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SUMARRY

Study on thermotolerant mechanisms of thermotolerant acetic acid bacteria by

experimental evolution

Acetic acid bacteria (AAB) are obligate aerobic bacteria and inhabit flowers and
fruits in the nature. AAB have a capacity of oxidizing sugar, alcohol, or sugar alcohol,
and such the oxidative fermentations are carried out by membrane-bound dehydrogenases
linked to the respiratory chain. Of these fermentations, acetic acid fermentation (vinegar
production) and sorbose fermentation (Vitamin C production) are industrially performed
with AAB. These fermentations are generally carried out at around 25-30°C, but the
submerged large-scale fermentation is limited by the heat generated from the fermentation
reaction and/or mechanical agitation. Thermotolerant microorganisms are beneficial to
the fermentation industry because of a capability to reduce cooling expense and other
operational risks. This study objective is to obtain strains that have an ability of practical
fermentation at high temperature condition and to elucidate the thermotolerant
mechanism of the thermally adapted strains.

In CHAPTER 1, the analysis of thermotolerant mechanism in thermally adapted
strain was carried out with a sorbose fermentation strain Gluconobacter frateurii CHM43.
It was found in the adapted strain that only a single G insertion, which causes a frameshift
mutation, occurred in a gene encoding a putative drug transporter. A mutant derivative
strain with the single G insertion in the transporter gene (Wild-G) was constructed from
the wild-type strain, and it was confirmed for the artificial mutant to increase its
thermotolerance. It was also found that the thermotolerant strains substantially
accumulated intracellular trehalose and caused a defect in sorbose assimilation,
suggesting that the transporter is partly involved in trehalose efflux and sorbose uptake.
As the accumulation of trehalose was expected to induce thermotolerance, a strain AotsAB
was constructed by elimination of trehalose synthesis genes in the wild type. However,
unexpectedly the AotsAB strain exhibited much better growth than the adapted strain at
high temperatures, despite of no trehalose production. Since the AotsAB mutant produced
more acetate as the final metabolite than the wild-type strain, it was hypothesized that
trehalose does not contribute to the thermotolerance directly, rather induce a metabolic
change to cause an increased carbon flux to the pentose phosphate pathway. This notion
was supported by the increased NADPH/NADP" ratio in strain Wild-G and much higher
in strain Aots4B. Reactive oxygen species (ROS) level was also shown to be decreased
in the thermotolerant strains, concomitant with the increased NADPH/NADP? ratio. Thus,



it was proposed that the defect of the transporter causes metabolic flux change to generate
more NADPH, which contributes to enhance the thermotolerance of G. frateurii via a
reduction of ROS.

Next, in CHAPTER 2, thermal adaptation of Acefobacter pasteurianus 1FO
3283-32 was performed by experimental evolution approach from 37°C to 40°C under
acetic acid fermentation conditions. The adapted strains exhibited an increased growth
and acetic acid fermentation ability at high temperatures, while the trade-off response was
observed exhibiting the opposite phenotype at lower temperatures. Genome analysis
followed by PCR sequencing showed that the adapted strain had 11 mutations, a single
64-kb large deletion, and a single plasmid loss. Comparative phenotypic analysis
suggested that at least the large deletion (containing many ribosomal RNAs and tRNAs
genes) and a mutation of DNA polymerase (one of the 11 mutations) critically contributed
to this thermotolerance. The relationship between the phenotypic changes and the gene
mutations are discussed, comparing with another thermally adapted A. pasteurianus
strains obtained previously.

Several thermally adapted strains had been previously obtained from 4.
pasteurianus in an experimental culture conditions with nutrient-rich medium. However,
these adapted strains could not grow well at high temperature in the nutrient-poor
practical culture medium, ‘rice moromi’. In CHAPTER 3, A. pasteurianus K-1034
originally capable of performing acetic acid fermentation in rice moromi, was thermally
adapted by experimental evolution using a ‘pseudo’ rice moromi culture. The adapted
strains thus obtained were confirmed to grow well in such the nutrient-poor media in flask
culture or jar-fermentor culture up to 40°C or 39°C, respectively. The high-temperature
fermentation ability was also shown to be comparable with a low-nutrient adapted strain
of the thermally adapted strain previously obtained. Using the practical high-aeration
fermentation system, ‘Acetofermenter’, acetic acid production was compared in the
moromi culture with the thermally adapted strains in this study together with the low-
nutrient adapted thermotolerant strain. These adapted strains were shown to efficiently

perform practical vinegar production under high-temperature conditions.



GENERAL INTRODUCTION

Experimental evolution is an efficient approach to obtain mutants that are highly
tolerant to stressors and thus could grow at higher rates with high productivity even under
stressful condition (Sandberg et al., 2019). Such an experimental adaptation is an elegant
approach to search the adaptation mechanism because whole-genome analysis could be
performed easily today (Azuma et al., 2009; Sjodin et al., 2010). Experimental adaptation,
especially to lethal high temperatures, has been tried in several microorganisms including
not only Escherichia coli (Rudolph et al., 2010; Rodriguez-Verdugo et al., 2014) as a
model strain but also practical fermentative microbes such as Saccharomyces cerevisiae
(Wallace-Salinas and Gorwa-Grauslund 2013; Caspeta et al., 2014; Satomura et al., 2016)
and Acetobacter pasteurianus (Azuma et al., 2009; Matsutani et al., 2013) for ethanol and
acetic acid fermentation, respectively, as well as Gluconobacter frateurii CHMA43
(Hattori et al., 2012).

Large-scale fermentation with usual mesophilic strains is limited by the heat
generated from the fermentation reaction and/or mechanical agitation. Additionally, the
natural atmospheric temperature is currently on the rise as a result of global warming.
Therefore, stable fermentation needs to be carried out by a strict temperature control using
cooling system, which expenses a lot of energy such as electricity or water supply. While,
thermotolerant microorganisms have a potential to release the industry from these cooling
expense, because they could be used for stable fermentation at high temperatures with
less or even without use of the expensive cooling system (Matsushita et al., 2016; Hattori
et al, 2012). Our research group have succeeded in obtaining many strains adapted to
higher temperatures from several fermentative bacteria, including both mesophilic and
thermotolerant species; all these thermally adapted strains have been shown to acquire 2—
3°C higher growth temperatures (Matsushita et al., 2016).

Acetic acid bacteria (AAB) are obligate aerobic bacteria that are well known for
their ability to oxidize ethanol, sugars, or sugar alcohols, subsequently releasing a large
amount of partially oxidized products into the culture medium. These oxidation reactions,
called as oxidative fermentation, are carried out by membrane-bound dehydrogenases
linked to the respiratory chain (Matsushita et al., 1994). In particular, the Gluconobacter
genus catalyzes many oxidative fermentation reactions of sugars or sugar alcohols,
resulting in valuable products such as L-sorbose, dihydroxyacetone (DHA), D-gluconate,
2-keto-D-gluconate, or 5-keto-D-gluconate (SKGA). Of these fermentation products, L-
sorbose, DHA, or SKGA is produced by quinoprotein glycerol dehydrogenase (GLDH)

(Matsushita et al., 2003). In particular, L-sorbose produced from D-sorbitol serves as an



intermediate in the commercial production of vitamin C (ascorbic acid). Gluconobacter
frateurii CHMA43 is a thermotolerant Gluconobacter strain able to grow even at 37°C,
isolated in Thailand (Moonmangmee et al., 2000), and has a strong capacity for L-sorbose
fermentation even at high growth temperatures (Hattori et al., 2012). While, the
Acetobacter genus is characterized by their ability to ferment acetic acid, whereby a high
concentration of acetic acid is produced from ethanol. The oxidative reaction is carried
out by two membrane-bound enzymes, alcohol and aldehyde dehydrogenases, linking to
the terminal oxidases via ubiquinone (Yakushi and Matsushita, 2010). AAB undergo
diauxic growth during acetic acid fermentation (Kanchanarach et al., 2010); the first
growth stage is comprised by an ethanol oxidation step (acetic acid-producing phase)
followed by a period similar to a stationary phase (acetic acid-resistant phase), and the
second growth stage occurs by assimilating the accumulated acetic acid (acetic acid
overoxidation phase) that is unfavorable for industrial vinegar fermentation. Currently,
industrial acetic acid fermentation is carried out in fermentation tanks with a culture
temperature that is maintained at around 25-30°C via a cooling system. This protects the
cell growth and acetic acid production from the heat generated by fermentation. Therefore,
thermotolerant AAB could be useful for a stable and cost-effective fermentation by
sparing any cooling expenses.

This study objective is to obtain strains that have an ability of practical
fermentation at high temperature condition from AAB, and to elucidate the
thermotolerant mechanism of the thermally adapted strains. In CHAPTER 1,
thermotolerant mechanism was examined in a thermally adapted strain obtained from
sorbose fermentation strain G. frateurii CHM43. The adapted strain has only one
mutation (in a gene encoding a putative drug transporter), and thus the same transporter
mutation (Wild-G) was artificially created. The Wild-G strain showed that this transporter
mutation increases thermotolerance, and further causes trehalose accumulation inside the
cells. The following experiments suggested that the metabolic flux change induced by
this mutation increases NADPH/NADP* ratio and then decreases ROS levels, thereby
conferring thermotolerance on the bacterium.

In the following CHAPTER 2, the thermal adaptation of A. pasteurianus 1IFO
3283-32, a derivative of NBRC 3283, was conducted under acetic acid fermentation
conditions. The adapted strain thus obtained had a total 12 mutations including a large
gene deletion of 64-kbp, and exhibited a higher growth and fermentation ability at 40°C
while did a decreased ability at lower temperatures. This phenotypic change of the
adapted strain is discussed by comparing several different thermally-adapted strains

obtained in previous studies.



Furthermore, in order to achieve practical high-temperature acetic acid
fermentation (vinegar production) in ‘rice moromi’, in CHAPTER 3, the thermal
adaptation of Acetobacter pasteurianus K-1034, a practical strain originally adapted to
moromi, was performed. By experimental evolution under nutrient-poor conditions, two
thermally adapted strains were obtained. These adapted strains exhibited high-
temperature fermentation ability, in flask culture up to 40°C, in jar-fermentor culture up
to 39°C, and in the practical culture with a high-aeration fermentation system,

‘Acetofermenter’ up to 37°C.



CHAPTER 1

A single-nucleotide insertion in a drug transporter gene induces a thermotolerant
phenotype of Gluconobacter frateurii by increasing the NADPH/NADP™ ratio via

metabolic change

ABSTRACT

Thermotolerant microorganisms are beneficial to the fermentation industry
because of a reduction in cooling efforts and other operational risks. Previously, a
thermally adapted Gluconobacter frateurii strain have obtained by experimental
evolution. In the present study, it was found that adapted strain has only a single G
insertion in the genome, which causes a frameshift in a gene encoding a putative drug
transporter. A mutant derivative strain with the single G insertion in the transporter gene
(Wild-G) was constructed from the wild-type strain and showed increased
thermotolerance. 1 found that the thermotolerant strains substantially accumulated
intracellular trehalose and manifested a defect in sorbose assimilation, suggesting that the
transporter is partly involved in the trehalose efflux and in sorbose uptake, and that the
defect in the transporter can improve thermotolerance. Strain Aots4B constructed by
elimination of the trehalose synthesis gene in the wild type showed no trehalose
production but unexpectedly much better growth than the adapted strain at high
temperatures. The AotsAB mutant produced more acetate as the final metabolite than the
wild-type strain did. I hypothesized that trehalose does not contribute to the
thermotolerance directly; rather a metabolic change including increased carbon flux to
the pentose phosphate pathway may be the key factor. The NADPH/NADP™ ratio was
higher in strain Wild-G and much higher in strain AotsAB than in the wild-type strain.
Reactive oxygen species levels in the thermotolerant strains decreased. It is proposed that
the defect of the transporter causes metabolic flux to generate more NADPH, which may

enhance thermotolerance in G. frateurii.

1.1 INTRODUCTION
Large-scale fermentation with usual mesophilic strains is limited by the heat

generated by the fermentation reaction and/or mechanical agitation. Therefore, we have



tried to create several bacterial strains useful for fermentation by repeated cultivation at
their limited growth temperatures until they acquired a reasonably high growth rate at the
high temperatures. A thermally adapted strain could grow at higher temperatures than the
wild-type strain could, and thus, was useful for fermentation at high temperatures and/or
without temperature control (Matsushita et al., 2016). Such an experimental adaptation is
an elegant approach to obtaining useful mutated strains whose whole-genome analysis
could be performed easily today (Azuma et al., 2009; Sj6din et al., 2010). Experimental
adaptation, especially to lethal high temperatures, has been tried in several
microorganisms including not only Escherichia coli (Rudolph et al., 2010; Rodriguez-
Verdugo et al., 2014) as a model strain but also practical fermentative microbes such as
Saccharomyces cerevisiae (Wallace-Salinas and Gorwa-Grauslund 2013; Caspeta et al.,
2014; Satomura et al., 2016) and Acetobacter pasteurianus (Azuma et al., 2009;
Matsutani et al., 2013) for ethanol and acetic acid fermentation, respectively, as well as
Gluconobacter frateurii CHM43 (Hattori et al., 2012).

Acetic acid bacteria are obligate aerobic bacteria that are well known for their
ability to oxidize ethanol, sugars, or sugar alcohols, subsequently releasing a large amount
of partially oxidized products into the culture medium. These oxidation reactions are
carried out by membrane-bound dehydrogenases linked to the respiratory chain
(Matsushita et al., 1994). In particular, the Gluconobacter genus catalyzes many
membrane-bound-dehydrogenase—dependent oxidative fermentation reactions resulting
in valuable products, such as L-sorbose, dihydroxyacetone, D-gluconate, and 2- or 5-keto-
D-gluconate. The synthesis of many of these fermentation products is catalyzed by
quinoprotein glycerol dehydrogenase (GLDH) (Matsushita et al., 2003). For example, L-
sorbose is produced from D-sorbitol in a reaction catalyzed by GLDH and serves as an
intermediate in the commercial production of vitamin C (ascorbic acid). G. frateurii
CHM43 is a thermotolerant Gluconobacter strain able to grow even at 37°C, isolated in
Thailand (Moonmangmee et al., 2000), and has strong capacity for L-sorbose
fermentation even at high growth temperatures (Hattori et al., 2012). We have previously
used thermotolerant G. frateurii CHM43 for the thermal adaptation and successfully
derived a thermally adapted strain, CHM43AD. This strain was uniquely obtained within
a relatively short adaptation period, even though thermal adaptation used to take a long
time to yield desirable mutants (Matsutani et al., 2013). The thermally adapted strain can
grow at higher temperatures relative to the wild-type strain and thus is useful for sorbose
fermentation at high temperatures and/or without temperature control (Hattori et al.,
2012).

