






ABSTRACT 

Yeasts are utilized in many industries: fermentation brewing and bio-ethanol 
production. Genetic manipulation system is helpful for improvement of these industrial 
yeast. However, genetic manipulation method for most of industrial yeasts are limited. In 
this study, I focused on the two yeasts; the bottom-fermenting yeast Saccharomyces 
pastorianus and the thermotolerant yeast Kluyveromyces marxianus, 

The bottom-fermenting yeast Saccharomyces pastorianus is a natural hybrid of S. 
cerevisiae (Sc) and S baayanus (Sb). Nearly all bottom-fermenting yeast strain used 
industrially are allotetraploid and do not normally sporulate. These characteristics have 
greatly complicated the selection of auxotrophic bottom-fermenting yeast strain. The 
most important genetic tool for related yeasts has been the development of auxotrophic 
strain that allow for selection in matings and transformations. However, auxotrophic 
strain have never been reported in bottom-fermenting yeast. I describe construction of a 
ura3 deletion strain derived from the lager strain Weihenstephan34/70 by targeted 
transformation and subsequent loss of heterozygosity (LOH). Initially, deletion constructs 
of the Sc and Sb types of URA3 were constructed in laboratory yeast strains in which a 
TDH3p-hygro allele conferring hygromycin B resistance replaced ScURA3 and a KanMX
cassette conferring G418 resistance replaced SbURA3. The lager strain was then 
transformed with these constructs to yield a heterozygous URA3 disruptant, 
(ScURA3+/Scura3 ::TDH3p-hygro, SbURA3+/Sbura3 ::KanMX) which was plated on 
5-fluoroorotic acid (5-FOA) plates to generate the desired Ura- homozygous disruptant, 
(Scura3 ::TDH3p-hygro/Scura3 ::TDH3p-hygro 
Sbura3 ::KanMX/Sbura3 ::KanMX) through LOH. This ura3 deletion strain was then 
used to construct a bottom-fermenting yeast transformant overexpressing ATF1 that 
encodes an enzyme to produce acetate esters. The ATF1-overexpressing transformant 
produced significantly more acetate esters than the parent strain. We expect that ura3
lager strain will be useful for targeted alteration of additional genes relevant to brewing. 

The thermotolerant yeast Kluyveromyces marxianus, which has been studied for cost-
effective, high-temperature ethanol fermentation, exhibits a unique DNA transformation 
feature: non-homologous DNA fragments are efficiently integrated into the chromosome 
during a standard transformation process. This property is the result of non-homologous 
end joining (NHEJ) activity, which is a highly conserved DNA repair mechanism that 
fuses two DNA molecules together regardless of end sequences. The identification of 
high-efficiency NHEJ in K. marxianus led us to speculate that NHEJ may be exploited 
for recombining target DNAs without the requirement for DNA end processing or the 



addition of specific sequences. As NHEJ randomly joins DNA ends, correctly joined 
DNA fragments need to be identified before being used for DNA cloning.

I developed a novel selection system using C-terminal truncated selection marker 
genes to identify correctly assembled sequences. In this system, when a non-functional, 
truncated selection marker fragment is joined with a DNA fragment corresponding to the 
truncated region, a functional marker is generated. First, to demonstrate the applicability 
of NHEJ to DNA cloning, a C-terminal-truncated non-functional ura3 selection marker 
and the truncated region were PCR amplified separately, mixed and directly used for the 
transformation. URA3+ transformants appeared on the selection plates, indicating that the 
two DNA fragments were correctly joined by NHEJ to generate a functional URA3 gene 
that had inserted into the yeast chromosome. To develop cloning system, the shortest 
URA3 C-terminal encoding sequence that could restore the function of a truncated non-
functional ura3 was determined by deletion analysis and it was included in the primers to 
amplify target DNAs for cloning. Transformation with PCR amplified target DNAs and 
C-terminal truncated ura3 produced numerous transformant colonies, in which a 
functional URA3 gene was generated and was integrated into the chromosome with the 
target DNAs.  

