more than 1 hit

3524 3716 10,452 10,142 15,912 19,184 17,296 13,464

Read with hit/
query reads (%)

13.0 12.7 35.0 34.7 37.7 26.5 36.1 30.2

Total reads 1.308 × 108 1.523 × 108 6.652 × 107 6.756 × 107 6.340 × 107 7.350 × 107 7.535 × 107 7.265 × 107

Num. of unknown 
reads

23,648 25,448 19,383 19,106 26,291 53,292 30,586 31,173

Unmappable read/
total reads (%)

0.018 0.017 0.029 0.028 0.041 0.073 0.041 0.043

Mapped read/total 
reads (%)

99.982 99.983 99.971 99.972 99.959 99.927 99.959 99.957
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FIGURE 2    |     Legend on next page.
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Data  S1). Notably, a single SNV was commonly detected in 
all three acid-resistant TAQing2.0-treated mutants, whereas 
11 SNVs and one InDel were commonly found across the five 
NTG-treated mutants (Table S2). Additionally, we detected 5–7 
HR events in TAQing2.0-treated mutants, while NTG-treated 
mutants exhibited 73–393 HR events. Three HR events were 
consistently detected in all three TAQing2.0-treated mutants, 

two of which occurred discontinuously at very close positions 
on ChrII around 199,988 and 204,000 bp. In contrast, 24 com-
mon HR events were observed among the NTG-treated mutants 
(Table S3).

Since NTG induces alkylation damage, its mutation spectrum 
predominantly features G/C to A/T transitions (Harper and 

FIGURE 2    |    Genome rearrangements in TAQed mutants. (a) Overview of the whole genome sequencing for WT (black), three TAQing2.0-treated 
mutants (red) and five NTG-treated mutants (blue). Aligned short read data were visualized by Interactive Genome Viewer (IGV). Black arrowheads 
indicate the chromosome locus with coverage changes caused by translocations or deletions. (b) Schematic diagrams of rearranged chromosomes in 
TAQing2.0-treated mutants. WT Cu is a triploid yeast and two alleles (major alleles) tend to have similar SNV and InDel patterns, which were shown 
in the same color. Since ChrIV, V and ChrVI have partial heterozygous allele regions which enable distinction of two major alleles, these regions 
are marked in different colors. Homologous recombination (HR) and large-scale rearrangements such as translocations (TL), large deletions (Del) 
aneuploid and break induced replication (BIR) of TAQing2.0-treated mutants are shown. Black arrowhead shows predicted lyp1 promoter locus. 
The origin of multiple mutations on the major alleles is indistinguishable, so they are tentatively marked on one of the chromosomes. (c) Schematic 
diagrams of large deletions in ChrIV in NTG-treated mutants m11 and m17.

FIGURE 3    |    Translocations and large deletions in the mutants. (a) Breakpoint sequence of inter-chromosomal translocated chromosomes be-
tween ChrI and Chr VI in the TAQed m3 strain. (b) Local PCR amplification check of (a). Arrows indicate primers for PCR. (c) Breakpoint sequences 
of inter-chromosomal translocated chromosomes within ChrV in the TAQed m3 strain. (d) Local PCR amplification check of (c). Arrows indicate 
primers for PCR. (e) Local PCR amplification check of large deletions in TAQed m2, m3, NTGed m11 and 17.
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Lee  2011; Loechler et  al.  1984; Ohnishi et  al.  2008). In mu-
tants treated with NTG, novel SNVs exhibited a strong bias 
toward G/C to A/T transitions, whereas mutants treated with 
TAQing2.0 showed no such bias (Figure  S9a,b). However, 
in both TAQing2.0 and NTG-treated mutants, the mutation 
spectrum in HR regions displayed no such strong bias and 
resembled the spectrum of spontaneous SNVs (Figure  S9c). 
Furthermore, it has been reported that NTG treatment can acti-
vate HRs in Saccharomyces cerevisiae (Buettner and Parks 1970; 
Zimmermann and Schwaier 1967). Thus, even if a single SNV 
is mutated, it is highly likely to be repaired through the GC 
pathway, provided a homologous repair template is available. 
Therefore, classifying SNVs with a repair template as HR-related 
was deemed appropriate.

Using a similar approach, we explored HR regions with contin-
uous changes in the SNV allele ratio across entire chromosomal 
arms, defining these regions as BIR segments. As mentioned 
above, TAQing2.0-treated m3 strain had an aneuploidy of minor 
ChrV allele that was translocated to one of the major ChrV al-
leles, so that the copy number of its left arm was four (Figure 2b). 
The major-to-minor allele ratio of heterozygous SNV was 2:2 on 
the left side of the boundary at 556,244 bp, which shifted to 3:1 to 
the right of this boundary (Figures 2b and 3c). This suggests that 
BIR occurred in one of the minor allele chromosomes using the 
major allele chromosome as a replication template.

These results indicate that while TAQing2.0-treated mutants 
exhibit various large-scale chromosome rearrangements, they 
have very few point mutations. In contrast, NTG-treated mu-
tants predominantly exhibit point mutations along with HR 
events.