Aerobic organisms generate reactive oxygen species (ROS) causing cell damage,



which has been shown to increase when microbes are grown at a lethal high temperature
(Davidson et al., 1996; Chang et al., 2017) or after heat treatment in plants (Lee et al.,
2015; Zang et al., 2017). ROS are generated in the respiratory chain, mainly by
flavoproteins, especially NADH dehydrogenase, as demonstrated in many microbes, such
as yeast (Davidson and Schiestl, 2001), E. coli (Messner and Imlay, 1999; Messner and
Imlay, 2002), and Corynebacterium glutamicum (Matsushita et al., 1998; Nantapong et
al., 2005). Under certain conditions, these flavoproteins can react directly with oxygen to
generate superoxide or hydrogen peroxide, which could be detoxified by superoxide
dismutase, catalase, and/or several different types of peroxidase. Some peroxidases, e.g.,
thioredoxin peroxidase or glutathione peroxidase, detoxify hydrogen peroxide by means
of NADPH as a reducing agent (Thelander, 1967; Carlberg and Mannervik, 1975). It has
been reported that increased intracellular NADPH content alleviates oxidative stress in
yeast (Bankapalli et al., 2015), and that activation of some ROS-scavenging enzymes
including glutathione reductase or thioredoxin reductase is associated with enhanced
thermotolerance in plants and microbes (Lee et al., 2015; Sanchez-Riego et al., 2016).
Furthermore, E. coli strains with mutations in thermotolerance genes are known to
become sensitive to oxidative stress, suggesting that the thermotolerance mechanism
overlaps with oxidative-stress resistance (Murata et al., 2011). Thus, although the reason
why high temperature induces high ROS levels is not well understood, thermotolerant or
thermally adapted strains may reduce such excess ROS caused by high temperatures by
diminishing the ROS generation itself or by activating ROS-scavenging enzymes.

In the present study, we conducted whole-genome mapping analysis of strains
CHM43 and CHM43AD to identify and characterize the mutated sites in CHM43AD. We
found that the adapted strain has only one mutation (in a gene encoding a putative drug
transporter) and showed that this mutation increases thermotolerance. In addition, the
mutation in the transporter causes trehalose accumulation inside the cells, and this
alteration changes metabolic flux to generate a larger NADPH amount and decreases ROS

levels, thereby conferring thermotolerance on the bacterium.

1.2 MATERIALS AND METHODS
1.2.1 Culture media and growth conditions

Gluconobacter frateurii CHM43 (NBRC 101659; BCC 36198), its adapted
strain, CHM43AD (Hattori et al., 2012), and several mutated strains were used in this
study (Table 1.1). Cells were grown in 10% (w/v) sorbitol medium consisting of 100 g/L.
D-sorbitol, 3 g/L yeast extract (Oriental Yeast, Tokyo, Japan), and 3 g/L. polypeptone



(Nihon Pharmaceuticals Co. Ltd., Osaka, Japan). The precultures were cultivated in 5 mL
of 5% (w/v) sorbitol medium at 30°C, and transferred to 50 mL of 10% (w/v) sorbitol
medium in 500 mL baffled flasks. The cultures were grown with rotary shaking at 200
rpm at different temperatures in an air incubator as described previously (Hattori et al.,
2012). The carbon source (10% sorbitol) was exchanged with 10% (w/v) mannitol or 5%
(w/v) glycerol in some experiments. And also, for the assimilation of sorbose, cells were
cultivated in 50 mL of 0.1-10% (w/v) sorbose medium in baftled flasks at 30°C.

Table 1.1. Summary of the draft genome assembly of Illumina sequence reads for G.
JSrateurii CHMA43.

G i it e e
Total length of contigs (bp) 3,157,471 3,148,763

Number of contigs 44 145

GC content (%) 55.73 55.73

Number of open reading frames 2,928 -

N50 length (bp) 400,768 164,017

Max contig length (bp) 670,742 383,535

Number of tRNAs 49 -

Number of tmRNAs 1 -

Number of rRNAs 3 -

The updated version sequence (BADZ02000001-BADZ02000044) was compared with
the original version (BADZ01000001-BADZ01000145).

1.2.2 Isolation of thermotolerant mutants by ultraviolet (UV) irradiation

CHM43 cells were cultivated in 5 mL of 5% (w/v) sorbitol medium at 30°C with
shaking at 200 rpm for 2 d. Then, 50 pL of the preculture was transferred to 5 mL of 5%
(w/v) sorbitol medium, and cultivated for 6—7 h at 30°C with shaking at 200 rpm. Cells
were harvested by centrifugation at 8,000 x g for 3 min, and washed with 5 mL of
sterilized tap water. The cell pellets were resuspended in 30 mL of 50 mM sodium
phosphate buffer (pH 7.0). The cell suspension (3 mL) was transferred to a glass plate
(diameter 4.3 cm) and irradiated with ultraviolet light-C (UV-C, 235.7 nm) for 90 s. The
irradiation distance between the UV lamp (TUV 15W G15T8 UV-C, Philips, USA) and

the glass plate was 45 cm. After irradiation, 200 pL of the irradiated samples were spread



on 5% (w/v) sorbitol agar plates and incubated for 4 h at 30°C under darkness to fix the
mutation. Then, the incubation temperature was changed to 39°C, and the plates were
further cultivated for 5 d. Relatively large colonies were isolated, and cultivated in 5 mL
sorbitol medium at 38°C for 48 h. The cultures (300 puL) were transferred to fresh medium
and cultivated for another 48 h. The cultivation was repeated three times, the culture
media were spread on 5% (w/v) sorbitol agar plates, and incubated at 30°C. Few colonies
were isolated and cultivated in 5 mL 5% (w/v) sorbitol medium at 38°C, and strains

showing higher growth than the wild-type strain were identified as UV mutant strains.

1.2.3 Construction of transporter-defective mutants

The steP gene (locus tag GLF_2756) was amplified from the chromosomal DNA
of strain CHM43 using primers GLF2755 Xba-F and GLF2755 Sac-R (Table 1.2) and
was cloned into the pGEM-T Easy vector (Promega Corporation, USA). The resultant
plasmid, pTWsH, was digested with Xbal and Sacl, and the DNA fragment was inserted
into the respective sites of the pPBAD33 vector. The resultant plasmid, pBWsH, was
digested with Pvul, blunt-ended using Blunting High (Toyobo, Osaka, Japan), and ligated
with an EcoRV fragment containing the kanamycin resistance (Km") cassette from pT Km
(Yoshida et al., 2003). The disruption plasmid thus obtained, pPBDsKmH, was introduced
into wild-type strain CHM43 and strain AD-G by electroporation to construct the
CDWsH (CHM43 AsteP::Km") (Wild AsteP) and CDGsH (CHM43 AD-G AsteP::Km")
(AD-G AsteP) strains, respectively (Table 1.2).

1.2.4 Construction of G inserted mutant, Wild-G

The mutated sfeP gene (locus tag GLF 2756) was amplified from the
chromosomal DNA of the CHM43 AD-G strain using the same primers as those described
above and was cloned into the pGEM-T Easy vector (Promega Corporation, USA). The
resultant plasmid, pTGsH, was digested with Xbal and Psfl, and the resulting fragment
was inserted into the corresponding sites of pK19mobGIl, which carries the -
glucuronidase (gus4) and Km" genes (55), to construct pKGsH (Table 2). This
recombinant plasmid was introduced into the wild-type CHM43 strain by electroporation.
The transformed cells were screened for B-glucuronidase (GUS)-positive and kanamycin-
resistant phenotypes. The selected colonies were grown at 37°C, and recombinant strains
with GUS-negative and kanamycin-sensitive phenotypes were selected. The G insertion

mutation was verified by sequencing.
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Table 1.2. Bacterial strains and plasmids used in this study.

Bacterial strains Relevant properties Source
or plasmid (reference)
Strains
Gluconobacter frateurii
CHM43 Wild type (NBRC101659; BCC 36198) Moonmangmee
et al., 2000
CHM43AD Adapted strain of CHM43 Hattori et al,
2012
CHM43 AD-G G-inserted strain isolated from CHM43AD This study
CHM43 AD-T T-inserted strain isolated from CHM43AD This study
CDWsH CHM43 AsteP::Km' This study
CDGsH CHM43 AD-G A steP::Km' This study
Wild-G CHM43 mutant with insertion of G in the steP gene This study
CNM-1 CHMA43 AotsAB gene This study
CNM-2 Wild-G AotsAB gene This study
UVAI10 UV irradiation mutant grown on 5% sorbitol medium at 38°C This study
UVBI1 UV irradiation mutant grown on 5% sorbitol medium at 38°C This study
E. coliDH5a  FendAl hsdRl17 (v, my') supE44 thi-1 A recAl gyrA96 relA1Grant et al.,
deoR NlacZYA-argF)U169 ¢ 80dlacZAM15 1990
Plasmids
pGEM-T Easy Ap'; lacZ promoter Promega
pTGsH pGEM-T Easy with the steP gene from CHM43 AD-G This study
pK19mobGIl  gusA gene; Km'; lacZ promoter Katzen et al.,
1999
pKGsH pK19mobGII with a Xbal and Ptsl fragment from pTGsH This study
pTWsH pGEM-T Easy steP This study
pBAD33 Cm', araBAD promoter Guzman et al.,
1995
pBWsH pBAD?33 with a Xbal and Sacl fragment from pTWsH This study
pT Km pT7Blue T-vector with 0.9-kb EcoRV fragment containingYoshida et al.,
nonpolar Km' cassette 2003
pBDsKmH pBAD33 AsteP::Km' This study
pBBRIMCS-4 Ap"; lacZ promoter Kovach et al,
1995
pMWsH pBBRIMCS-4 with the steP gene under transcriptional control This study
of lacZ promoter
pT7Blue Ap'; lacZ promoter Novagen
pCNM1 pT7Blue with a Xbal and Sacl fragment from pTWsH This study
pCNM2 pBBRIMCS-4 with the steP gene without artifical promoter This study
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pKOS6b codBA gene; Km'; 5-fluorocutosine sensitive; /lacZ promoter Kostner et al.,

2013
pCNM3 pT7Blue T-vector otsAB This study
pCNM4 pKOS6b with AotsAB This study

Table 1.3. Primers used in this study.

Function of plasmid

. Primer
constricted

Expression of Wild-  GLF2755 Xba-F: 5° TCTAGACGGCCTTCGCATTTGCGACC 3°

type steP and G-

inserted steP GLF2755 Sac-R: 5 GAGCTCCTGACCTTCCTCGAAGTCTC 3’
. . GLF0036-Xhol-F: 5 CTCGAGCGGGGATAATCCTGAC 3°

Disruption of ots4B

GLF0035-Kpnl-R: 5> GGTACCGGAACAACCGTACG 3’

1.2.5 Construction of expression plasmids for the transporter and hypothetical
protein genes

The pBBR1IMCS-4 plasmid, carrying the ampicillin resistance (Ap") gene, was
used as the expression plasmid (Table 1.2). The target gene was amplified by PCR from
the CHM43 genome. The primer pair GLF2755 Xba-F/GLF2755 Sac-R was used for
amplifying the steP gene (Table 1.3). The PCR products were purified using the
MagExtractor gel extraction kit (Toyobo, Osaka, Japan) and were ligated into the pGEM-
T Easy vector (Promega Corporation, USA) to yield pTWsH. Plasmid pTWsH was
digested with Xbal and Sacl, and the DNA fragment was inserted into the respective sites
of pPBBR1MCS-4. The constructed plasmid, pMWsH, was transformed into CHM43 AD-
G by electroporation. The growth of CHM43 AD-G harboring pMWsH (steP") was very
weak, probably owing to the intense promoter (/ac promoter) activity of pPBBR1MCS-4.
Therefore, we reconstructed a plasmid with the steP gene in the opposite direction. For
this purpose, pMWsH was digested with Xbal and Sacl, and the resulting fragment was
inserted into the respective sites of the pT7Blue vector. The resultant plasmid, pPCNMI,
was cut with EcoRI and was ligated into pPBBRIMCS-4 at the EcoRI site. The direction
of the insert was confirmed by transforming the plasmid into E. coli DH5a., followed by
sequencing. Finally, the plasmid thus obtained, pPCNM2, was transformed into Wild-G or
Wild AsteP by electroporation.
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1.2.6 Construction of trehalose synthesis gene-defective mutants

Trehalose synthesis is performed by a,a-trehalose phosphate synthase, encoded
by otsA (locus tag GLF_0035), and trehalose phosphatase, encoded by otsB (locus tag
GLF _0036). In order to construct an ots4AB disruptant, we used the markerless deletion
system of plasmid pKOS6b (Kostner et al., 2013). The otsAB genes were amplified from
the CHM43 genome by primers GLF0036-Xhol-F and GLF0035-KpnI-R (Table 3) and
were then cloned into pT7Blue. The resultant plasmid, pPCNM3 (Table 2), was digested
by two sets of restriction enzymes: Xhol and Bg/Il (fragment size, 0.7 kbp) and BamHI
and Kpnl (fragment size, 0.7 kbp). These fragments were inserted into the Sall and Kpnl
sites of the pKOS6b vector. The resultant plasmid, pPCNM4 (Table 1.2), was introduced
into the CHM43 and Wild-G strains by electroporation. Colonies grown on 5% (w/v)
sorbitol medium containing 50 pg/mL kanamycin were isolated as the first recombinant
strains and were confirmed by PCR using primers GLF0036-Xhol-F and GLF0035-Kpnl-
R to have a wild-type otsAB DNA band (3.2 kbp) or a disrupted ots4B DNA band (1.5
kbp). Next, the first recombinant strains were spread on a plate of 5% (w/v) sorbitol
medium containing 120 pg/mL 5-fluorocytosine, which was used as a negative selection
marker because pKOS6b contains the cod4B genes (Kostner et al., 2013). For colony
isolation, several colonies grown on this plate were confirmed not to grow on a plate of
5% (w/v) sorbitol medium containing 50 pg/mL kanamycin. Finally, by confirmation of
the disrupted otsAB DNA band (1.5 kbp), the CNM-1 strain (CHM43 AotsAB) (Wild
AotsAB) and the CNM-2 strain (Wild-G Aots4B) were obtained.