Several K. marxianus circular plasmids with different selection markers were also 
developed for NHEJ-based cloning and recombinant DNA construction. Further, I applied 
the novel recombinant DNA construction method for genome-wide localization analysis 
in K. merxianus. For GFP fusion construction, yEGFP gene was cloned in an 
autonomously replicating plasmid pKM092. In pKM092, yEGFP is constitutively 
expressed by TDH3 promoter of Saccharomycess cerevisiae and ScURA3 as a marker 
gene faces yEGFP with transcription directions. To construct fusion genes, pKM092 was 
linearized by PCR to delete C-terminal encoding sequences of both yEGFP and ScURA3. 
Coding sequences in K. marxianus genome were also amplified by PCR, and GFP C-
terminal sequence and Ura3 C-terminal sequence were added to N-terminus in-frame and 
C-terminus, respectively. Transformation of K. marxianus with the two DNA fragments 
and following selection under uracil deficient condition produced transformants and they 
contained a fusion-protein expression plasmid, in which yEGFP was located on N-
terminus of the inserted coding sequence. As a result, I constructed 3,314 of GFP-fusion 
expressing strains and observed localization of the 3,014 fusion proteins. 

The novel recombinant DNA construction method developed here is a relatively 
simple and reliable procedure among DNA cloning systems developed to date. The 
potential of DNA manipulation through NHEJ represents a promising method that might 
also be applicable to other organisms, including human cells, which exhibit relatively 



high NHEJ activity.
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Strain name Genotype Description 

BY4700 MATa ura3 0 S. cerevisiae (Brachmann et al., 1998)
BY4704 MATa ade2 ::hisG his3 200 leu2 0 lys2 0 met15 0 trp1 63 S. cerevisiae (Brachmann et al., 1998) 
RAK3600 MATa ade2 ::hisG his3 200 leu2 0 lys2 0 met15 0 trp1 63 ura3 0::PpHIS3 S. cerevisiae, PpHIS3 is Pichia pastoris 

HIS3. 
RAK4745 MATa ade2 ::hisG his3 200 leu2 0 lys2 0 met15 0 trp1 63 ura3 0::SbURA3 S. cerevisiae 
RAK4886 MATa ade2 ::hisG his3 200 leu2 0 lys2 0 met15 0 trp1 63 

ura3 0::Sbura3 0::KanMX

S. cerevisiae 

RAK4920 MATa his3 1 leu2 0 met15 0 ade2 0 ura3 0::TDH3p-yCLuc-LEU2 S. cerevisiae 
RAK5591 MATa his3 1 leu2 0 met15 0 ade2 0 ura3 0::TDH3p-hygro-URA3 S. cerevisiae 
RAK6035 MATa ade2 ::hisG his3 200 leu2 0 lys2 0 met15 0 trp1 63 ura3 0::TDH3p-

hygro
S. cerevisiae 

RAK4647 Wild type bottom-fermenting yeast S. pastorianus, Weihenstephan34/70 
RAK4965 ScURA3/ScURA3 Sbura3 0::KanMX/SbURA3 S. pastorianus, SbURA3 hetero-disruptant 
RAK6171 Scura3 0::TDH3p-hygro/ScURA3 Sbura3 0::KanMX/SbURA3 S. pastorianus, ScURA3 ,SbURA3 hetero-

disruptant 
RAK6174 Scura3 0::TDH3p-hygro/Scura3 0::TDH3p-hygro 

Sbura3 0::KanMX/Sbura3 0::KanMX

S. pastorianus, uracil-auxotroph 

RAK6937 Scura3 0::TDH3p-hygro/Scura3 0::TDH3p-hygro 
Sbura3 0::KanMX/Sbura3 0::KanMX ScURA3-TDH3p-ScATF1/ScATF1

S. pastorianus, ScATF1-overexpression strain



Oligonucleotide Sequence 
URA3- -SbURA3-1000 atcaaagaaggttaatgtggctgtggtttcagggtccataACTAATTTTGTT

GGCTCTGA 
URA3- -SbURA3+1804c ttttcgtcattatagaaatcattacgaccgagattcccggACAGTGGAACAG

TGGTGATT 
URA3-290 GAGAAGGGCAACGGTTCATCATCTC 
URA3-280c CAGTCTGTGAAACATCTTTCTACCA 
SbURA3- -KanMX-334 tgcaaaattctccagaaaaaagggatccatagaaaagaatCCCAGAATACC

CTCCTTGAC 
SbURA3- -KanMX+966c tatacacgcatgcactttacttatggtacatatctattttTCTGCGCACTTAAC