2.4   |   Identification of Genes Responsible for Low 
pH Resistance

We previously reported that the original TAQing method has 
the advantage of efficient mapping of genes responsible for 
the altered phenotypes by identifying common genetic alter-
ations in the TAQing-generated mutants (Yone et al. 2022). In 
this study, we employed the mapping method to determine the 

genes underlying the acid resistance phenotype generated by 
TAQing2.0-treated and NTG-treated mutants. We hypothesized 
that regions with common SNVs, InDels, or HR might harbor 
candidate responsible genes. In the three TAQing2.0-treated 
mutants, common alteration sites were identified as follows: (1) a 
single SNV at 1,422,278 bp on ChrIV, (2) an HR at ChrI 320,039, 
and (3) two HRs on ChrII around 199,988 and 204,000 bp 
(Figure  4a). On the other hand, NTG-treated mutants did not 
exhibit these common SNVs or HR regions (Figure 4b), though 
they had numerous other common mutations of SNVs and HRs 
within NTG-treated mutants (Tables S2 and S3).

For the SNV at 1,422,278 bp on ChrIV, the nearby sequence was 
subjected to a BLAST search against the genome database of the 
closely related fungi C. jadinii NRRL Y-1542 (Rupp et al. 2015). 
The search revealed no protein-coding genes within 3.7 kbp 
upstream and 6.7 kbp downstream of the common SNV. As we 
examined RNA expression of the common SNV locus and two 
closest gene loci in this region by reverse transcription-PCR (RT-
PCR), we could not detect any changes in expression patterns 
between mutants and wild-type (Figure S10a). At the hetero HR 
on ChrI:320,039, which was in the homologous sequence of the 
MoaE (molybdopterin synthase) protein-coding sequence (CDS) 
in C. jadinii, a 1:2 heterozygous allele ratio was observed where 
the wild-type genome showed a 2:1 allele ratio. The RNA ex-
pression change was not significant between the mutants and 
the wild-type at the locus (Figure S10b). We therefore concluded 
that this region does not include the loci responsible for low pH 
resistance.

For the region with the two HRs around 199,985 and 
204,000 bp on ChrII, we searched 2,000 bp upstream and 
downstream of these two HRs in the C. jadinii genome da-
tabase and identified CuPEX13 (44.5% identical to a peroxi-
somal importer complex component gene ScPEX13 related to 
selective autophagy called pexophagy and human Zellweger 
syndrome), a predicted aldo/keto reductase gene (44.1% 
identical to ScYPR127W), and CuLYP1 (36.3% identical to 
lysine permease gene ScLYP1) (Figures  4c and S10c,d). We 
then conducted RT-PCR experiments using wild-type and 
the three TAQing2.0-treated mutants cultured in SD me-
dium at pH 4.6 and pH 2.0 to examine the RNA transcription 

TABLE 4    |    Small mutations and large rearrangements.

TAQed NTGed

m1 m2 m3 m3 m9 m11 m17 m24

SNVs 3 4 1 1333 503 799 984 1402

InDels 0 0 0 1 1 1 2 1

HR 7 5 5 123 119 73 116 393

TLs 0 0 2 0 0 0 0 0

Dels 0 2 2 0 0 1 1 0

aneuploid 0 0 1 0 0 0 0 0

BIR 0 0 1 0 0 0 0 0

Note: SNVs, InDels, homologous recombination (HR), translocations (TLs), large deletions (Dels), aneuploid, and break-induced replication (BIR) were counted in 
each strain. Dels are defined as the loss of multiple kilobases to megabases of DNA and detected by chromosome-arm wide coverage change, while InDels are small 
insertions or deletions ranging from a single nucleotide to a few hundred base pairs to be detected by GATK.
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FIGURE 4    |    Systematic search for genes responsible for low-pH resistance. (a, b) Stacked bar graph of the SNV and HR counts par 20 kb in (a) 
TAQing2.0-treated and (b) NTG-treated mutants. (c) IGV visualization of SNP patterns by DNA sequencing of WT and TAQing2.0-treated mutants 
and the schematic image of alleles with loss of heterozygosity at the CuLYP1 promoter locus which were commonly detected in the TAQing2.0-
treated mutants. TaqI recognition sites were marked with blue lines. Two major alleles and one minor allele of the triploid chromosomes were shown 
in dark magenta and light magenta, respectively. (d, e) Relative gene expression in WT, TAQed m1, m2 and m3 in pH 4.6 and pH 2.0 SD media at (d) 
CuLYP1, and at (e) a predicted aldo/keto reductase gene, a YPR127W homolog. The expression levels under each condition were normalized to that 
of act1 as internal control. Data are presented as mean ± SEM (n = 3). Two asterisk indicates p < 0.05 for a two-tailed test. (f) Allele specific CuLYP1 
expression of WT in pH 4.6 and pH 2.0 SD media. The forward primer p3M detects RNAs from the major alleles (the dark magenta chromosome), 
while p3m detects RNAs from the minor allele (the light magenta chromosome) and the reverse primer p3r is used in common as indicated in (c). 
The expression levels under each condition were normalized to that of act1. Data are presented as mean ± SEM (n = 3). One asterisk indicates p < 0.05 
for a one-tailed test. (g) C. utilis wild-type and TAQed m1 spot assay when CuLYP1 is overexpressed with or without 5 mM Lysine. (h) Spot assay of 
a lyp1∆ mutant in S. cerevisiae.
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levels of CuPEX13, the predicted aldo/keto reductase gene, 
and CuLYP1. We observed all TAQing2.0-treated mutants 
showed a marked decrease in the expression of CuLYP1 at 
pH 2.0 compared to that at pH 4.6, whereas CuPEX13 and the 
aldo/keto reductase gene (YPR127W homolog) did not exhibit 
a clear common difference (Figures  4d,e and S10c). The ex-
pression of the homozygotic intergenic region (the upstream 
of CuLYP1 and downstream of the ScYRP127W homolog) was 
quite low in all samples, although TAQed m2 and m3 showed 
slightly higher expression at pH 4.6 (Figure S10d). These ob-
servations seem consistent with the location of the common 
SNVs around CuLYP1 in the putative transcriptional pro-
moter for CuLYP1. It should also be noted that the SNVs in 
CuPEX13 were silent SNVs (T225 → A and G228 → A) and re-
sulted in synonymous codon substitutions (Gly75 and Gly76). 
Therefore, we conclude that the promoter mutation at CuLYP1 
can be responsible for the low pH resistance of TAQing2.0-
treated mutants. We also found a SNV of CuLYP1 CDS in the 
NTG-treated acid-resistant mutant m17 (the 1079th C to T in 
NTG which caused amino acid substitution of G360E), but no 
mutation within the promoter region in the NTG-treated mu-
tants (Figure S10d).