1.2.7 Extracellular and intracellular sugars and acetic acid measurement using
HPLC

The wild-type strain CHM43, the adapted strain CHM43AD-G, and the mutant
strains, Wild-G, Wild AotsAB, and Wild-G AotsAB, were cultivated in 50 mL of 10%
(w/v) sorbitol medium in 500 mL Erlenmeyer baftled flasks at 30, 37, and 38.5°C. The
cultures were centrifuged at 13,000 x g for 5 min to separate the supernatants and the cell
pellets. The supernatants were applied directly to the HPLC column, for extracellular
sugar analysis. For analysis of intracellular sugars, the cell pellets were washed twice
with 10 mM potassium phosphate buffer (KPB, pH 7.0), and aliquoted into three
microtubes (~5 mg dry cell weight each). The cells were suspended in 500 pL of Bligh
and Dyer mixture (methanol:chloroform:water, 10:5:4) (Bligh and Dyer, 1959), and
vortexed for 5 min at 25°C. Then, 130 pL each of distilled water and chloroform were

added to the mixture. The mixture was vortexed again for 5 min and centrifuged at 13,000
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x g for 5 min. The upper layer (methanol and water layer) of the two-layered sample was
separated and desiccated until methanol was evaporated, while the lower chloroform
layer was also dried. The upper and lower layers were used for HPLC and protein analysis,
respectively. For protein analysis, the lower layer was dissolved in 10 mM NaOH and the
protein content was measured by modified Lowry method (Dulley and Grieve, 1975). For
HPLC analysis, the upper layer was filtered and applied to the HPL.C column, and HPL.C
was carried out by two different columns, RSpak KC-811 (8x300 mm, Shodex; Showa
Denko K.K., Japan) and Sugar SP0810 (8x300 mm, Shodex; Showa Denko K.K., Japan).
In the former column, elution was performed using 0.1% (v/v) phosphoric acid at 60°C
at a flow rate of 0.4 mL/min, and monitored by the reflection index. Acetic acid, L-sorbose,
and D-sorbitol were detected at 15.2, 19.85, and 20.95 min, respectively. While the latter
column was eluted with Milli-Q water at 80°C at a tflow rate of 0.5 mL/min, and the
elution was monitored by the refractive index. Trehalose, L-sorbose, fructose, and D-

sorbitol were detected at 17.1, 21.9, 24.8 and 48.5 min, respectively.

1.2.8 Intracellular trehalose measurement with enzymatic method

Intracellular trehalose content was also measured by an enzymatic method. The
cell pellet was washed twice with 10 mM KPB (pH 7.0), and finally resuspended in KPB
at 4 mL/g wet cells. The resuspended cells were disrupted twice using a French pressure
cell press (American Instrument Co., Silver Spring, MD, USA) at 16,000 psi, followed
by centrifugation at 8,000 x g for 10 min to remove intact cells. The supernatant was
mixed with trichloroacetic acid at a final concentration of 5% (w/v), incubated for 30 min
at 25°C, and centrifuged at 13,000 x g for 5 min. After adjusting the pH of the supernatants
to ~6.0 using NaOH, the samples (100 pL) were mixed with 92 pL of citric acid buffer
(pH 5.7) and 8 pL of 1 U/mL trehalase (Sigma Aldrich), and incubated overnight at 37°C.
The glucose concentrations in the samples were measured using the Glucose (GO) Assay

Kit (Sigma Aldrich) to estimate the trehalose content.

1.2.9 Enzyme assay

CHM43, Wild-G and Wild AotsAB were cultivated in 50 mL of 10% (w/v)
sorbitol medium in 500 mL-Erlenmeyer baftled flasks at 30, 37 and 38.5°C for until late-
log phase. Cells were harvested by centrifugation at 9,000 x g for 10 min and washed
twice with 10 mM KPB (pH 7.0). The washed cells were resuspended in the same buffer
at a concentration of 4 mL/g of wet cells, and passed twice through a Franch pressure cell
press (American Instrument Co., Silver Spring, MD, USA) at 16,000 psi. After

centrifugation at 9,000 x g for 10 min to remove intact cells, the supernatant was
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ultracentifuged at 100,000 x g for 60 min to separate the soluble fractions from the
membrane fractions. Using the soluble fractions, glucose-6-phosphate (G6P)
dehydrogenase and 6-Phosphogluconate (6PG) dehydrogenase activities were measured
spectrophotometrically by monitoring the absorbance at 340 nm due to the reduction of
NAD(P)*. The reaction mixture (I mL) contained 10 mM G6P or 6PG, 10 mM MgCls,
0.5 mM NAD(P)*, 50 mM glycine-NaOH buffer (pH 9.5) or 50 mM Tris-HCI buffer (pH
8.0), respectively. The activity was calculated by using a millimolar extinction coefficient
of 6.2 mM-!' em™ and 6.3 mM-! cm™! for NADH and NADPH, respectively. One unit of
enzyme activity was defined as the amount of enzyme catalyzing the formation of 1 pmol
of NAD(P)H per min at 25°C under the assay conditions.

1.2.10 Measurement of intracellular ROS level

Cells were grown in 50 mL of 10% (w/v) sorbitol medium containing 2 uM
H>DCFDA (dichlorodihydrofluorescein diacetate) as the fluorescence probe at 30, 37 and
38.5°C. Cells were harvested at late-log and/or stationary phases by centrifugation at
9,000 rpm for 5 min, at 4°C, and washed two times with 10 mM KPB (pH 7.0). The
washed cells were resuspended in the same buffer at a concentration of 4 mL/g of wet
cells, and passed twice through a French pressure cell press (American Instrument Co.,
Silver Spring, MD, USA) at 16,000 psi. After centrifugation at 9,000 x g for 10 min to
remove intact cells, the supernatant was ultracentifuged at 100,000 x g for 30 min. Using
the resultant supernatant, the fluorescence intensity was measured at 25°C with excitation
at 504 nm and emission at 524 nm. The fluorescence intensity was normalized by protein

concentrations.

1.2.11 Measurement of intracellular NADP* and NADPH contents

Strains were cultivated in 50 mL of 10% (w/v) sorbitol medium at 37°C for until
late-log phase, then cells were harvested by centrifugation at 13,000 x g for 5 min and
washed twice with 50 mM KPB (pH 7.0). Intracellular NADP* and NADPH were
analyzed by Fluorescent NADP/ NADPH Detection Kit (Cell Technology Inc.),

according to the supplier’s protocol.

1.2.12 Genome sequencing

Previously, we have reported the draft genome sequence of G. frateurii CHM43;
their genome-fragments consisted of 145 contigs and are available at DDBJ/
EMBL/GenBank accession numbers BADZ01000001 to BADZ01000145 (Hattori et al.,

2012). In this study, we performed genome resequencing using the Illumina Hiseq 2000
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platform to obtain a high-quality draft genome sequence. In addition, the previously
obtained thermo-adapted strain, CHM43AD, was also sequenced to identify its mutation
sites. Genome sequencing of both the strains, CHM43 and CHM43AD, were carried out
as previously reported (Matsutani et al., 2014). Total sequence pairs of 100-bp paired-end
nucleotide reads obtained for CHM43 and CHM43AD were 6,925,823 and 6,411,844,

which yielded approximately 439x and 406x sequence coverage, respectively.

1.2.13 De novo sequence assembly and annotation

The draft genome sequencing data from the wild-type CHM43 strain was
assembled using Velvet v1.2.08 with VelvetOptimiser v2.2.4 (Zerbino et al., 2008;
Zerbino et al., 2009). The resulting contigs were ordered against the complete genome
sequence of G. oxydans strain 621H using Mauve (Darling et al., 2010). The gene
detection and annotation were performed using the autoannotation package, Prokka
(Seemann, 2014). Protein-coding regions or open reading frames (ORFs) of the draft
genome sequences were predicted using Prodigal v2.62 (Hyatt et al., 2010). tRNAs and
rRNAs were predicted using ARAGORN v1.26 and Barrnap v0.6, respectively (Laslett
and Canback, 2004). Functional assignments of the predicted ORFs were obtained using
the basic local alignment search tool-protein (BLASTP) homology search against the
National Center for Biotechnology Information (NCBI) nonredundant (NR) database, and
then manually edited (Altschul et al., 1997). The resulting assembly was used for further

comparative genome analysis.

1.2.14 Genome mapping of CHM43AD strain against CHM43 whole contigs

The Illumina sequencing reads for CHM43AD were aligned with the draft
genome sequence of CHM43 using Bowtie 2 and the Burrows-Wheeler Aligner (BWA)
(Langmead and Salzberg, 2012; Li and Durbin, 2009; Li and Durbin, 2010). To detect the
sequencing or assembly error, sequencing data from the CHM43 strain was also mapped
onto the draft genome assembly. The mutational sites were searched using the method

described previously (Matsutani et al., 2015).

1.2.15 Sequence data deposition

The updated version of G. frateurii CHM43 draft genome sequence was
deposited at DDBJ/EMBL/GenBank under the accession number BADZ00000000. The
versions described here are the second versions, corresponding to the GenBank accession
numbers BADZ02000001 to BADZ02000044. [llumina sequence reads of CHM43 and
CHMA43AD strains have been deposited in the DDBJ Sequence Read Archive (DRA)
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under accession numbers DRA003758 and DRA003759, respectively. The BioProject ID
of CHM43 and CHM43AD strains are PRIDB2 and PRJDB4049, respectively.

1.3 RESULTS
1.3.1 Mutational analysis of the thermally adapted strain, CHM43AD

We have previously obtained the thermally adapted strain, G. frateurii
CHMA43AD, through experimental evolution (Hattori et al., 2012). To identify the
mutations in CHM43AD, we performed whole-genome mapping analysis of strains
CHM43 and CHM43AD in the present study. The reference genome sequence of CHM43
was assembled from the Illumina reads. The characteristics of the de novo genome
assembly for CHM43 are summarized and compared with the previous data in Table 1.1.
The resulting assembly had 44 contigs, with the Nso length and maximum contig length
of 400,768 and 670,742 bp, respectively. The results clearly showed that the sequence
quality drastically improved as compared to the previously reported sequence (Hattori et
al., 2012). Thus, 2,928 protein-coding genes, 49 tRNA genes, one transfer-messenger
RNA (tmRNA) gene, and three rRNA genes were identified in the genome (Table 1.1).

Using the updated reference genome, we found two mutations in the same gene
(locus tag: GLF 2756 in the genome of CHM43AD) that encodes a putative drug
transport transmembrane protein. Because two single-nucleotide insertions were found in
the same gene, we reisolated several colonies and performed PCR analysis. We thus found
that the original CHM43AD strain was a mixture of mutants with a G insertion or T
insertion, which we named CHM43 AD-G and CHM43 AD-T, respectively (Fig. 1.1).
The insertions were only 21 bp apart and both caused a frameshift mutation. We did not
observe a significant difference in the growth of the strains at 38.5°C; accordingly, we
selected the CHM43 AD-G strain for subsequent experiments. After colony isolation, we
repeated the comparative genome analysis of strains CHM43 and CHM43 AD-G.
Nevertheless, we did not detect any other mutations besides the G insertion in the
transporter gene.

Matayoshi attempted to obtain other thermotolerant mutants of G. frateurii
CHM43 by UV mutagenesis under the same culture conditions as in the experimental
evolution. Two UV mutant strains, UVA10 and UVBI1, were thus obtained (Matayoshi,
master thesis 2018). The growth curves of these strains (Fig. 1.2A) were similar to that
of CHM43 AD-G. Moreover, comparative genome analyses of CHM43 and the two UV
mutants were conducted to identify the mutations (data not shown). The UVB1 strain was
found to have the same G insertion as CHM43 AD-G does. The UVAIO0 strain had a
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single-base substitution of cytosine (C) with T at position 334 in the same gene,
GLF 2756, resulting in a missense mutation (substitution of arginine with cysteine,
R112C).

Therefore, the thermally adapted strains obtained by either experimental
evolution or UV mutagenesis had mutations in the same gene; each mutation conferred

thermotolerance on these strains.

GLF_2755 adenine
- phosphoribosyltransferase
GLF_2756

putative drug transport
transmembrane protein

hypothetical
protein

GLF 2754

hypothetical
protein

CHM43 Wild 615
CHM43 AD-T
CHM43 AD-G

...........................................

Fig. 1.1. (Top) Genomic organization of the transporter gene (locus_tag: GLF_2756)
flanking regions. (Bottom) Sequence alignment showing the mutations in thermally
adapted strains: CHM43 AD-T and CHM43 AD-G.
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Fig 1.2. Comparison of growth characteristics of G. frateurii CHM43 parental and
mutated strains at various temperatures. (A) Growth curves of the mutant strains
obtained by UV mutagenesis [UVA10 (A: solid black line) and UVB1 (e: dashed black
line)]; the parental strain, CHM43 (o: solid grey line); and the thermally adapted strain,
CHM43 AD-G (<: solid grey line). Cells were cultivated in 50 mL of a 10% (w/v)
sorbitol medium at 30, 37, or 38.5°C. (B) Growth curves for the Wild-G (o: black line),
parental (O: grey line), and CHM43 AD-G (<: grey line) strains cultured under the same
growth conditions as those described for panel A.