TTCGCA 
TDH3p40-Hygro+1 caagaacttagtttcgaataaacacacataaacaaacaaaATGGATAGATCC

GGAAAGCC 
10TG-Hygro+1035c tgtgtgtgtgtgtgtgtgtgCTATTCCTTTGCCCTCGGAC 
10CA-URA3-243 cacacacacacacacacacaCTGTGGTTTCAGGGTCCATA 
URA3-300 GAAGAGTATTGAGAAGGGCAAC 
URA3-300c TGTTGTGAAGTCATTGACACAG 
URA3- -Hygro+1035c ttttcgtcattatagaaatcattacgaccgagattcccggCTATTCCTTTGCC

CTCGGAC 
URA3-1000 TACTAGGAAATGAGAATTTTTGGAA 
URA3-1000c TGCGATTGGCAGTGGAACAGTGGTA 
SbURA3-971 GACGTAGCTTCAGCACGCGTAC 
SbURA3+1756c GGGCCTGCCCACGCGGGTCATC 
SbURA3-1100 CTCACCGCTAATTCCTCCTGAA 
SbURA3+1840c GCGCGGCCGGGAACGAAACTCT 
URA3-1380 TGTGCGGATCAGACGGAGTACT 
URA3+1940c GGCCTCGTGGCGCACATGGTAC 
ATF1-801 aacccaacaaaaattcgagacaagaaaataaaaaacggcaGGCGCGCCCG 
ATF1-40cTDH3pc gagagctgataaattgatggtatttgtgatactgatgaagTTTATGTGATGAT

TGATT 























5-FOA











Strains 
 Concentration (mg/l) 

Final apparent 
extract (°P)

Ethyl 
acetate 

Isoamyl 
alcohol 

Isoamyl 
acetate 

-phenylethyl 
alcohol 

-phenylethyl 
acetate 

Weihenstephan34/70 (RAK4647) 1.34 12.1 54.0   1.58 21.3 0.47 
RAK6937/TDH3p-ScATF1 1.41 67.2 50.6 12.5 25.0 5.83 























Strain name Genotype Reference 

RAK3596 Kluyveromyces marxianus DMKU3-1042 wild 

type 

(Limtong et al., 

2007) 

RAK3605 Kluyveromyces marxianus ura3-1 (Nonklang et al., 

2008) 

RAK3908 Kluyveromyces marxianus ura3-1 ade2-1 (Yarimizu et al., 

2013) 

RAK4736 Kluyveromyces marxianus ura3-1 leu2-2 

ku70::ScLEU2  

(Nonklang et al., 

2008) 

RAK5193 Kluyveromyces marxianus ura3-1 leu2 1 This study 

BY4700 Saccharomyces cerevisiae MATa ura3 0 (Brachmann et al., 

1998) 

BY4704 Saccharomyces cerevisiae MATa ade2 ::hisG 

his3 200 leu2 0 lys2 0 met15 0 trp1 63

(Brachmann et al., 

1998) 

RAK3614 Saccharomyces cerevisiae MATa ade2 ::hisG 

his3 200 leu2 0 lys2 0 met15 0 trp1 63 

ura3 0::LEU2 

(Fukunaga et al., 

2013) 



Oligonucleotide Sequence (5´-3´)

15C-KanMX-334 ccccccccccccccccccagaataccctccttgac 
15C-pRS316URA3-226 cccccccccccccccagcttttcaattcaattcatcattt 
15G-pRS316-4276c gggggggggggggggcggggaaatgtgcgcggaaccc 
3CG9-ADE2+1916c cccgggcccattattccttgcttcttgttac 
3CG9-yEmRFP+711c cccgggcccttatttatataattcatccatacca 
5GCG-URA3+804c gggggcccccgggggttagttttgctggccgcatcttctc 
AmpR+1008 cgtagaaaagatcaaaggatcttct 
AscSmaBam-Eori+235c ggcgcgcccgggatccttccgcttcctcgctcactg 
BamSmaAsc-CenDCDEIII+36c ggatcccgggcgcgcccccataaaatatattttactttcgg 
CenDCDEIII-211 catggcagtttcaagaaaagaaaac 
KanC tgattttgatgacgagcgtaat 
KanMX+792c catcaaatgaaactgcaatttattc 
KanMX+793-pRS316-4276 ctcgatgagtttttctaatcagtactgacaataaaaagatgggttccgcgcacatttccc 
KanMX+793-URA3+880c ctcgatgagtttttctaatcagtactgacaataaaaagatgtaataactgatataattaa 
KanMX+801c ctcatcgagcatcaaatgaaactgc 
KanMX+802-URA3+900c tttttctaaattacgaccgagattcccgg 
KanMX+810c ttagaaaaactcatcgagcatcaaa 
KmARS7(201-260)10C caagacttcttgaagtgaaaaccaactttcagtcttcaaactaaaaatgaaaatcagtggc