To compare the RNA expression levels of the major and minor 
promoters under different pH conditions, we performed RT-
qPCR using allele-specific primers at pH 4.6 and 2.0 in WT. As 
a result, the major promoter exhibited significantly lower ac-
tivity at pH 2.0 compared to pH 4.6, with RNA production de-
creasing to approximately 20% of the level observed at pH 4.6 
(Figure 4f). Similarly, the minor promoter also showed reduced 
activity at pH 2.0, but to a lesser extent, with RNA levels de-
creasing to about 70% of those at pH 4.6 (Figure 4f). Importantly, 
the major allele promoter exhibits a more pronounced decrease 
in expression when exposed to lower pH conditions, suggesting 
that its activity is more sensitive to acidic environments com-
pared to the minor allele promoter. Our results indicate the 
pH-dependent regulatory mechanism of the major and minor 
CuLYP1 promoters, emphasizing the greater susceptibility of 
the major allele CuLYP1 promoter to transcriptional suppres-
sion under highly acidic conditions, which is consistent with 
the strong acid-resistant phenotype of the TAQing treated LOH 
strains without the minor CuLYP1 promoter.

These analyses suggest that the decreased expression of CuLYP1 
under low pH conditions could confer acid tolerance to the mu-
tants. To test these possibilities, we first overexpressed CuLYP1 
under low pH conditions in TAQing2.0-treated acid-resistant 
mutants. We constructed an overexpression vector by placing 
CuLYP1 under the control of the Cu glyceraldehyde-3-phosphate 
dehydrogenase gene (CuTHD3) promoter. This cassette was in-
troduced into the wild-type (CuWT) and the TAQed m1 strain. 
Spot assay results indicated a partial decrease in low pH resis-
tance of the CuLYP1 overexpressed strain (TAQed m1 CuLYP1 
OE) compared to TAQed m1 (Figure  4g, 0 mM Lysine). Since 
Lyp1 is a lysine permease, we tested the effect of lysine addi-
tion to the medium and found that the acid tolerance of both 
TAQed m1 and TAQed m1 CuLYP1 OE improved (Figure  4g, 
5 mM Lysine).

Next, we studied the effects of LYP1 gene disruption. Due to the 
difficulty of gene disruption in triploid C. utilis, we obtained a S. 

cerevisiae strain with deletion of the orthologous gene ScLYP1 
and tested its low pH tolerance. We confirmed that the S. cerevi-
siae LYP1 deletion strain exhibited slightly enhanced acid resis-
tance compared to the wild type (Figure 4h).

Although we cannot eliminate the possibility of synergistic 
effects of other unique mutations in each TAQ2.0-treated mu-
tant, these results suggest that CuLYP1 is a strong candidate 
gene responsible for the improved acid resistance of all three 
TAQing2.0-treated mutants.

3   |   Discussion

Nonconventional yeast, which often means “non-Saccharomyces” 
yeasts, have various abilities that are absent in S. cerevisiae, and 
they are well studied from an evolutionary perspective of fungi 
(Aoki et al. 2017; Shen et al. 2018). From the industrial point of 
view, hosts that can achieve purposes are selected by noncon-
ventional yeasts. Candida utilis, also known as Cyberlindnera 
jadinii and recognized as Generally Regarded As Safe (GRAS) by 
the United States (U.S.) Food and Drug Administration (FDA), 
is a crabtree-negative yeast and presents high respiratory activ-
ity, and its ability to synthesize various compounds; it is often 
used in food and pharmaceutical industries to produce food ad-
ditives, supplements, and organic acids (Sousa-Silva et al. 2021). 
Ogataea polymorpha (either known as Hansenula polymorpha 
or Pichia angusta) is one of the most thermotolerant yeasts 
identified to date, with growth up to a maximal temperature of 
50°C (Guerra et al. 2005). Some nonconventional yeasts such as 
Kazachstania bulderi, Pichia occidentalis, and Issatchenkia ori-
entalis are reported to have low pH tolerance and a high ability 
to produce organic acids (Balarezo-Cisneros et  al.  2023; Pyne 
et  al.  2023; Wu et  al.  2023), although native C. utilis does not 
show strong low pH tolerance. We succeeded in gaining C. utilis 
strains that can grow in highly acidic conditions by conventional 
mutagenesis and our recent technology TAQing2.0 and assessed 
their ability and safety.