1.3.2 Construction of an artificial mutant with the G insertion

To determine whether the single G insertion was sufficient to enable CHM43
AD-G to grow at high temperatures, we constructed a mutant strain, designated Wild-G,
with the same G insertion in the transporter gene (the steP gene, encoding sugar-
fransporting/exporting permease [SteP]) as that found in CHM43 AD-G. As shown in Fig.
1-2B, the Wild-G strain grew well at 38.5°C, with a growth curve similar to that of the
CHM43 AD-G strain. The growth curves of these strains were different from that of the
CHM43 wild-type strain, confirming that this single mutation accounts for the
thermotolerant phenotype of the adapted strain.
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1.3.3 Disruption and/or complementation of the transporter gene in G. frateurii
CHM43 wild-type strain and Wild-G mutant strain

The CHM43 AD-G and Wild-G strains both carry a frameshift mutation
approximately halfway through the gene of the transporter protein, which may comprise
12 transmembrane segments (TMSs). It is thus possible that the N-terminal half of the
transporter (six TMSs) may retain some function, as reported for the Lac permease of E.
coli (Wu et al., 1996). To test this hypothesis, the steP gene of the wild-type strain and of
CHM43 AD-G was disrupted by the insertion of a kanamycin cassette into the wild type
and CHM43AD-G to create Wild AsteP and AD-G AsteP, respectively. Strains Wild
AsteP and Wild-G were then complemented by means of a plasmid harboring the wild-
type steP gene. The growth rates of these strains were compared at various temperatures
(Fig. 1.3). As shown in the Fig. 1.3, similarly to strain CHM43 AD-G, strains Wild-G and
Wild AsteP (as well as strain CHM43 AD-G AsfeP (data not shown)) showed better
growth than the parental strain at 38.5°C. In contrast, after complementation with the
wild-type steP gene, the growth rate of both Wild-G and Wild AsteP at 38.5°C decreased,
and their growth profile was now similar to that of the wild-type strain. It should be noted
that in this experiment, the complementation was successful only when performed with
the plasmid having the promoter-less steP gene placed in the opposite orientation from
the /ac promoter. The Wild-G and Wild AsfeP transformants with plasmids carrying the
steP gene under the control of the lac promoter or either of the two different promoters
for the ribosomal protein genes (Kallnik et al., 2010) grew worse even at 30°C than those
with the vector plasmid pPBBR1MCS-4 (data not shown). Thus, we could not prepare cells

overproducing the transporter.
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Fig. 1.3. Effects of disruption and complementation of the transporter gene on
bacterial growth at various temperatures. The parental strain, CHM43, harboring
pMCS4 (o: solid grey line), Wild-G harboring pPBBRIMCS-4 (o: solid black line), Wild
AsteP harboring pBBR1IMCS-4 (A: solid black line), Wild-G harboring pCNM2
(promoterless steP) (®: dashed black line), and Wild AsfeP harboring pCNM2
(promoterless steP) (A: dashed black line) were cultured in 50 mL of a 10% (w/v)
sorbitol medium containing 500 pg/mL ampicillin at 30, 37, or 38.5°C. (A) Growth
curves of strains CHM43/pBBR1MCS-4, Wild-G/pBBR1MCS-4, and Wild-G/pCNM2
(promoterless steP). (B) Growth curves of strains CHM43/pBBR1MCS-4, Wild AsteP/
pBBRIMCS-4, and Wild Aste P/pCNM2 (promoterless steP).

1.3.4 Metabolic change in Wild-G and several mutant strains

To investigate the physiological properties of the thermotolerant strains, sorbose
production and its assimilation were examined in the wild-type and adapted strains.
Sorbitol consumption and sorbose accumulation in the culture medium were similar for
the wild-type (CHM43) and CHM43 AD-G or Wild-G strains, although the wild-type
strain had a slightly slower sorbose production rate at 38.5°C owing to reduced bacterial
growth at this temperature (see Fig. 1.4). When we quantified several other metabolites
by HPLC, besides high concentrations (~500 mM) of sorbose, relatively small amounts
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of acetate (1020 mM), fructose (~40 mM), and trehalose (1.0—4.5 mM) were detected in
the culture medium, whose trehalose content with the wild-type strain clearly differed
from that with mutant strains, Wild-G and Wild Aozs4B (see below) (Fig. 1.4). To confirm
the change in trehalose concentration in detail, both the extracellular and intracellular
trehalose concentrations were measured by an enzymatic method (Fig. 1.5), together with
HPLC analysis (Fig. 1.6), and compared among the wild-type and several mutant strains.
The results clearly indicated that the extracellular trehalose production decreased in all
the steP strains (AD-G, Wild-G, and Wild AsteP). Concomitantly with the change in
extracellular concentration, trehalose accumulated intracellularly in these mutant strains.
Although relatively higher intracellular (or lower extracellular) accumulation of trehalose
was observed in strains Wild-G and Wild AszeP at 30°C (Figs. 1.5 and 1.6), this change
could be explained by change in pentose phosphate pathway (PPP) flux (see below). The
trehalose levels in the steP strains were recovered by complementation with the wild-type
steP gene (Fig. 1.5).

Furthermore, to evaluate the assimilation of sorbose produced, the cells were
grown at several concentrations of sorbose as a carbon source (Fig. 1.7). The Wild-G
strain (Fig. 5), as well as the AD-G strain (data not shown), manifested slower growth
than the wild-type strain, especially when the concentration of sorbose in the medium
was <5%. Actually, with a lower concentration of sorbose in the medium, sorbose
consumption was lower in the AD-G strain than in the CHM43 strain even in the
stationary phase (e.g., 3.2 and 20.4 mM, respectively, in a 1.0% sorbose medium), but
sorbose consumption by these strains did not differ much at a high concentration of
sorbose (e.g., 21.5 and 18.6 mM, respectively, in a 10% sorbose medium). These results
suggested that the szeP strains have some defect in sorbose uptake at lower concentrations.
Therefore, in the normal medium (10% sorbitol), the steP strains seemed to utilize
sorbitol instead of sorbose, at least in the relatively early growth phase, when sorbose
accumulation was not sufficient, in contrast to the wild-type cells, which were able to

take up sorbose efficiently.
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Fig. 1.4. Extracellular sugar concentrations in the wild-type strain, Wild-G strain,
and a disruptant of trehalose synthesis genes (strain Wild Aots4B). Wild-type
CHM43 (o: grey line), Wild-G (o: black line), and Wild Aots4AB ( A: dashed line) were
cultivated in a 10% (w/v) sorbitol medium at 30, 37, or 38.5°C. The supernatant
concentrations of sorbitol, sorbose, trehalose, fructose, and acetic acid were measured by
HPLC.

23



2.5
A
2
s
Eq5
Q
7]
o
g1
o
=
0.5
0 }
30°C 37°C 38.5°C
B 0.06

o
o
a

o
R

o
S

0.01

Trehalose (umol)/ protein (mg)
o
o
w

o

30°C 37°C 38.5°C

Fig. 1.5. Measurement of extracellular (A) and intracellular (B) trehalose
concentrations by an enzymatic assay. Wild-type strain CHM43 harboring
pBBRIMCS4 (white bars), strain Wild-G harboring pBBR1IMCS4 (grey bars), Wild
AsteP harboring pPBBR1IMCS4 (hatched bars), and the Wild AsfeP strain harboring
pCNM?2 (promoterless steP) (stippled bars) were cultivated in a 10% (w/v) sorbitol
medium containing 500 pg/mL ampicillin for 30 h (the stationary phase) at 30, 37, or
38.5°C. Trehalose concentrations in the samples were measured with the glucose oxidase
(GO) assay kit after treatment with trehalase. Data are shown as mean + standard
deviation of three independent cultivation experiments.
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Fig. 1.6. Extracellular (A) and intracellular (B) trehalose concentrations in the wild-
type, adapted CHM43 AD-G, Wild-G, Wild AsteP, and in the ots4B disruptants:
Wild AotsAB and Wild-G AotsAB. Wild-type CHM43, AD-G, Wild-G, Wild AsteP,
Wild AotsAB, and Wild-G AotsAB were cultivated in a 10% (w/v) sorbitol medium at 30,
37, or 38.5°C. The cells were harvested at 24-30 h (stationary phase), and the culture
supernatant and the intracellular samples were prepared. In both types of samples,
trehalose was quantified by HPLC on a sugar column (Sugar SP0810). N.D., not detected.
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Fig. 1.7. Comparison of growth characteristics of G. frateurii CHM43 parental,
Wild-G, and Wild AotsAB strains in a sorbose medium. Strains CHM43 (A), Wild-G
(B), and Wild AotsAB (C) were cultivated in 50 mL of a 0.1-10% (w/v) sorbose medium
at 30°C. The sorbose concentrations were 0.1% (A: solid line), 0.5% (e®: grey line), 1.0%
(o: dashed line), 2.0% (A : grey line), 5.0% (©: solid line), and 10% (m: dashed line).

1.3.5 Increased trehalose synthesis is not directly responsible for thermotolerance

To elucidate this relation, trehalose synthesis enzymes, encoded by ots4 (o0
trehalose phosphate synthase, GLF 0035) and by oftsB (trehalose 6-phosphate
phosphatase, GLF_0036), were disrupted in wild-type and Wild-G strains in order to
observe the effects on trehalose accumulation and thermotolerance. Although both intra-
and extracellular trehalose disappeared for these disruptants of trehalose synthesis genes
(Wild AotsAB and Wild-G AotsAB; Fig. 1.6), both mutants grew better than strains Wild-
G and Wild AsteP at 38.5 and 39°C and grew well even at 39.5°C (Fig. 1.8). Disruption
of the otsAB gene did not have a synergistic effect on drug transporter mutant Wild-G,
and thus, the growth of strain Wild-G Aots4AB was similar to that of the Wild AotsAB
strain. These results clearly indicated that trehalose itself did not directly contribute to the
thermotolerance; instead, trehalose synthesis may be related to a flux change of central
metabolism in these strains.

Gluconobacter strains including G. frateurii CHMA43 have an incomplete TCA
cycle and glycolysis because of defects in succinyl-coenzyme A synthetase, succinate
dehydrogenase, and phosphofructokinase (Bringer and Bott, 2016) and consequently

employ PPP instead of incomplete glycolysis for sugar metabolism. Sorbose is produced

26



directly from sorbitol by membrane-bound GLDH (Hattori et al., 2012) and is taken up
into the cell, then converted to sorbitol by sorbose reductase (SR), and further
metabolized to fructose by sorbitol dehydrogenase (SDH) in the cytoplasm (Soemphol et
al., 2012). Glucose-6-phosphate (G6P) could be produced from fructose and further
metabolized through PPP or to trehalose (Fig. 1.9). The Entner—Doudoroff pathway
(EDP) is also present in CHM43 and may bypass G6P to pyruvate by means of two
enzymes [phosphogluconate dehydratase (GLF 0494) and 2-keto-3-deoxy-6-
phosphogluconate (KDPG) aldolase (GLF _0493)] without such oxidoreduction.
Nevertheless, because their expression was 10-fold lower than that of the enzymes of PPP
(data not shown), the EDP may not work well in CHM43 as in the case of Gluconobacter
oxydans (Richhardt et al., 2012). Therefore, to confirm whether PPP reliably works or
not, we first measured enzymatic activities of G6P dehydrogenase (G6PDH) and 6-
phosphogulconate (6PG) dehydrogenase (6PGDH) (working in PPP) in strains wild-type
CHM43, Wild-G, and Wild AotsAB (Fig. 1.10). In G. oxydans, both enzymes have been
shown to use NADP* and NAD", respectively, as a coenzyme (Tonouchi et al., 2003). In
G. frateurii CHM43, G6PDH was found to preferentially utilize NADP®, whereas
6PGDH mainly uses NAD" but with some NADP*. G6PDH activity (NADP-dependent)
increased with the increasing temperature, while NAD-dependent activity of 6PGDH
decreased at 38.5°C, but the NADP-dependent activity increased. Nonetheless, no
striking difference was observed among these strains. Thus, both enzymatic activities
seemed to be high enough to stimulate G6P oxidation, at least at high temperatures.
Actually, simultaneously with the decreased trehalose accumulation, the Wild AotsAB
strain excreted more acetic acid into the culture medium than the wild-type strain did at
least at high temperatures (Fig. 1.4), suggesting that G6P was oxidized via PPP to

pyruvate and then to acetic acid.
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Fig. 1.8. Comparison of growth characteristics of G. frateurii CHM43 parental,
Wild-G, and mutated strains at various temperatures. Strains CHM43 (o: solid grey
line), Wild-G (o: solid grey line), Wild AsfeP (A: solid black line), Wild Aots4AB (o:
dashed brack line), and Wild-G AotsAB (o: solid black line) were cultivated in 50 mL of
a 10% (w/v) sorbitol medium at various temperatures.
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Fig. 1.9. Sugar metabolism related to sorbose utilization and trehalose production in
G. frateurii CHMA43. Fructose 6P, fructose 6-phosphate; fructose 1,6-bisP, fructose 1,6-
bisphosphate; G6P, glucose 6-phosphate; G1P, glucose 1-phosphate; 6PG, 6-phospho-
gluconate; ribulose 5P, ribulose 5-phosphate; trehalose 6P, trehalose 6-phosphate; GLDH,
glycerol dehydrogenase (GLF 2776-2777); SR, sorbose reductase (GLF_2768); SDH,
sorbitol dehydrogenase (GLF_2449); PGMase, phosphoglucomutase (GLF_2713); G1P
UTase, G1P uridylyltransferase (GLF _1122); OtsA, o, a -trehalose phosphate synthase
(GLF_0035); OtsB, trehalose 6-phosphatase  (GLF _0036); SteP, sugar-
transporting/exporting permease (GLF _2756); GO6PDH, G6P dehydrogenase
(GLF _1023); 6PGDH, 6PG dehydrogenase (GLF _1943); PDC, pyruvate decarboxylase
(GLF_1518); ALDH, aldehyde dehydrogenase (GLF_0658). G. frateurii CHM43
possesses neither phosphofructokinase nor trehalase.
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Fig. 1.10. A comparison of activity of glucose-6-phosphate dehydrogenase and 6-
phosphogluconate dehydrogenase among strains CHM43, Wild-G, and Wild Ao#sA4B.
Wild-type CHM43 cells (white bars) were cultured in a 10% (w/v) sorbitol medium until
the late log phase at 30 or 37°C. Strains Wild-G (gray bars) and Wild Aots4B (hatched
bars) were cultivated on a 10% (w/v) sorbitol medium at 30, 37, or 38.5°C. The data
represent the cytosolic fraction extracted from late- log-phase cells. The enzymatic
activity was measured as described in Methods. Data are shown as mean + standard
deviation of triplicate measurements (same sample three times).