ccccccccc 
KmARS7(201-260)-KanMX-334 caagacttcttgaagtgaaaaccaactttcagtcttcaaactaaaaatgaaaatcagtggc

ccagaataccctccttgac 
KmARS7(211-260)10C tgaagtgaaaaccaactttcagtcttcaaactaaaaatgaaaatcagtggcccccccccc 
KmARS7(221-260)10C accaactttcagtcttcaaactaaaaatgaaaatcagtggcccccccccc 
KmARS7+1 ggaattcagggatgatcttgag 
KmARS7+201 caagacttcttgaagtgaaaac 
KmARS7+211 tgaagtgaaaaccaactttcag 
KmARS7+221 accaactttcagtcttcaaact 
KmARS7+231 agtcttcaaactaaaaatgaaa 
KmARS7+241 ctaaaaatgaaaatcagtggaa 
KmARS7+251 aaatcagtggaagaaggtaaac 
KmARS7+261 aagaaggtaaacgacttcatgt 
KmARS7+401 gagatcttatattctaaaacca 
KmARS7+601 tccatatagacagttcccaccc 
KmARS7+100c tagcaaaatatctgcttccgct 



KmARS7+200c tttgaactaacgagatgactat 
KmARS7+220c tttcacttcaagaagtcttgtt 
KmARS7+240c tttgaagactgaaagttggttt 
KmARS7+260c ccactgattttcatttttagtt 
KmARS7+280c atgaagtcgtttaccttcttcc 
KmARS7+300c ctattcaattcatatataacat 
KmARS7+400c cacagataataaatatttggca 
KmARS7+500c gccttcacacggcaaaggtcct 
KmARS7+600c attaagtgtttagaaaaggtca 
KmARS7+700c gccgctttagagagagggctta 
KmARS7+790c ctcgagcccctagagaggctaa 
pRS316URA3-300 ggtgttggcgggtgtcggggct 
pRS316URA3+1563 cgactcactatagggcgaattg 
pRS316URA3+901c cggtatttcacaccgcataggg 
ScADE2-400 accttttgatgcggaattgactttt 
ScTDH3-572 gctgtaacccgtacatgcccaaaat 
ScURA3+375c caccacaccgtgtgcattcgtaatg 
ScURA3+376 ggcccaggtattgttagcggtttga 
TDH3-698 ataaaaaacacgctttttcagttcg 
URA3+21 ggaacgtgctgctactcatcctagt 
URA3+771c ttcccagcctgcttttctgtaacgt 
URA3+772 gcatatttgagaagatgcggccagc 
URA3+772786taa-3CG9 gcatatttgagaagataacccgggccc 
URA3+772786TGA+PGKterc gcatatttgagaagatgaaggcattaaaagaggagcgaatttt 
URA3+772-786-URA3-243 gcatatttgagaagataactgtggtttcagggtccata 
URA3+880c gtaataactgatataattaaattga 
URA3-223 aagcttttcaattcatcttttttttttttg 
URA3-290 gagaagggcaacggttcatcatctc 
URA3taa+774c ttatgcttcccagcctgcttttctgta 
URA3taa+777c ttaatatgcttcccagcctgcttttctgta 
URA3taa+780c ttacaaatatgcttcccagcctgcttttctgta 
URA3taa+783c ttatctcaaatatgcttcccagcctgcttttctgta 
URA3taa+786c ttatcttctcaaatatgcttcccagcctgcttttctgta 
URA3taa+789c ttagcatcttctcaaatatgcttcccagcctgcttttctgta 
URA3taa+792c ttagccgcatcttctcaaatatgcttcccagcctgcttttctgta 