This study demonstrates that TAQing2.0 is an efficient technol-
ogy capable of producing mutant strains with favorable traits, 
with minimal risk of foreign DNA incorporation. Therefore, 
TAQed strains are expected to have a lower barrier to social 
acceptance than genetically modified organisms (GMOs), par-
ticularly in fields with a strong demand for natural products, 
such as food and cosmetics. Additionally, TAQing2.0 is likely 
to have economic advantages regarding containment measures 
required by GMO regulations. Another advantage of TAQing2.0 
compared to conventional mutagenesis is the readiness of iden-
tification of genes responsible for altered phenotypes. This is 
mainly owing to the fewer point mutation rate of TAQing2.0-
treated mutants.

Exploring unmapped reads in multicellular organisms can 
sometimes reveal meaningful biological information such as in-
fection or contamination (Chen and Li 2020; Laine et al. 2019; 
Neumann et  al.  2023). In these studies, mappable reads are 
around 70%–90% (Sangiovanni et  al.  2019), but our wild-type 
C. utilis sequence mapping rate was much higher, more than 
99.7%, since contamination risks are much lower when sequenc-
ing pure cultured microorganisms. But still, there were 0.018% 



12 of 17 Genes to Cells, 2025

of unmappable reads. It is reported that gDNA sequences by 
NGS systems can contain systematic error reads. Especially, 
sequencers are known to have substitution biases (Stoler and 
Nekrutenko  2021). The quality scores of the final unmapped 
reads in the wild-type and mutants were very low (Figure S2), 
suggesting that these reads were unreliable for searching their 
origins.

The direct protein transfection technology by using recombi-
nant Cas9 expressed in E. coli and guide RNA complexes is the 
most obvious approach to achieve transgene-free genome ed-
iting, and recently it has attracted much attention in the field 
of genetically modified plants (Gong et  al.  2021). The reason 
why is not only the possibility that this technique could avoid 
various barriers accompanied by GMO regulation, but also 
the contribution to reduced off-target effect (Tang et  al.  2018; 
Vakulskas and Behlke  2019; Wolter and Puchta  2017). Here, 
Cas9 ribonucleoproteins are often manufactured by the E. coli 
expression system, and commercially available products have a 
purity standard of more than 90% or 95%. It is, however, notable 
that whether residual DNA from the host cell is determined as 
regulatory specs will depend on a case-by-case basis. Thus, the 
safety risk has not previously been assessed that foreign DNA 
mixed in reagents or raw materials could be transferred into the 
cells and unconsciously be integrated into their genome. In this 
study, we performed the TAQing2.0 system by introducing E. 
coli expression system-derived recombinant TaqI into C. utilis 
cells. Nevertheless, neither the E. coli genome nor the integra-
tion of the TaqI expression plasmid into the C. utilis genome was 
confirmed (Table 2). This result could become a role model for 
the rigorous safety evaluation of gene-edited plants, foods, and 
feeds via direct protein transfection.

The whole genome sequencing analysis also revealed the precise 
mutations such as SNVs, GCs, and LOHs by NTG treatment as 
a representative of conventional methods in triploid yeast. We 
succeeded in identifying SNVs and gene conversion events ac-
curately by NTG treatment, which forms dose-dependent alkyl 
adducts in the genome. Normally, O- and N-methylated bases in 
DNA, e.g., O6-methylguanine, which is known to induce G to A 
mutations, are repaired by the DSB repair pathway or the single-
strand gap repair pathway (Loechler et  al.  1984; Wyatt and 
Pittman 2006). Actually, in bacterial NTG mutagenesis, whole 
genome sequencing revealed that their mutations are mainly 
SNVs, especially G/C to A/T transitions (Harper and Lee 2011; 
Ohnishi et  al.  2008). But even in haploid bacteria, HR-related 
DNA repair mechanisms function to remove adductive DNA 
modifications (Nowosielska et  al.  2006). Although there are 
few whole genome studies about HR frequency by NTG treat-
ment in yeast, it is reported that the HR pathways are activated 
in S. cerevisiae (Buettner and Parks  1970; Zimmermann and 
Schwaier 1967). Since C. utilis is a triploid, it is natural that the 
increased frequency of DNA repair via HR pathways induced 
the GC- and LOH-type mutations (Table 4). On the other hand, 
TAQing2.0 system induced DSBs with two-base overhanging 
sticky ends by the restriction enzyme, which caused more fre-
quent HR and non-homologous end-joining events.

In this study, we could identify a new unexpected candidate 
for low pH resistance genes. One possible explanation for the 
enhanced acid tolerance in TAQing2.0-treated strains was the 

decreased expression of the CuLYP1 gene under acidic condi-
tions. CuLyp1 protein is a lysine permease, and its direct relation-
ship with low pH tolerance has not been explicitly demonstrated. 
However, Viridiana Olin-Sandoval and colleagues have reported 
that high extracellular lysine concentrations confer oxidative 
stress resistance to cells (Olin-Sandoval et al. 2019). Therefore, it 
is conceivable that the suppression of LYP1 expression under low 
pH conditions activates the oxidative stress response, indirectly 
reducing acid-induced cellular damage.