1.3.6 Relation between metabolic change and thermotolerance

Given that intense PPP flux has been reported to increase NADPH content of the
cell (Lim et al., 2002; Lee et al., 2003), we directly measured the intracellular
NADPH/NADP ratio in strains CHM43, Wild-G, and Wild Aots4AB at 37°C (Fig. 1.11A).
The NADPH/NADP* ratio significantly increased in the Wild-G strain, and even more so
in the Wild AotsAB strain, indicating that these strains may have greater PPP flux than
wild type. The NADPH/NADP* ratio was lower in all strains grown at 30°C than at 37°C
(data not shown), suggesting that the metabolic flux to PPP may be lower at 30°C than at
37°C. In case of the Wild-G strain, however, acetic acid production did not increase much,
as compared with the Wild Ao#s4B strain (Fig. 1.4). Therefore, the Wild-G strain may
have some other way to generate NADPH. When the cell growth of the wild type and
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AD-G strains was compared on different polyol substrates, the cell growth was better
with mannitol than with sorbitol, especially at a higher temperature (Fig. 1.12). Mannitol
is oxidized to fructose by GLDH, which also oxidizes sorbitol to sorbose (Matsushita et
al., 2003); fructose is then metabolized intracellularly via direct conversion to fructose-6
phosphate, where there is no need for an oxidoreduction step, in contrast to the processing
of sorbose, which is reduced to sorbitol (and further to fructose) by consuming NADPH
(see Fig. 1.9). Thus, when grown with mannitol, cells may keep surplus NADPH, which
could be used for the thermotolerance. Given that the steP mutants (including Wild-G
strain) have some defect in sorbose assimilation (Fig. 1.7), they seem to utilize sorbitol
directly without sorbose uptake in some growth phase. This metabolic pattern may
contribute to a higher NADPH/NADP™ ratio as discussed below. Incidentally, the finding
that cells could not be grown at a high temperature in a glycerol medium (Fig. 1.12)
supported the notion that PPP is important for thermotolerance because glycerol is
metabolized without passing through PPP.

Such an increased NADPH level, derived from the increased metabolic flux
change, was expected to contribute to protection from thermal stress. As described in the
INTRODUCTION, although the level of ROS generation is increased by several stressors
including thermal stress (Davidson et al., 1996; Chang et al., 2017; Lee et al., 2015; Zang
et al., 2017), it is expected to be lowered in the stress-resistant strains where ROS-
scavenging activity is often high (Lee et al., 2015; Sanchez-Riegog et al., 2016). Because
some ROS-scavenging enzymes require NADPH (Thelander, 1967; Carlberg and
Mannervik, 1975), the increase of intracellular NADPH concentration may support the
stress resistance of the cells (Bankapalli et al., 2015). Actually, in G. frateurii CHM43,
intracellular ROS concentration increased with the increasing growth temperature, and
the ROS level was lower in the adapted strain than in the wild-type strain (Fig. 1.13).
Accordingly, to determine the relation between the NADPH and ROS levels, intracellular
ROS concentrations of strains CHM43, Wild-G, and Wild Aots4B were measured (Fig.
1.11B). Reduction of ROS, in parallel with the increased NADPH level, was observed;
the Wild AotsAB strain had the lowest ROS content, whereas strain CHM43 had the
highest. Although osmotolerance data are not shown, the Wild-G and Wild AotsA B strains
also showed some osmotolerance (against high concentrations [20%] of sorbitol), which
has been reported to be related to ROS scavenging (Zang et al., 2017).

These results suggested that trehalose accumulation itself did not directly
contribute to thermotolerance; instead, it induced a change in metabolic flux that may

have contributed to the thermotolerance.
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Fig. 1.11. Intracellular NADPH/NADP" ratios (A) and intracellular ROS levels (B)
in strains CHM43, Wild-G, and Wild AotsAB. The cells were cultivated on a 10% (w/v)
sorbitol medium at 37°C until the late log phase (12—13 h). NADP* and NADPH contents
and ROS levels were measured as described in Materials and Methods. Data are shown
as mean + standard deviation of three independent cultivation experiments.
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Fig. 1.12. Comparison of growth characteristics of G. frateurii CHM43 parental and
adapted AD-G strains in various culture media. Strains CHM43 and AD-G were
cultivated in 50 mL of a 10% (w/v) sorbitol medium (o: grey line), 10% (w/v) mannitol
medium (A: solid line), or 5% (w/v) glycerol medium (©: dashed line) at 30 or 38.5°C.
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Fig. 1.13. Intracellular ROS levels. (A) Wild-type CHM43 and strain AD-G were
cultivated in a 5% (w/v) sorbitol medium containing 10 uM H>DCFDA at 30, 37, or
38.5°C. The cells cultivated for 18 or 24 h were disrupted, and intracellular ROS levels
were measured via fluorescence intensity with excitation at 504 nm and emission at 524
nm. (B) Microscopic examination of cells cultivated for 18 h.

DISCUSSION

Previously, we have obtained a thermally adapted strain, TH-3, from A.
pasteurianus SKU1108 (Matsutani et al., 2013) and found 11 mutations in this strain by
[Mlumina genome sequencing. Because these mutations may affect thermotolerance to
various degrees, it is challenging to delineate the contribution of each mutation to
thermotolerance (Matsutani et al., 2013). In contrast, in the present study, only a single-
nucleotide insertion (G or T) in the steP gene was detected in the CHM43AD strain.
Although TH-3 was obtained by long-term thermal adaptation (40 serial subcultures,
cultivation time ~2500 h), the CHM43AD strain was obtained by short-term thermal
adaptation (seven serial subcultures, cultivation time ~250 h) (Hattori et al., 2012). In
addition to the short-term adaptation, UV mutagenesis followed by selection under
thermal stress caused mutations in the same steP gene, including exactly the same
mutation in strain CHM43. The phenotype confirmed by this mutant was confirmed by

constructing mutants with either a single G insertion (Wild-G) or disruption of the steP
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gene (Wild AsteP), both of which manifested the same growth phenotype at higher
temperatures as the CHM43AD strain (Fig. 1.2 and 1.3). These results suggested that the
mutation in CHM43AD could be specific, at least when growth was performed in a
medium containing sorbose or sorbitol at high temperatures (38 to 39°C), and thus, we
speculated that this mutation was critical for the growth of CHM43 under these conditions.
Therefore, we could directly examine the thermotolerance mechanism in CHM43AD by
characterizing only one gene mutated in response to thermal adaptation: the gene
encoding the putative drug transporter.

By means of a BLASTP homology search (Altschul et al., 1997), the SteP protein
was found to belong to the major facilitator superfamily (MFS) and was predicted to
belong to the Ber/CflA family of drug resistance efflux transporter proteins, which
includes the bicyclomycin resistance (Bcr) protein of E. coli, the chloramphenicol
resistance protein (CmlA) of a Pseudomonas sp., and an arabinose efflux permease. The
single G or T insertion in the adapted strain resulted in a frameshift mutation halfway
through the 12-TMS protein, which may generate either a completely dysfunctional
protein or a 6-TMS transporter protein retaining some transporter activity. Nonetheless,
the Wild AsteP (complete deletion) mutant showed a phenotype similar to that of the
Wild-G (G insertion) mutant, indicating that the mutated transporter with a single-
nucleotide insertion is nonfunctional.

According to the gene annotation, the transporter protein was expected to be
involved in sugar efflux. Therefore, we examined the mechanism of thermotolerance in
the mutant by measuring the concentrations of metabolites related to sorbitol and sorbose
metabolism. Of note, a small but significant amount of trehalose was detected both in the
culture medium and inside the cells, and the extracellular trehalose level decreased, while
the intracellular trehalose increased, in the sfteP mutants: AD-G, Wild-G, and Wild AsteP
(Figs. 1.4 and 1.5). At the same time, the sfeP mutants seemed not to take up lower
concentrations of sorbose effectively (Fig. 1.7). These findings suggest that the drug
transporter is involved, at least partly, in the efflux of trehalose as well as in the uptake of
sorbose.

The trehalose pumped out by the transporter could be synthesized from sorbose
taken up by the cells, where the transporter may also be involved. The genes for SR (locus
tag GLF 2768) and SDH (GLF_2449) participate in fructose production from sorbose,
and the genes for fructokinase (GLF _0350) and phosphoglucose isomerase (GLF_1944)
produce G6P from fructose (Fig. 1.9). Finally, trehalose is produced from G6P and UDP-
glucose by OtsA and OtsB. Accordingly, it is conceivable that the decreased efflux of

trehalose in these cells underlies the thermotolerance ability of the adapted strain. A
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relation between thermotolerance and trehalose metabolism or accumulation in thermally
adapted strains has been reported previously. In a yeast thermal adaptation experiment,
the relative trehalose concentration in an adapted strain increased over that in the parent
strain (Satomura et al., 2013). Thermally adapted C. glutamicum has an ofs4 mutation
that has been shown to be responsible for thermotolerance (Oide et al., 2015). Although
these data do not offer any quantitative information about the intracellular trehalose
concentration or about the role of trehalose in thermotolerance, there are many reports
that trehalose accumulation occurs in yeast and bacteria in response to some stressful
conditions, such as thermal stress (De Virgilio et al., 1994; Hottiger et al., 1994), heat
shock stress (Benaroudj et al., 2001), osmotic stress (Wolf et al., 2003; Purvis et al., 2005),
desiccation (Tapia et al., 2015), and antibiotics (Kuczynska-Wisnik et al., 2015). Some of
these results suggest that a relatively high concentration of trehalose (>1 pmol per mg of
protein) prevents denaturation or aggregation of denatured proteins (Hottiger et al., 1994)
or oxidative damage to proteins (Benaroudj et al., 2001), according to theoretical analysis
of the interaction between such osmolytes and proteins (Auton and Bolen, 2004; Street et
al, 2006). Some other studies, however, have indicated that in yeast, trehalose 6-
phosphate synthase (Tps1) itself, but not trehalose, may participate in thermotolerance
through modulation of glycolysis, or the trehalose pathway itself might be involved
through some other metabolic function, including a metabolic flux change (Thevelein and
Hohmann, 1995; Gibney et al., 2015).

In case of Gluconobacter strains, although there was no information on trehalose
accumulation, G. oxydans has been reported to intracellularly accumulate mannitol as a
compatible solute when the strain is exposed to osmic stress (Zahid et al., 2015). The
amount of mannitol is approximately 2.5 pmol/(mg protein) when the microbe is
cultivated in the yeast extract-peptone-glycerol (YPG) medium containing 450—600 mM
sucrose. In the present study, G. frateurii wild-type and mutant strains were cultivated in
a 10% (w/v; 549 mM) sorbitol medium, but accumulated only small amounts of trehalose
(0.03-0.07 pmol/[mg protein]; Figs. 1.4 and 1.5). Therefore, it is hard to imagine that
trehalose that accumulated in the thermotolerant strains works as such a compatible solute
for thermotolerance. Actually, disruptants of the trehalose synthesis gene, Wild AotsAB
and Wild-G AotsAB, were found to grow well at high temperatures, better than the
transporter-deficient mutant strains, Wild-G and Wild AsteP (Fig. 1.8), even though no
accumulation of trehalose was observed inside the cells (Fig. 1.6).

Thus, we expected that the defect in trehalose synthesis would modify sugar
metabolism in G. frateurii although this situation is opposite to the case of yeast (Zahid

et al., 2015), where Tps1 is required for thermotolerance, and thus deletion of this gene
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makes yeast hypersensitive to heat stress. In G. frateurii, in contrast to yeast, the PPP may
work preferentially because of the defect in the EMP pathway, and no glucose is generated
from trehalose because of the defect in trehalase (Fig. 1.9). Such an atypical sugar
metabolic pathway in CHM43 seems to represent a unique metabolic flux system; PPP
flux is bypassed to the trehalose synthesis and excretion, and the trehalose bypass might
mitigate excessive accumulation of energy or of reduced cofactors in the cell. Therefore,
it is likely that in G. frateurii, the otsAB disruption (the Wild AotsAB) strain alters
metabolic flux from trehalose synthesis to PPP directly. The increased PPP flux was
actually demonstrated in the mutant strain by means of acetic acid accumulation
concomitant with reduced trehalose production (Figs. 1.4, and 1.6), where acetic acid
could be produced from pyruvate via pyruvate decarboxylase and then NADP*-dependent
aldehyde dehydrogenase (Fig. 1.9). Consequently, NADPH could be produced mainly via
the activities of G6PDH and aldehyde dehydrogenase, and NADPH eventually
contributed to ROS reduction via NADPH-dependent ROS-scavenging enzymes (Fig.
1.11). Although the sfeP mutants, AD-G, Wild-G, and Wild AsteP, are also expected to
acquire (partial) thermotolerance by changing the metabolic flux to the PPP: increasing
the metabolic flux via G6P to the PPP, probably because of feedback inhibition of OtsA,
with trehalose accumulating inside the cells, as seen in other organisms (Murphy and
Wyatt, 1965; Oide and Inui, 2017). In addition, because the sfeP mutants were found to
have some defect in sorbose assimilation, sorbitol seems to be directly utilized instead of
sorbose in these cells. If this is the case, then some NADPH consumption will be
prevented by escaping the reduction step from sorbose to sorbitol (Fig. 1.9), as in
mannitol metabolism, where fructose converted from mannitol outside is metabolized
directly via the PPP. Thus, the sfeP mutants (including Wild-G) may increase the
NADPH/NADP" ratio by decreasing NADPH utilization, besides increasing the NADPH
level via the PPP flux.

Additionally, we found that even Wild AotsAB (Fig. 1.7) and Wild-G Aots4B
(data not shown) have a defect of sorbose assimilation just as the sfeP mutants do,
indicating that similar sorbitol utilization may occur in these strains and may contribute
to the increased NADPH/NADP™ ratio. Meanwhile, the findings suggest how the drug
transporter works simultaneously in trehalose efflux and in sorbose uptake. The
transporter of the Wild Aots4B strain should be active, but like the transporter-deficient
Wild-G and Wild-G AotsAB strains, the Wild AotsAB strain does not take up sorbose well,
possibly because of the absence of trehalose as the driving force. This notion needs to be
examined biochemically or confirmed more carefully in the future.

As described above, ROS could be released mainly by flavoproteins linked to
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the respiratory chain. Thus, ROS levels may be increased by a structural change of such
redox enzymes via a membrane fluidity change and/or via direct thermal denaturation
when strains are grown at higher temperatures. Nevertheless, the level of ROS generation
could be lowered in cells producing a higher level of ROS-scavenging enzymes.
Accordingly, the level of ROS generation may be low in the Wild-G or Wild AotsAB strain,
which may have a higher ROS-scavenging activity due to higher NADPH production.
Therefore, this study indicates that a metabolic change due to the defect in the
transporter inside the cells of G. frateurii CHM43, including the accumulation of
trehalose and the fluctuation between sorbose and sorbitol utilization, causes the

thermotolerant phenotype by reduction of ROS via increased generation of NADPH.
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CHAPTER 2

In vitro thermal adaptation of mesophilic Acetobacter pasteurianus NBRC 3283

generates thermotolerant strains with evolutionary trade-offs

ABSTRACT

Thermotolerant strains are critical for low-cost high temperature fermentation.
In this study, we carried out the thermal adaptation of 4. pasteurianus IFO 3283-32 under
acetic acid fermentation conditions using an experimental evolution approach from 37°C
to 40°C. The adapted strain exhibited an increased growth and acetic acid fermentation
ability at high temperatures, however, with the trade-oftf response of the opposite
phenotype at low temperatures. Genome analysis followed by PCR sequencing showed
that the most adapted strain had 11 mutations, a single 64-kb large deletion, and a single
plasmid loss. Comparative phenotypic analysis showed that at least the large deletion
(containing many ribosomal RNAs and tRNAs genes) and a mutation of DNA polymerase
(one of the 11 mutations) critically contributed to this thermotolerance. The relationship
between the phenotypic changes and the gene mutations are discussed, comparing with

another thermally adapted A. pasteurianus strains obtained previously.