DNA introduceda DNA form 

Transformation efficiencyb (colonies/ g DNA)

K. marxianus  S. cerevisiae 

ura3-1 

(RAK3605) 

ura3-1 ku70

(RAK4736) 

ura3 0 

(BY4700) 

pRS316KmARS7  Circular plasmid 6.3 × 104 7.4 × 104 8.1 × 104

ScURA3 Linear DNA 

fragment 

8.4 × 103 0  0 

ScURA3-5´ and

ScURA3-3´

Two linear DNA 

fragments 

1.4 × 103 0  0 

a100 ng of each DNA fragment was used for transformation. 

bAverage of three experiments were shown.



Deletion 

fragmenta

Nucleotide position from A (+1) of the start codon and encoding amino acids  

 768 771 774 777 780 783 786 789 792 795 798 801 
· · · · · · · · · · · ·

Number of colonies of 

three experiments 

+801(Full) 

+792 

+789 

+786 

+783 

+780 

+777 

+774 

+771 

 tgg gaa gca tat ttg aga aga tgc ggc cag caa aac TAA

 tgg gaa gca tat ttg aga aga tgc ggc  TAA

 tgg gaa gca tat ttg aga aga tgc TAA

 tgg gaa gca tat ttg aga aga TAA

 tgg gaa gca tat ttg aga TAA

 tgg gaa gca tat ttg TAA

 tgg gaa gca tat TAA

 tgg gaa gca TAA

 tgg gaa  

 285, 180, 137 

 346, 266, 244 

 329, 210, 232 

 283, 232, 272 

 39, 23, 33 

 3, 10, 10 

 0, 3, 1 

 1, 0, 1 

 0, 0, 0 
aEach C-terminal truncated fragment had a stop codon with the exception of +771.  



Marker 

gene 

Last position 

of native CDS

Last position of 

maximum non- 

functional CDS 

Last position of 

minimum 

functional CDS 

Minimum nucleotide sequence and length for functional recovery 

Nucleotide sequence 

(Encoding amino acid sequence) 

length

ScURA3 +801 +771 +786 18 

KanMX +807 +801 +807 9 

ScLEU2 +1092 +1065 +1086 24 

ScHIS3 +660 +646 +660 17 

CDS, coding sequence

















KmARS7

DNA 90% K. marxianus









NHEJ















DNA introduceda

Transformation efficiencyb

(colonies/ g DNA) 
K. marxianus
RAK3605 

S. cerevisiae
BY4700 

pRS316KmARS7 8.0 × 104  

(100%) 
8.3 × 104

(100%) 

linear pRS316KmARS7 cut in ScURA3 1.1 × 104  

(13.8%) 

3.5 × 102

(0.4%) 

ScURA3-truncated vector + ScTDH3p-TAA with 
ScURA3 C-terminal sequencec

7.8 × 102 0 

a50 ng of each DNA fragment was used for transformation.  
bThe averages of three replicates are shown.
cTransformation efficiency was calculated from total 100 ng of DNA.



















Name Genotype 

RAK3596 Kluyveromyces marxianus  DMKU3-1042

RAK3605 Kluyveromyces marxianus  DMKU3-1042 ura3-1

RAK5166 Saccharomyces cerevisiae 
MATa ade2 ::his  G his3  200 leu2  0 met15  0 trp1  63 ura3::TDH3p-yEGFP-LEU2 

RAK8403 Kluyveromyces marxianus DMKU3-1042 
pKM092 

RAK9082 Kluyveromyces marxianus NBRC1777 
ura3- ade2



Oligonucleotide Sequence 
URA3+772786-URA3+900c gcatatttgagaagaTAAattacgaccgagattcccgg 
KanMX+802-URA3-243 tttttcTAActgtggtttcagggtccata 
URA3+771 TTCCCAGCCTGCTTTTCTGTAACGT 
KanMX+801c ctcatcgagcatcaaatgaaactgc 

gtcaccgctgctggtatcacc 
gtAacAgcAgcAggAatAacA 
gcatatttgagaagataaaaaactgtattataagtaaatgcatgtatactaaactcacaaattagagcttcaatttaatt
atatcagTTACCCGGGCCC 
aaattctaacaagaccatgtggtct 
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