Moreover, in the TAQed m1 CuLYP1 OE strain, where overex-
pression of CuLYP1 resulted in reduced acid tolerance, the ad-
dition of excessive lysine from the extracellular environment 
improved growth to the same level as TAQed m1. This suggests 
that supplying lysine in amounts exceeding the capacity of the 
overexpressed CuLYP1 might have enhanced the acid stress re-
sponse mechanisms, thereby improving acid tolerance. Since 
TAQed m1 showed the strongest pH-resistant phenotype within 
the three TAQing2.0 treated mutants (Figure  1a,b), it is con-
sistent that CuLYP1 RNA expression was the most repressed 
in this mutant (Figure 4d). TAQed m1 had minimal SNVs and 
HRs without Dels or TLs, while TAQed m2 and m3 had a few 
large rearrangements. These large rearrangements might be-
come indirect causes for repression of CuLYP1 downregulation 
or slower growth (Figure 1a, Table S1).

WT harbored heterozygous CuLYP1 promoters with different 
pH sensitivities (Figure 4f), while low pH resistant TAQing2.0-
treated strains had only acid-sensitive CuLYP1 promoters. 
Although the acid-resistant strain TAQed m1 had little trade-
off for growth in pH4.6 (Figures 1a and S2), the coexistence of 
heterozygous promoters with different sensitivities in WT may 
have been advantageous for various environmental stresses. 
In this study, TAQed m1 showed the strongest resistance with 
limited mutations within the three TAQing2.0-treated mutants. 
Moreover, TAQed m1 did not show a trade-off between low 
pH resistance and growth, since its growth rate in non-acidic 
culture was almost the same as that of WT. However, the other 
strains tended to proliferate significantly slower, so we cannot 
rule out the possibility of a trade-off between the ability of acid 
tolerance and proliferation. Within each mutation treatment 
group, the strains with large deletions tended to grow more 
slowly than the other strains. Among them, TAQed m2 and m3 
with large deletions on both chromosomes II and IV showed the 
lowest growth in the non-acidic environment. Therefore, for the 
mutants with large deletions, it might be difficult to simply con-
clude the relationship of a trade-off growth.

On the other hand, it seems that the TAQed mutants, m1–m3, 
had genetically limited diversity as compared with the five 
NTGed mutants (Figure  4). For this point, we speculate two 
possible reasons: First, the limited numbers of mutation sites, 
as TCGA sequences exist approximately once every 256 bases; 
and second, the nature of selection pressure, low pH, as resis-
tance to low pH could be achieved with only a few changes. 
However, this does not imply that TAQing2.0 consistently gener-
ates similar genotypic rearrangements. In our former report, two 
TAQing2.0-treated mutants from one experiment with aggrega-
tion phenotype did not necessarily have similar genotypes; in 
detail, one had translocation and large deletions, while another 
had aneuploidy (Yasukawa et  al.  2022). It is probably because 
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these two mutants were selected not through qualitative selec-
tion pressure, but via the quantitative trait of relatively small 
colony size.

Finally, while NTG treatment is acknowledged for its practi-
cality and versatility as conventional mutagenesis, the not less 
efficiency of mutant production using TAQing2.0 than that of 
NTG mutagenesis (Table  1) demonstrates that TAQing2.0 is 
also a practical method for breeding. Besides, the phenotypic 
stability of the TAQed mutants from the first selection was 
much higher than that of NTG-treated mutants, suggesting 
that TAQing2.0 can save effort and time in generating favor-
able strains with stable phenotypes, whereas NTG treatment 
often induces an excessive number of point mutations as off-
targets which require subsequent backcrossing. In contrast, 
there are two disadvantages in the TAQing2.0 method; one 
is that mutated sites by TAQing2.0 cannot be identified un-
less whole-genome sequencing is performed, and another is 
that their mutations are limited to the restriction enzyme 
sites. However, it is reported that the extended TAQing usage 
of other restriction enzymes from TaqI changes the way mu-
tations are introduced, which is especially effective for plant 
genome rearrangement (Tanaka et al. 2020).

Besides, the fewer the number of mutations introduced into the 
gDNA, the less unintended secondary metabolites will be pro-
duced. There are some arguments in the several new genomic 
techniques (NGTs) that the notifier might provide appropriate 
information about the bred strain to enable the competent au-
thorities to assess a risk to human health or the environment 
(Voigt 2023). Among the three TAQed mutants, thus, TAQed m1 
will be the best strain with high industrial availability and low 
acquisition costs, including economic advantages on contain-
ment measures. But all the TAQing2.0-treated strains success-
fully gained effective and stable phenotypes with small numbers 
of genomic changes which can reduce the time and effort re-
quired to identify the unexpected causative genes. Therefore, 
the TAQing2.0 system would be a powerful and versatile tool 
without foreign DNA induction in the context of the creation of 
non-GMO products.