2.1 INTRODUCTION

The industrial fermentation of microorganisms involves heat stress, whereby
mechanical and fermentation heat is generated in large-scale fermentors. Additionally, the
natural atmospheric temperature is currently on the rise as a result of global warming.
Therefore, a stricter control of temperatures using cooling systems is needed to carry out
stable fermentation reactions. However, thermotolerant microorganisms have the
potential to spare the industry these cooling and energy costs, and could be used for stable
fermentation at high temperatures with less, or even without, temperature control
(Matsushita et al., 2016; Hattori et al, 2012). Experimental evolution is one of the methods
used to obtain more thermotolerant microorganisms. Thermal adaptation has been
previously performed using various microorganisms, including Escherichia coli
(Rudolph et al., 2010; Tenaillon et al, 2012), Saccharomyces cerevisiae (Caspeta et al.,
2015), Acetobacter pasteurianus (Azuma et al., 2009; Matsutani et al, 2013), and
Gluconobacter frateurii (Hattori et al, 2012; CHAPTER 1). Furthermore, the analysis of
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the thermotolerant mechanism has also been performed using these strains.

Acetic acid bacteria (AAB) are Gram-negative strictly aerobic bacteria and are
known to have the ability to oxidize ethanol, sugars, or sugar alcohols to produce the
corresponding acids and ketones. They are also characterized by their ability to ferment
acetic acid, whereby a high concentration of acetic acid is produced from ethanol by
aerobic respiration, in a reaction consisting of two membrane-bound enzymes, alcohol
and aldehyde dehydrogenases, and terminal oxidases (Yakushi and Matushita, 2010).
AAB undergo diauxic growth during acetic acid fermentation (Kanchanarach et al.,
2010); the first growth stage is comprised by an ethanol oxidation step (acetic acid-
producing phase), and is followed by a period similar to a stationary phase (acetic acid-
resistant phase). Finally, the second growth stage occurs by assimilating the acetic acid
(acetic acid overoxidation phase) that is unfavorable for industrial vinegar fermentation.
Currently, industrial acetic acid fermentation is carried out in fermentation tanks, with a
culture temperature that is maintained at around 25-30°C via a cooling system. This
protects the cell growth and acetic acid from the heat generated by fermentation.
Therefore, thermotolerant AAB could be useful for a simultaneously stable and cost-
effective fermentation by sparing any cooling expenses.

Previously, the thermal adaptation of A. pasteurianus has been performed using
two different strains: Acetobacter pasteurianus NBRC 3283 (Azuma et al., 2009) and
Acetobacter pasteurianus SKU1108 (Matsutani et al., 2013). The former is a mesophilic
but relatively thermotolerant stain that was isolated in Japan, while the latter is a
thermotolerant strain isolated in Thailand. Adaptation was first carried out with A.
pasteurianus TFO 3283-01, one of the derivatives of NBRC 3283, on YPGD medium
without ethanol. Consequently, an adapted strain (3283-01/42C strain) able to grow at
42°C under non-fermentation (YPGD medium) condition was acquired (Azuma et al.,
2009), but the adapted strain could not ferment well at temperatures over 37°C. A similar
high-temperature adaptation was carried out using A. pasteurianus SKU1108 under the
acetic acid fermentation conditions on YPGD medium with 4% (v/v) ethanol. As a result,
two thermotolerant strains, T1 and TH-3, were independently obtained. The TH-3 strain
was able to successfully carry out acetic acid fermentation at 40°C (Matsutani et al., 2013).
In this study, the thermal adaptation of A. pasteurianus IFO 3283-32, a derivative of
NBRC 3283, was conducted under acetic acid fermentation conditions. The adapted strain
thus obtained had a total 12 mutations including a 64-kbp deletion, and exhibited a higher
growth and fermentation ability at 40°C while did a decreased ability at lower
temperatures. This phenotypic change of the adapted strain is discussed by comparing

several different thermally-adapted strains obtained in previous studies.
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2.2 MATERIALS AND METHODS
2.2.1 Bacterial strains and culture conditions

A. pasteurianus 1IFO 3283-32, a derivative of 4. pasteurianus NBRC 3283
(Azuma et al., 2009), was used for thermal adaptation. Six thermally-adapted strains
(NM-1 to NM-6) were obtained and used in this study. The thermally-adapted strains
3283-01/42C obtained from A. pasteurianus IFO 3283-01 (Azuma et al., 2009) and TH-
3 obtained from a thermotolerant A. pasteurianus SKU1108 (Matsutani et al., 2013) were
also used for comparison with the strains obtained in this study.

The strains were first inoculated in potato medium (20 g of glycerol, 5 g of
glucose, 10 g of yeast extract (Oriental Yeast, Tokyo, Japan), 10 g of polypepton (Nihon
Pharmaceuticals Co. Ltd., Osaka, Japan), and 100 mL of potato extract (Matsushita et al.,
1982) per 1 L distilled water) on plates from glycerol stock, then incubated at either 30°C
or 37°C (for adapted strains) for 2-3 days. The resulting colonies were inoculated into 5
mL of potato medium and cultivated at 30°C and 120 rpm for 12-24 hours. The seed-
culture was then transferred to 5 mL of fresh potato medium and cultivated at same
conditions until a turbidity of 150 Klett units, to be used as a pre-culture. The main culture
was carried out by inoculating 5 mL of the pre-culture into 100 mL of YPGD medium (5
g of yeast extract, 5 g of polypepton, 5 g of glycerol, and 5 g of D-glucose per 1 L distilled
water) containing 4% (v/v) ethanol (YPGDE medium) at various temperatures with
shaking at 200 rpm. The bacterial growth was measured with Klett-Summerson
photoelectric colorimeter. Acidity of culture medium at several growth phases was
measured by alkali-titration with 1 mL of culture and 0.8 N NaOH using 10 pL of 0.025%
phenolphthalein (tansition pH range: 8.3-10.0) as a pH indicator.

2.2.2 Thermal adaptation

The thermal adaptation of A. pasteurianus 1FO 3283-32 (growth-limiting
temperature of 37°C) was conducted by repeating passages of the culture at exponential
phase under growth-limiting temperatures. Repetitive cultivations were carried out by 5%
inoculation once the previous culture had reached the early log phase (acidity 1.0 to 1.5%
[w/v]). After the growth rate of each culture had increased and stabilized, the cultivating
solution of the final culture was spread onto a potato agar plate. The plate was incubated
at the indicated temperature, where the respective adaptation was carried out, to obtain
single colonies. The growth of the colonies obtained were compared at the respective high
temperatures to a liquid culture in YPGDE medium. The fastest growing strain was then

selected as the adapted strain and was used for the subsequent adaptation steps.
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2.2.3 Genome sequencing of A. pasteurianus NM-6

Chromosomal DNA was isolated from NM-6 cells grown on 5 mL of potato
medium at 30°C for 24 h. After harvesting the cells, chromosomal DNA was isolated
using the DNeasy Blood & Tissue Kit (Qiagen, Tokyo, Japan), following the
manufacturer’s instructions. The DNA concentration was measured and adjusted by
Nanodrop (Nanodrop Technologies, Wilmington, DE) before further use.

The draft genome sequence of the NM-6 strain was sequenced using the next-
generation sequencing (NGS) platform Illumina Hiseq 2000 (Hokkaido System Science
Co., Ltd., Hokkaido, Japan). The sequence data were assembled using Velvet 1.2.08
(Zerbino and Birney, 2008) with 484 genome coverage, resulting in a final assembly of
3,044,391 bp with 52.79% G+C content and a Nso length of 78,750 bp. The draft genome
sequence of NM-6 contained 241 contigs including, 145 large contigs (>1,000 bp),
generating 8,093,642 paired-end reads. The resulting draft genome assembly was used to

construct the genome map.

2.2.4 Sequence retrieval of wild type strain and mapping analysis of NM-6 strain
The previously published genome sequences of 4. pasteurianus IFO 3283-32
(GenBank accession numbers: NC 017102, NC 017103, NC_ 017111, NC_017112,
NC_017134, NC 017135, and NC _017149) (Azuma et al., 2009) were used as the
reference sequences for our genome mapping analysis. The [llumina sequence reads of
NM-6 were mapped to the reference sequences using Bowtie2 and BWA with default
parameters (Li and Durbin, 2009; Langmead et al., 2009). All single nucleotide
polymorphisms (SNPs) and indels were detected using SAMtools (ver. 0.1.18) (Ramirez-
Gonzalez et al., 2012) and Genome Analysis Toolkit (GATK) (McKenna et al., 2010;
DePristo et al., 2011). To confirm the nucleotide mutations detected in the adapted strain,
PCR was performed using the genomic DNA of the wild type and the adapted strain as a
template. The PCR products were purified using a MagExractor kit (Toyobo, Tokyo,
Japan), then directly sequenced using a capillary sequencer using a BigDye® Terminator

Cycle sequencing kit (Applied Biosystems, USA).

2.2.5 Intracellular reactive oxygen species (ROS) measurement

Cells were grown on YPGDE medium containing 2 uM H>DCFDA as the
fluorescence probe at 37°C. The growth temperature was then increased to 39°C after
incubating for 11 h. After a further 0 (11 h), 13 (24 h), and 24 (35 h) hours, the cells were
harvested by centrifuging 1 mL of culture at 9000 rpm for 5 min at 4°C. The resulting
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pellet was washed twice with 50 mM potassium phosphate buffer (pH 6.5) before
resuspending in 200 pL of the same buffer, followed by sonication. After a second round
of centrifugation (12000 rpm, 5 min, 4°C), the fluorescence of the supernatant was
measured. The ROS levels were determined by measuring the fluorescence intensity with
excitation at 504 nm and emission at 524 nm at a temperature of 25°C. The fluorescence
intensity was normalized against the protein concentration. The protein contents were

measured using the Lowry method with some modifications (Dulley and Grieve, 1975).

2.3 RESULTS
2.3.1 Adaptation of A. pasteurianus to high temperature acetic acid fermentation

A thermally-adapted strain (01/42C) previously obtained (Azuma et al., 2009)
did not ferment well at temperatures over 37°C, despite of growing well at 42°C under
non-fermentation (YPGD medium) conditions (Fig. 2.1 and Fig. 2.5(a)). In this study, to
obtain a strain able to produce acetic acid at higher temperatures, 4. pasteurianus 1IFO
3283-32 was adapted at the growth-limiting high temperatures in flask culture with
YPGDE medium (acetic acid fermentation conditions). Due to the stable characteristics
of IFO 3283-32 under acetic acid fermentation conditions, wherein the acetic acid is
barely overoxidized, this strain was selected for adaptation instead of IFO 3283-01.

The thermal adaptation procedure was carried out by gradually increasing the
cultivation temperature from 37°C to 40°C. The cultivation was first repeated at 37°C by
inoculating each preculture from the early log phase (acidity 1.0 to 1.5% [w/v]) into the
subsequent batch. The first culture exhibited some lag time before entering a rapid growth
phase. After repeating the cultivation 7 times, at which point the culture had virtually no
lag time, the culture was spread onto agar plates to obtain single colonies. The growth of
several colonies was compared in YPGDE liquid medium, whereby the fastest-growing
strain, NM-1, was selected as an adapted strain to 37°C. This strain was used for the
subsequent adaptation step at 38°C. The same thermal adaptation culturing was repeated
at 38.5°C, 39°C, 39.5°C, and 40°C (Fig. 2.2(a)). Fig. 1B and C show an example of the
final thermal adaptation of NM-5 carried out at 40°C. It used to be observed for the growth
of the second cultivation to be much slower than that of the first batch, resulting in a lower
production rate of acetic acid. However, the growth and acetic acid production rate were
found to gradually increase after repeated cultivations. The last culture after 14 passages
was plated, from which the fastest-growing colony was isolated, and denoted NM-6.
Overall, each of the six adapted strains (NM-1 to NM-6) were obtained step-by-step at
each adaptation process from 37°C to 40°C, respectively (Fig. 2.2(a)).
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Fig. 2.1. Comparison of growth and maximum acidity at 30. 37, and 40.4°C among

A. pasteurianus 1FO3283-32, NM-6, 01/42C and TH-3 strains. [FO 3283-32 (0), NM-

6 (®), 3283-01/42C () and TH-3 (A) were pre-cultured in potato medium until its

turbidity reached to 150 Klett unit. 5 mL of the pre-culture was transferred to 100 mL

YPGD with 4% (v/v) ethanol in 500-mL Erlenmeyer flask, and cultured at 30, 37 and

40.4°C at 200 rpm. (a) Acidity during the growth of each strains is shown. (b) The
maximum acidity of each strain at 30, 37, and 40.4°C is shown.

44



(a) at early log phase
37°C 38°C 38.5°C 39°C 39.5°C 40°C

A. pasteurianus gy \y 1 mmp NM-2 EEp NM-3 EED NM-4 EED NM-5EED NM-6
IFO 3283-32
7 times 13 times 11 times 13 times 12 times 14 times
~12days ~21days ~17 days ~21 days ~36 days ~50 days

total 157 days

a1
o

C))
Periods (h)
Cultivation  for acidity

/ times

Turbidity (Klett Unit)

1
2
3
4
5
6
7
8
9

Acidity (wiv %)

Fig. 2.2. Adaptation process to have 6 adapted strains, NM-1 to NM-6, from
Acetobacter pasuteurianus IFO 3283-32. (a) Adaptation process of NM strains. (b)
(c)Thermal adaptation process of NM-5 strain at 40°C. NM-5 strain was cultivated in
YPGDE (4%) repeatedly total 14 times. The growth (b) and acidity (c) of each culture
were monitored. When its acidity reached to 1.0% (w/v), of which the timing is shown in
(d), the culture was transferred to a fresh medium. Arrows indicate an isolation point
where the culture was spread on potato agar plate to isolate NM-6 strain.