4   |   Experimental Procedures

4.1   |   Strains and Cultures

Candida utilis NBRC0988 (Cu) and Saccharomyces cerevisiae 
BY4741 (MATa his3∆1 leu2∆0 met15∆0 ura3∆0) (Sc) were used 
in this study. The LYP1-deletant, lyp1∆, with a genetic back-
ground of BY4741, was purchased from the Yeast MATa Knock 
Out Strain Collection (Horizon Discovery Ltd., Cambridge, 
UK), and its deletion was verified by yeast colony PCR using 
the primer pairs listed in Table S4. TAQed Cu mutants (TAQed 
m1, m2, and m3), NTG-treated Cu mutants (NTGed m3, m9, 
m11, m17, and m24), and CuLyp1 OE mutants were generated 
as described below. SD medium (pH 4.6) containing 20 g/L glu-
cose, 1.7 g/L Difco Yeast Nitrogen Base without ammonium 
sulfate and amino acids (Becton Dickinson and Company, BD, 
Maryland, USA), and 5 g/L ammonium sulfate was used, and 
both SD-agar (pH 1.8) and SD (pH 2.0) media were prepared by 
adding sulfuric acid or hydrochloric acid to SD (pH 4.6) after 

autoclave treatment. The ammonium sulfate in the SD-agar 
(pH 4.6) was replaced with 1.0 g/L monosodium glutamate (SD/
MSG-agar medium). Cu and Sc cells were cultured at 30°C with 
agitation at 180 rpm using a BioShaker BR-43FL (Taitec Corp., 
Saitama, Japan).

4.2   |   TAQing2.0 Technology

TAQing2.0 technology was performed as previously described 
(Yasukawa et  al.  2022). Briefly, a recombinant TaqI expres-
sion system was constructed in E. coli Rosetta (DE3) pLysS 
(Novagen, California, USA) mediated by pTaqI (Muramoto 
et al. 2018), where the TaqI open reading frame sequence am-
plified from the Thermus thermophilus HB8 genome is cloned 
into pET-15b (Novagen), and a nuclear localization signal 
(PKKKRKV) is fused to the N-terminus of TaqI. After E. coli 
cells were cultivated in LB medium with 1% glucose (catabo-
lite repression) at 30°C, the expression of the recombinant 6× 
His-tagged NLS-TaqI (rTaqI) was induced by 0.1 mM isopropyl 
β-D-1thiogalactopyranoside, and then purified from the soni-
cated extract of the cells by heat treatment (65°C) and affinity 
chromatography.

(TALON Metal Affinity Resin, TaKaRa Bio), and filtration 
(Amicon Ultra-15 Centrifugal Filter Units 10 kDa cutoff, Merck 
Millipore Ltd., County Cork, Ireland). rTaqI was introduced into 
alive Cu cells in a nucleic acid-free manner using a cell penetrat-
ing peptide, Xfect Protein Transfection Reagent (TaKaRa Bio 
Inc. Shiga, Japan). Cu WT cells (5.0 × 107 cells) grown at early-
log phase in YPD at 30°C were suspended in 10 mM salt-free 
MES (pH 6.0), mixed with the rTaqI/Xfect complex in the Xfect 
reaction buffer at 3°C for 1 h, and then transferred to fresh YPD 
for recovery step, followed by incubation at 30°C for 30 min. 
Subsequently, cells were warmed at 38°C for 90 min to tempo-
rarily activate rTaqI, and after being centrifuged to eliminate 
their supernatants, cells were suspended with distilled water 
(TAQed mutant library). For calculation of the library size, a 
small aliquot was cultured on YPD-agar plates at 30°C for 2 days 
and colonies that formed were counted.

4.3   |   NTG-Treatment Mutagenesis

Cu WT cells (5.5 × 108 cells) grown in the early-log phase in 
YPD at 30°C were harvested on a 1.0 μm cellulose ester filter 
and suspended at RT for 10 min with distilled water containing 
0.3 mg/mL of freshly dissolved 1-methyl-3-nitro-1-nitrosoguani
dine (NTG) (D. Moore 1969; Lim et al. 2012). Immediately, the 
cells on the filter were washed with distilled water and cultured 
in fresh YPD at 30°C for 90 min for the recovery step, followed 
by the substitution of their medium with distilled water (NTGed 
mutant library). For the calculation of the library size, a small 
aliquot was cultured on YPD-agar plates at 30°C for 2 days, and 
colonies were counted.

4.4   |   Isolation of Acid-Tolerant Mutant

To isolate mutants with tolerance to acid, TAQed and NTGed 
mutant libraries described above, and Cu WT cells fully grown 
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in YPD and suspended with distilled water were each spread on 
SD-agar plates (pH 1.8) with incubation at 30°C for 6 days. As 
the first screening, mutants with larger colony sizes than those 
of WT were selected and re-streaked on SD agar plates (pH 1.8) 
to form single colonies (ancestor). Next, as the second screen-
ing, we selected those mutants that stably inherited an acid-
tolerant trait as follows: Each ancestor was grown overnight in 
SD (pH 4.6) at 30°C without selection, and this procedure was 
repeated over 5-rounds of passage resulting in the acquisition of 
5 passages. Growth curves between the ancestor and 5 passages 
in the specific strain were compared by adopting the recording 
apparatus described below, and the mutant that showed no sig-
nificant difference was finally selected.

4.5   |   Drawing Growth Curve and Spot Assay

To plot the time course of growth, overnight cultures inocu-
lated with Cu WT, ancestor, or 5 passage were added to 4 mL SD 
(pH 2.0) at an OD600 of 0.1 by using a Spectrophotometer U-5100 
(Hitachi Ltd., Tokyo, Japan), and then cultured at 30°C with ag-
itation at 40 rpm using a compact rocking incubator TVS062CA 
(Advantec Co. Ltd., Osaka, Japan). The OD660 scores were re-
corded every 30 min. Spot assay experiments were performed as 
described below. Cu WT and mutants were grown in SD (pH 4.6) 
at 30°C overnight, diluted to an OD600 of 2.5 (Spectrophotometer 
U-5100) with distilled water, and then ten-fold serial dilutions 
were spotted on the SD-agar (pH 4.6 or 2.0) plates, followed by 
incubation at 30°C for 3–4 days.

4.6   |   Pulsed-Field Gel Electrophoresis (PFGE)

Sample preparation was performed according to the manufac-
turer's instructions attached to the CHEF Genomic DNA Plug 
Kits. (Bio-Rad Laboratories Inc., Hercules, California, USA) 
and our previous report (3). Cu cells grown in SD (pH 4.6) 
until their OD600 of 1 were harvested (about 6.0 × 107 cells), 
washed twice with ice-cold 50 mM EDTA solution (pH 7.5), 
and then suspended in the same buffer. The cells were treated 
with Zymolyase-100T (Seikagaku Biobusiness Corp., Tokyo, 
Japan) at 50°C, embedded in 2% CleanCut Agarose, and then 
transferred into plug molds, followed by gelling at 4°C for 
10–15 min.

The plugs were immersed in Lyticase buffer (10 mM Tris 
(pH 7.2), 50 mM EDTA) mixed with Zymolyase and incubated 
at 37°C for 2 h. Then, after removal of washing water, the 
plugs were filled with Proteinase K Reaction Buffer mixed 
with Proteinase K (Qiagen, Hilden, Germany), digested at 
50°C overnight, washed four times with 1 × wash buffer at RT 
for 1 h each time with gentle agitation, and stored in 1 × wash 
buffer at 4°C. Agarose gels, certified Mega agarose #1613108, 
were prepared at a concentration of 1% in 1 × TAE buffer. 
Electrophoresis was performed in 1 × TAE buffer at 14°C for 
48 h with a voltage of 3 V/cm, a reorientation angle of 106°, and 
a switching time of 500 s using the CHEF Mapper XA System 
(Bio-Rad). CHEF DNA size marker #170–3667 (Bio-Rad) was 
applied. The gels were stained with GelRedTM (Wako, Osaka, 
Japan) and scanned using the ChemiDoc MP Imaging System 
(Bio-Rad).

4.7   |   Genomic DNA Preparation 
and Whole-Genome Sequencing

Cu genomic DNA (gDNA) was extracted from WT or mu-
tant cells using the genomic DNA buffer set (Qiagen, Hildem, 
Germany) and Genomic-tip 100/G (Qiagen) according to the 
manufacturer's procedure. Quality check of the purified ge-
nomic DNA, library construction, and sequencing were per-
formed by GeneBay Inc., (Kanagawa, Japan). Purified gDNA 
was sheared and fragmented by using Covaris Focused-
ultrasonicator ME220 (Covaris Inc., Vienna, Austria). MGIEasy 
PCR-Free DNA Library Prep Set (MGI Tech Co. Ltd., Shenzhen, 
China) was used to construct the library, and whole genome se-
quencing with 200-bp paired-end reads was performed on the 
DNBSEQ-G400 (MGISEQ-2000RS) platform (MGI Tech).

4.8   |   RNA Isolation and qRT-PCR Analysis

For the qRT-PCR experiment, three biological replicates 
(n = 3) in each sample were used. CuWT and TAQed m1, m2, 
and m3 mutants were cultured in SD (pH 4.6) or SD (pH 2.0) 
at 30°C until log phase. Then, the cultures were centrifuged 
at 8000 × g for 3 min at RT, the supernatant was removed and 
the pellets were frozen in liquid nitrogen without washing 
cells and immediately stored at −80°C until use. Total RNA 
was extracted with the hot acid-phenol method (Collart and 
Oliviero 1993), purified using the RNeasy Mini Kit (Qiagen) 
according to the manufacturer's protocols, and dissolved in 
RNase-free distilled water as previously described (Yasukawa 
et  al.  2024). RT-PCR was performed using the PrimeScript 
RT Reagent Kit with gDNA eraser (Takara Bio, Japan) and 
Thunderbird SYBR qPCR Mix (Toyobo, Osaka, Japan) as pre-
viously described (Oda et al. 2022).