2.3.2 Characterization of the adapted strains

In order to characterize the adapted strains, the growth of these strains was
compared at various temperatures under acetic acid fermentation conditions (Fig. 2.3). At
30°C, the NM strains showed strikingly low turbidity and acetic acid productivity
compared with the parental strain [FO 3283-32. The maximum acidity of [FO 3283-32
was 3.5% (w/v), while that of the NM strains did not even reach 3% (w/v). Of the NM
strains, NM-1 exhibited a slightly higher growth and acidity than the other NM strains at
30°C. On the other hand, at 37°C, the acetic acid production of the parent strain decreased
compared to production at 30°C, while all the NM strains showed increased levels of
acetic acid production. Although the turbidity and maximum acidity of [IFO 3283-32 were
a slightly higher than the other strains at 37°C, after increasing the temperature to 40.4°C,

the parental strain was unable to grow, while all the NM strains grew well. Nevertheless,
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the growth level was different from strain to strain. NM-1 and NM-2 grew after a lag time
of 5 days. NM-3 and NM-4 grew after a lag time of 4 and 2 days, respectively. NM-5 and
NM-6 grew without a lag time and showed a higher turbidity than the other strains. It
should be noted that the growth of these last two strains was similar, however, the acidity
of NM-6 was higher than that of NM-5.

Fig. 2.4 summarizes the comparison of maximum acidity, defined as the highest
acidity within 3 days, among the IFO 3283-32 and NM strains. The maximum acidity of
the parental strain decreased sharply at temperatures over 37°C, while that of the NM
strains either gradually increased or decreased slightly at higher temperatures (Fig. 2.4(a)).
The highest maximum acidity of all the NM strains was obtained at 37°C or over. The
maximum acidity at 30°C was decreased, in order, from the parental strain to NM-6 (Fig.
2.4(b)), while that over 40°C was increased in the opposite order. These results suggested
that optimum temperature for acetic acid fermentation was increased to a higher
temperature in the NM strains and consequently, the NM strains acquire the fermentation
ability at higher temperature.

In order to confirm whether the thermotolerance of the adapted strains is
dependent on the fermentation condition or not, the growth of the parental strain and the
NM strains was compared on YPGD and YPGDE (containing 4% [v/v] ethanol) agar
plates. The NM strains grew on both YPGD and YPGDE media up to 40°C, whereas the
parental IFO 3283-32 strain failed to grow at this temperature (Fig. 2.5(a, b)). On the
YPGDE agar plate (Fig. 2.5(b)), IFO 3283-32 grew poorly at 30°C and 37°C compared
with YPGD medium. This result is at a contrast to those obtained for the NM strains,
which were found to grow on both the YPGDE and YPGD media in a similar manner.
These results suggest that the NM strains acquired thermotolerance independent of the
fermentation conditions during the course of adaptation.

It has been previously shown that the generation of ROS is increased when
microbes are grown at high temperatures (CHAPTER 1; Davidson et al., 1996; Chang et
al., 2017; Nantapong et al., 2019). In order to investigate the relationship between
thermotolerance and ROS generation in NM-6 strain, the intracellular ROS levels were
compared among the parental and NM-6 strains. The strains were first cultivated for 11 h
at 37°C, after which the growth temperature was increased to 39°C (Figure 2.6). The ROS
levels of NM-6 were lower than those of IFO 3283-32, even at 37°C (11 h). After
increasing the temperature to 39°C, the ROS levels increased in both strains, however,
NM-6 showed lower ROS levels than IFO 3283-32 in all growth phases.
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Fig. 2.3. Comparison of acetic acid fermentation among parental and adapted
strains at 30, 37 and 40.4°C. IFO 3283-32 and NM strains were pre-cultured in potato
medium until its turbidity reached to 150 Klett unit. 5 mL of the pre-culture was
transferred to 100 mL YPGD medium with 4% (v/v) ethanol in 500-mL Erlenmeyer flask,
and cultured at 30, 37 and 40.4°C at 200 rpm. The growth (a) and acidity (b) of the parent
(O), NM-1 (l), NM-2 (A\), NM-3 (@), NM-4 ([J), NM-5 (A), and NM-6 (4).
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Fig. 2.4. Relation between maximum acidity and growth temperatures among
parental and adapted strains. (a) The maximum acidity, defined as the highest acidity
within 3 days, of the parent (O), NM-1 (l), NM-2 (A), NM-3 (@), NM-4 ((J), NM-5
(A), and NM-6 (@) were determined at different temperatures. (b) Comparison of the
maximum acidity of each strain determined at 30 (white column) and 40.4°C (grey
column). Vertical error bars show SD calculated at least three independent experiment.
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Fig. 2.5. Comparison of plate-culture growth of each strain at 30, 37, and 40°C.

A. pasteurianus IFO 3283-32 and the adapted NM-1 to NM-6 strains were diluted with
0.85% (w/v) NaCl and spotted on YPGD (a) and YPGDE containing 4% (v/v) ethanol (b)
media solidified with 1.5% (w/v) agar to be incubated for 48 h. 3283-01/42C strain was
also dotted for the comparison.
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Fig. 2.6. Comparison of ROS levels between A. pasteurianus IFO 3283-32 and NM-
6 strains. [FO 3283-32 and NM-6 were pre-cultured in potato medium until its turbidity
reached to 150 Klett unit. 5 mL of the pre-culture was transferred to 100 mL YPGD with
4% (v/v) ethanol containing 2 uM HoDCFDA in 500-mL Erlenmeyer flask, and cultured
at 37°C at 200 rpm. Growth temperature was shifted to 39°C after incubation for 11 h.
The fluorescent intensity of [FO 3283-32 (white column) and NM-6 (grey column) strains
was measured at 11h (before shifting), 24h, and 35h. Vertical error bars show SD
calculated at least three independent experiment.
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2.3.3 Genome-wide analysis of thermally-adapted strains

Since A. pasteurianus was previously demonstrated to be genetically unstable
via genome analysis (Azuma et al., 2009), we postulated that this was the result of SNPs
or transposon insertions occurring during short-term thermal adaptation. Therefore, in
order to identify the sites of mutations during thermal adaptation, the genome of NM-6
was analyzed using genome mapping for comparison against the genome of the [FO 3283-
32 strain. As a result, 19 nucleotide substitutions and 2 plasmid deletions were detected
in the NM-6 strain (Table 2.1). The mutation sites in NM-6 were confirmed using PCR
sequencing, with the exception of two intergenic regions, which were not read by PCR.
In the confirmed 17 mutation sites, 10 mutations were single nucleotide substitutions,
three were indels (3-bp insertion, 1-bp deletion, and a large deletion), and four were
transposon insertions (Tn). The large deletion was 64-kb long (2.2% of the whole genome
size) and contained the genes for APA32-14210 to APA32-14740. This region largely
overlapped with the large deletion region previously found in the 3283-01/42C thermally-
adapted strain (Azuma et al., 2009) (Table 2.2). In order to determine when the mutations
occurred at each adaptation step, all the mutation sites detected in NM-6 were examined
by PCR sequencing against other NM strains and the parental strain. The results showed
that, of the mutations occurring in NM-6, 5 mutations (3 Tn and 2 nucleotide
substitutions) and 1 plasmid (NC_017102) deletion were found in the [FO 3283-32 strain
used in this study (Table 2.3). Thus, it was estimated that a total 13 genomic changes, 11
mutations (8 nucleotide substitutions, 2 indels, and 1 Tn), 64-kbp genome deletion, and 1
plasmid lost, occurred in the strain NM-6, obtained after the thermal adaptation of the
parental IFO 3283-32 strain. Of these NM-6 mutations (13 items), 1, 4, 6, 7, and 10
mutations were found in NM-1 to NM-5, respectively, as well as a single plasmid deletion
in NM-3 to NM-5 (Table 2.3).

NM-1 showed clear phenotypic differences from IFO 3283-32 (the parental
strain used in this study), i.e. the growth and acetic acid productivity of NM-1 was lower
than that of IFO 3283-32 at under 37°C (Fig. 2.3), and the growth-limiting temperature
of NM-1 was higher than that of IFO 3283-32 (Fig. 2.4). Since the only mutation in NM-
1 was a single large deletion in the genome, this mutation may account for the increased
acetic acid productivity at over 40°C and the decreased productivity at under 37°C. This
large deletion region contained 54 genes, some of which may play important roles in
thermotolerance, as will be discussed later.

The NM-2 strain had 3 mutations, including three nucleotide substitutions. As
described above, the growth rate of NM-2 was lower than that of NM-1 at 30°C (Fig. 2.3),
whereas the growth limiting temperature was slightly higher than that of NM-1 (Fig. 2.4).
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Therefore, some of these mutations could be related to thermotolerance in NM-2.
Although there were two mutations and a 1.8-kb plasmid (NC_017112) deletion
in NM-3, these may not be related to thermotolerance as the maximum acidity and growth
temperature (Fig. 2.4) did not vary greatly between NM-2 and NM-3. On the other hand,
the DNA polymerase III subunit alpha, a mutation found in NM-4, may be responsible
for the thermotolerance of NM-4, as this strain showed clearly higher acetic acid
productivity than NM-3 at 40.4°C (Fig. 2.3). Although a further 3 mutations were found
in NM-5, there was only a slight difference in the thermotolerance between NM-4 and
NM-5 (Fig. 2.3 and 2.4). Meanwhile, NM-6 exhibited a higher acetic acid productivity at
40.4°C than NM-5 (Fig. 2.3 and 2.4). Therefore, either of the two mutations, alanyl-tRNA

synthetase or murein transglycosylase, found in NM-6 may contribute thermotolerance.
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Table 2.1. Mutation in NM-6.

insilico prediction . . .
n vitro experiment

form NGA data
mutatio
orf Ref. CHRO validated nal
product number  length M POS REF ALT mutation  pattern
glutamate
synthase small APA32 NC 017  1583812- TTTCC  64kblarge  large
subunit 14740 2904642 111 1583823 TT GCGTT gap deletion
(intergenic NC 017
region) - 2904642 111 637436 G A G->A -
ATA-
APA32 NC 017 TATAA >ATAAT
glycerol kinase 12550 2904642 111 1314447 TATA TA A 342L
tRNA delta(2)-
isopentenylpyro
phosphate APA32_ NC 017
transferase 19280 2904642 111 2101588 C A C->A E325*%
transcriptional APA32 NC 017  2288819- AGTGC 282
regulator LysR 21040 2904642 111 2288822 A TA transposon  (split)
transcriptional
regulator APA32 NC 017
TraR/DksA 25740 2904642 111 2784137 G T G->T R67L
DNA
polymerase 111 APA32 NC 017
subunit alpha 19490 2904642 111 2126361 A T A->T L.278Q
hypothetical APA32_ NC 017
protein 01670 2904642 111 185772 C T C->T P115S
30S ribosomal APA32 NC 017
protein S6 09930 2904642 111 1039762 G A G->A G108D
D-methionine
transporter
substrate-
binding
periplasmic APA32_ NC_017 112
protein 21920 2904642 111 2382964 TA T TA->T (split)
alanyl-tRNA APA32 NC 017
synthetase 07840 2904642 111 817203 G A G->A AT710V
murein APA32 NC 017
transglycosylase 23030 2904642 111 2498006 G A G->A P119S
(intergenic NC 017
region) - 2904642 111 594115 C G -
(intergenic NC 017 83013-
region) - 182940 149 83021 T A -
transcriptional APA32_ NC_017 158
regulator 03030 2904642 111 315925 TA TACA  transposon  (split)
(intergenic NC 017  1097243- GCACT
region) - 2904642 111 1097248 G AC transposon -
APA32 NC 017
glycerol kinase 12550 2904642 111 1315060 C G C->G A138P
aspartate:alanin APA32_ NC 017
e antiporter 15500 2904642 111 1672667 C T C->T G333D
(intergenic NC 017
region) - 191443 134 596-606 T A transposon -
pAPA32 NC 017 plasmid plasmid
plasmid _040 3204 102 deletion deletion
pAPA32 NC 017 plasmid plasmid
plasmid 060 1815 112 deletion deletion
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Table 2.2. List of deletion genes.