4.9   |   Construction of CuLYP1 Plasmid and CuLYP1 
OE Mutant

All primers used in this study were listed in Table S4. Expression 
plasmid, pCuLYP1, was constructed as follows: 5’-UTR (-) from 
204,300 to −204,831 bp in ChrII of CuLYP1 (adenine of the initia-
tion codon ATG is numbered as +1), KanMX4 gene, promoter (+) 
of glyceraldehyde-3-phosphate dehydrogenase from 2,221,073 to 
2,221,803 bp in ChrII, and ORF of LYP1 homolog in Cu (DNA 
segment (+) from 202,178 to 203,830 bp in ChrII) were joined in 
this order into pBluescript II SK (+) by using the InFusion system 
(TaKaRa Bio, Kusatsu, Japan). Integrity of the cloned inserts was 
checked by DNA sequencing analysis. To generate strains over-
expressing CuLYP1, pCuLYP1 was linearized by the restriction 
enzyme BamHI and EcoRI, introduced into the Cu WT or TAQed 
m1 through double-crossover recombination using the lithium 
acetate method (Gietz and Woods 2002; Gietz and Schiestl 2007), 
and then transformants, CuLyp1 OE (OE; overexpressed), were 
selected on the SD/MSG-agar plates with 120 μg/mL G418.

4.10   |   Detection of Foreign DNA Sequences

We previously reported the wild-type C. utilis complete genome 
sequence using the PacBio Sequel and Illumina MiSeq in 2022 
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(Yasukawa et al. 2022). The long and short reads were assembled 
by MaSuRCA (Zimin et al. 2013) and Falcon (Chin et al. 2016). 
The long reads were also assembled using the assembler Canu 
(v1.6) (Koren et  al.  2017). To detect TAQing2.0-treated strain-
specific foreign DNA introduction, gDNA sequence reads from 
MGI-seq (200 bp ×2 paired-end) of 9 strains, the wild-type, three 
TAQing2.0-treated strains, and five NTG-treated strains were 
mapped using BWA-MEM (v0.7.17) with default mapping pa-
rameters to the C. utilis reference genome sequence (Yasukawa 
et al. 2022). Their unmapped reads were extracted using Samtools 
(v1.15.1) (Li 2011) and they were mapped to the contig sequences 
from three assemblers, MaSuRCA, Falcon, and Canu. Then 
their unmapped reads were extracted using Samtools again and 
mapped to the previously reported contig sequences of C. utilis 
(NBRC0988) (Tomita et al. 2012) and the sequence of a closely 
related species, C. jadinii (NRRL Y-1542) (Rupp et al. 2015).

Next, the remaining unmapped reads were extracted again and 
mapped to the E. coli BL21 (DE3) chromosome sequence and the 
pET-15b vector (Novagen) with a TaqI-coding DNA fragment am-
plified from the T. thermophilus HB8 sequence. The overlapping 
of the mapped regions between TAQing2.0 and NTG-treated 
strains was compared using Bedtools (v2.27.1) (Quinlan and 
Hall 2010) to detect uniquely induced foreign sequences. Then 
the remaining unmapped reads were extracted using Samtools 
again. We prepared an nBLAST database from remaining un-
mappable reads of wild-type using local Nucleotide-Nucleotide 
BLAST (v2.5.0+) (Camacho et  al.  2009). The unmappable 
reads from TAQing2.0 and NTG-treated strains were nBLAST-
searched with default parameters against the custom database. 
The quality score of the remaining unmappable reads and reads 
mapped to the C. utilis reference was checked by FastQC.

4.11   |   Large Rearrangements and SNV Analysis

First, TLs, Dels, and aneuploid were detected by genome-wide 
coverage change. Chimera reads mapped to different loci were 
detected to decide the breakpoints for TLs and Dels. Dels were 
determined when their deficient end sequences were attached 
to telomeric repeat sequences. The breakpoint sequences of TLs 
and Dels were locally checked by PCR using primers listed in 
Table S4. Although most C. utilis chromosomes are triploid with 
two major alleles and a minor allele, some TLs, Dels, and aneu-
ploid were within an altered heterozygous allele pattern whose 
alleles are unique to each other (Figure S4 as an example), so 
that even the two major alleles were distinguishable.

C. utilis variant calling in all the strains was performed using 
the GATK4.2.6.1 (Van der Auwera and O'Connor  2020) and 
Bcftools (ver 1.3.1) (Li et al. 2009). HaplotypeCaller from GATK 
and mpileup Bcftools detected similar SNVs (97.5%). InDels and 
a single nucleotide with 1:1:1 SNV separation were detected 
better by GATK with standard filters. Bcftools detected SNVs 
in a 2:1 heteroallelic triploid locus more accurately. SNVs and 
InDels from both tools were merged, and mutant-specific SNVs 
and InDels were marked by Bcftools. Mutations were classified 
into novel SNVs, HRs, and BIRs according to their SNV separa-
tion ratio (Coverage proportion mapped to the reference vs the 
alternative reference) and consecutive patterns (Figure S5 and 
Data  S1). Since C. utilis is mostly triploid, it required custom 

recalibration of SNV separation ratio. Base composition at each 
SNV was recalculated by Bcftools. The threshold to define 2:1 
or 1:2 of SNV in triploid loci were set as 0.4 and 0.55 by plotting 
the frequency of reference versus alternative reference map-
ping proportion, as shown in Figure S6. The threshold of SNV 
separation ratio for novel SNVs and LOHs was defined as 0.05 
(Figure S7a,b). A novel SNV was defined as an SNV without re-
combination template. HR was defined as other SNVs with tem-
plate alleles. A group of sequential changes of SNV separation 
rate was regarded as one HR. Especially when the SNV ratio 
change covers a chromosome arm, it was defined as a BIR.
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