Deletion
M 01/42

Location  Length  Synonym Product strain C
1456325.. APA32
1457194 289 13760 TonB-dependent receptor - +
1457534.. APA32
1458889 451 13770 transporter - +
1458955.. APA32
1460391 478 13780 hypothetical protein - +
1460651.. APA32
1462036 461 13790 transposase - +
1462555.. APA32
1463382 275 13800 D-galactonate transporter - +
1463426.. APA32
1464865 479 13810 transposase - +
1465031.. APA32
1465591 186 13820 D-galactonate transporter - +
1465746.. APA32
1466654 302 13830 transcriptional regulator LysR - +
1466782.. APA32
1468569 595 13840 dihydroxy-acid dehydratase - +
1468622.. APA32
1469446 274 13850 2,4-dihydroxyhept-2-ene-1,7-dioic acid aldolase - +
1469676.. APA32
1470125 149 13860 N-acyl-D-glutamate deacylase - +
1470160.. APA32
1471134 324 13870 transposase - +
1471068.. APA32
1472582 504 13880 N-acyl-D-glutamate deacylase - +
1472588.. APA32
1473484 298 13890 transcriptional regulator LysR - +
1473649.. APA32
1474806 385 13900 alcohol dehydrogenase iron-containing - +
1474852.. APA32
1476213 453 13910 sugar transporter - +
1476240.. APA32
1477733 497 13920 aldehyde/methylmalonate-semialdehyde dehydrogenase - +
1478038.. APA32_  nitrate/sulfonate/bicarbonate transporter substrate-binding
1479030 330 13930 periplasmic protein - +
1479051.. APA32
1480013 320 13940 nitrate/sulfonate/bicarbonate transporter permease protein - +
1480013.. APA32_ nitrate/sulfonate/bicarbonate transporter ATP-binding
1480927 304 13950 protein - +
1480939.. APA32
1481418 159 13960 transcriptional regulator CopG - +
1481460.. APA32
1482263 267 13970 hypothetical protein - +
1482280.. APA32
1482924 214 13980 hypothetical protein - +
1482943.. APA32
1486482 1179 13990 urea amidolyase - +
1486488.. APA32
1488323 611 14000 amidase - +
1488559.. APA32
1489503 314 14010 arylesterase - +
1489808.. APA32
1495834 2008 14020 DNA helicase - +
1496173.. APA32
1497324 383 14030 acyl-CoA dehydrogenase - +
1497515.. APA32
1499149 544 14040 outer membrane protein - +
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1499410.. APA32

1500732 440 14050 transposase

1500749.. APA32

1501492 247 14060 outer membrane protein
1501652.. APA32

1501954 100 14070 heme oxygenase

1501969.. APA32

1503219 416 14080 transposase

1503399.. APA32

1503845 148 14090 transposase

1504209.. APA32

1505513 434 14100 sugar transporter

1505963.. APA32

1507309 448 14110 monooxygenase

1507342.. APA32

1509615 757 14120 outer membrane siderophore receptor
1509738.. APA32

1510277 179 14130 flavin mononucleotide (FMN) reductase
1510284.. APA32

1511774 496 14140 sugar transporter

1511780.. APA32

1513228 482 14150 hypothetical protein

1513236.. APA32

1514399 387 14160 alkanesulfonate monooxygenase
1514402.. APA32

1515832 476 14170 monooxygenase

1515829.. APA32

1517109 426 14180 acyl-CoA dehydrogenase
1517535.. APA32

1518083 182 14190 acyl-CoA dehydrogenase
1518080.. APA32

1518700 206 14200 nitroreductase

1519658.. APA32

1520701 347 14210 transposase

1520680.. APA32

1521096 138 14220 transposase

1521169.. APA32

1521261 30 14230 type I DNA methyltransferase M subunit
1521728.. APA32

1523113 461 14240 transposase

1523493.. APA32

1524077 194 14250 type I DNA specificity S subunit
1524107.. APA32

1525906 599 14260 type I/I1I endonuclease/restriction R subunit
1526049.. APA32

1527434 461 14270 transposase

1527537.. APA32

1529072 511 14280 type I endonuclease/restriction R subunit
1529075.. APA32

1529812 245 14290 metal-dependent hydrolase
1530008.. APA32

1531318 436 14300 hypothetical protein

1531360.. APA32

1531797 145 14310 hypothetical protein

1531794.. APA32

1532141 115 14320 transposase

1532207.. APA32

1533157 316 14330 transposase

1533161.. APA32

1534600 479 14340 transposase

1535142.. APA32

1535969 275 14350 transposase
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1535966.. APA32

1536229 87 14360 transposase

1536390.. APA32

1536466 77 14370 Met tRNA

1536520.. APA32

1536638 119 14380 5S ribosomal RNA of rrnE operon
1536866.. APA32

1539475 2610 14390 23S ribosomal RNA of rrnE operon
1539820.. APA32

1539895 76 14400 Ala tRNA

1539920.. APA32

1539996 77 14410 Ile tRNA

1540233.. APA32

1541672 1440 14420 16S ribosomal RNA of rrnE operon
1542062.. APA32

1544575 837 14430 excinuclease UvrABC subunit A UvrA
1544697.. APA32

1545953 418 14440 C4-dicarboxylate transporter

1546126.. APA32

1546767 213 14450 thiopurine S-methyltransferase
1546892.. APA32

1547536 214 14460 glutaredoxin

1548054.. APA32

1549583 509 14470 alpha-ketoglutarate transporter
1549685.. APA32_ cobalamin(vitamin B12) biosynthesis protein cobalt-
1550758 357 14480 precorrin-6A biosynthesis protein CbiD
1550763.. APA32

1551521 252 14490 precorrin-4 C(11)-methyltransferase
1551522.. APA32

1551896 124 14500 cobalamin(vitamin B12) biosynthesis protein CbiG
1551893.. APA32_ cobalamin(vitamin B12) biosynthesis protein Precorrin-6Y
1553137 414 14510 C5,15-methyltransferase

1553226.. APA32

1554029 267 14520 precorrin 6x reductase

1553999.. APA32

1554757 252 14530 precorrin-3B C(17)-methyltransferase
1554754.. APA32

1555479 241 14540 precorrin-2 C(20)-methyltransferase
1555480.. APA32  cobalamin(vitamin B12) biosynthesis protein Precorrin-8X
1556109 209 14550 methylmutase CobH

1556096.. APA32_ cobalamin(vitamin B12) biosynthesis protein Precorrin-3B
1557328 410 14560 biosynthesis protein CobG

1557498.. APA32

1558037 179 14570 hypothetical protein

1558079.. APA32

1559527 482 14580 fumarate hydratase

1559856.. APA32

1561790 644 14590 hypothetical protein

1561797.. APA32

1562765 322 14600 transcriptional regulator Fis

1562891.. APA32

1563784 297 14610 hypothetical protein

1563872.. APA32

1566328 818 14620 glucose dehydrogenase

15666609.. APA32

1568165 498 14630 hypothetical protein

1568616.. APA32

1569959 447 14640 Na+/H+ antiporter

1570052.. APA32

1571503 483 14650 hypothetical protein

1571500.. APA32

1571847 115 14660 hypothetical protein
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1572420..

1572797

1572871..

1573953

1573953..

1575827

1575927..

1577129

1577160..

1578176

1578185..

1579195

1579213..

1582800

1582802..

1584556

125

360

624

400

338

336

1195

584

APA32_
14670
APA32_
14680
APA32_
14690
APA32_
14700
APA32_
14710
APA32_
14720
APA32_
14730
APA32_
14740

hypothetical protein

transporter

hypothetical protein

acetate kinase

phosphate acetyl/butaryl transferase
dihydroorotate dehydrogenase

pyruvate ferredoxin/flavodoxin oxidoreductase

glutamate synthase small subunit
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Table 2.3. Mutation history of adapted strains.

IFO
ORF 328 NM NM NM NM NM NM

Product No. Mutational pattern 32 -1 -2 -3 -4 -5 -6
APA32 large

Large deletion 14740 deletion - + + + + + +

(intergenic region) - NS* - - - + + + + +
APA32 3-bp

Glycerol kinase 12550 insertion 342L - - + + + + +

tRNA delta(2)-isopentenyl APA32 E325

pyrophosphate 19280 NS (FS**) - - + + + + +

282

Transcriptional regulator APA32 split

LysR 21040 Tn*** (FS) - - - + + + +

Transcriptional regulator APA32

TraR/DksA 25740 NS R67L - - - + + + +

DNA polymerase I subunit APA32

alpha 19490 NS L278Q - - - - + + +
APA32_

Hypothetical protein 01670 NS P115S - - - - - + +
APA32_

308 ribosomal protein S6 09930 NS G108D - - - - - + +

D-methionine transporter 112

substrate-binding APA32 1-bp split

periplasmic protein 21920 deletion (FS) - - - - - + +
APA32_

Alanyl-tRNA synthetase 07840 NS A710V - - - - - - +
APA32_

Murein transglycosylase 23030 NS P119S - - - - - - +

(intergenic region) - NR*#** -

(intergenic region) - NR -

158

APA32_ split

Transcriptional regulator 03030 Tn (FS) + + + + + + +

(intergenic region) - Tn - + + + + + + +
APA32_

Glycerol kinase 12550 NS A138P + + + + + + +
APA32_

Aspartate:alanine antiporter 15500 NS G333D + + + + + + +

(intergenic region) - Tn - + + + + + + +
pAPA32

Plasmid _040 plasmid deletion + + + + + + +
pAPA32

Plasmid _060 plasmid deletion - - - + + + +

+ denote mutations.

*NS: Single nucleotide substitution; **FS: Frameshift mutation; ***Tn: Transposon insertion, ****NR: not read by
PCR sequencing.
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2.4 DISCUSSION

In this study, six thermally-adapted strains were obtained by the gradual thermo-
adaptation of 4. pasuteurianus IFO 3283-32 under acetic acid fermentation conditions.
These strains were found to grow well at high temperatures, resulting in increased
optimum fermentation temperatures (Fig. 2.3 and 2.4). However, the maximum cell
growth and acetic acid production of the adapted NM strains decreased at lower
temperatures, such as at 30°C and 35°C (Figures 2 and 3). This trade-off of the growth
rate between lower and higher temperatures has been previously reported in Escherichia
coli (Rudolph et al., 2010) and Saccharomyces cerevisiae (Caspeta et al., 2015). The
3283-01/42C strain, a thermally-adapted strain from A. pasteurianus IFO 3283-01 under
non-fermentation conditions (Azuma et al., 2009), also showed decreased acetic acid
fermentation at lower temperatures (30-35°C) (Fig. 2.1), similar to NM-6. However,
differences in the NM-6 and 3283-01/42C strains were observed in terms of their
fermentation ability at much higher temperatures, around 40°C; NM-6 exhibited almost
the same fermentation ability around 40°C as at 37°C. On the other hand, the fermentation
ability of 3283-01/42C decreased considerably at 40°C compared to 37°C (Fig. 2.1). This
may result from the difference in the adaptation conditions, i.e. fermentation vs. non-
fermentation. The NM strains have many additional mutations compared with the
mutations in 3283-01/42C (Azuma et al., 2009), as described below. In contrast, the TH-
3 strain thermally-adapted from A. pasuteurianus SKUI1108 under fermentation
conditions (Matsutani et al., 2013), similar to the adaptation performed for the NM strains,
did not show any trade-off phenomena; the acetic acid fermentation ability was the same
at 30-37°C, and was relatively high at temperatures as high as 40°C (Fig. 2.1). The
differences between the NM strains and the TH-3 strain may be due to the difference in
the mutations occurring in these strains, which will be described later.

Comparative genome and PCR analysis indicated that the NM-6 strain
experienced eleven mutations, a 64-kbp genome deletion, and a plasmid deletion during
the thermal adaptation process. The large 64-kbp deletion (54 genes) occurred at the early
adaptation step, in NM-1, and overlapped the large deletion (72 genes) in 3283-01/42C.
This overlap region was made up of 27 genes containing 3 tRNAs and a ribosomal RNA
operon, in addition to several metabolic genes (Table 2.2). The large deletion, the only
genomic change in NM-1, could be related to the increased thermotolerance, as well as
the decreased growth at lower temperatures, of the strain, most likely via loss of the tRNA
and rRNA genes (Table 2.2 and Table 2.3). Such the trade-off phenotype was observed in
3283-01/42C, which has this same gene deletion in the overlap region. In addition, the

large deletion also includes Cy-dicarboxylate transporter gene (Matsutani et al., 2013),
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the defects of which have been shown to play important roles in the thermotolerance of
the TH-3 strain (unpublished data). Furthermore, besides the NM-1 strain, NM-4 and
NM-6 showed a clearly increased thermotolerance compared to the pre-adapted strains,
NM-3, and NM-5, respectively. The mutation of the DNA polymerase III alpha subunit
(in NM-4), as well as alanyl-tRNA synthetase or murein transglycosylase (in NM-6),
could contribute to thermotolerance since only the genes corresponding to these enzymes
were mutated by the thermal adaptation process. It should be noted that DNA polymerase
IIT alpha subunit has a mutation, L.278Q, which was found to be near the active sites,
D399, D401, and D555, in the modeled structure (Fig. 2.7), and thus expected to induce
some functional change.

Thus far, most of the mutation sites in the NM strains have been expected to be
related to replication and translation, the former of which includes the mutation of DNA
polymerase (NM-4), while the latter include 3 tRNAs and 3 rRNAs found in a large
deletion region (NM-1), as well as mutations in ribosomal protein S6 (NM-5) and alanyl-
tRNA synthetase (NM-6). It has been reported that decreasing the rRNA operon copy
induces a lower transcription/translation level in E. coli (Condon et al., 1995; Gyorfy et
al., 2015), and that bacteria with low rRNA operon copies exhibit a high carbon use
efficiency such that the utilized carbon source is being efficiently converted to biomass
C (Roller et al., 2016). Thus, the NM strains are expected to have decreased abilities for
replication and translation, and also have an energy conservation due to the depressed but
efficient metabolic activity. This could be also related to the reduced ROS generation
observed in the NM-6 strain by compared with the parental strain (Fig. 2.6). Similar
results have been recently found in thermally-adapted strains of E. coli and Zymomonas
mobilis (Kosaka et al., 2019), where decreased RNA and/or DNA level and reduced ROS
generation are observed in E. coli and Z. mobilis, respectively. The large genome deletions
found in the NM strains and in the 3283-01/42C strain are also expected to lead a direct
replication in energy saving due to the decreased genome size (2.2% and 3.2% decrease,
respectively). This large genome deletion was not found in the thermally-adapted TH-3
strains. Thermotolerant SKU1108 (parental strain of TH-3) isolated in a tropical area is
naturally thermotolerant (Saeki et al., 1997), while mesophilic NBRC 3283 (parental
strain for NM strains or 3283-01/42C) suffers from more stress during high temperature
thermal adaptation than SKU1108, such that NBRC 3283 may require drastic changes,
such as a large genome deletion. Thus, via energy conservation and reduced ROS
generation, the adapted strains may enhance their survival under conditions of stress,
which may enable acetic acid fermentation stable even at higher temperatures.

Above findings suggest that the decreased replication and translation ability of
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the adapted strains may result in decreased cell growth but also energy saving, which may
lead to an increased survival ability under stress conditions, such as high temperature and
the presence of acetic acid. At the same time, the ability for cells to grow more slowly is
part of a trade-off response, i.e. decreased cell growth at lower temperatures. This type of
trade-off phenotype is observed in the thermally-adapted strain of mesophilic AAB,
Komagataeibacter medellinensis NBRC3288 (unpublished results). However, in the case
of the TH-3 strain of 4. pasteurianus SKU1108, where the cells grow well at both lower
and higher temperatures, this strain exhibits a higher acetic acid fermentation ability at
any temperatures compared to the parental strains (Matsutani et al., 2013). The TH-3
strain has 11 mutations, none of which were replication or translation-related mutations.
Instead, this strain had three important mutations in relation to thermotolerance, two of
which were defective mutations in the amino acid transporter (Matsutani et al., 2013) and
in the dicarboxylate transporter (unpublished results). These mutations were also found
in the NM-6 genome; methionine transporter binding protein (flame shift mutation) and
dicarboxylate transporter in the large deletion region. Thus, the NM-6 strain may exert

both a trade-off response and a thermotolerant response to become thermotolerant.
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Fig. 2.7. Comparative-modeling structure of DNA polymerase Polllla. In E. coli, DNA
polymerase I1I is replicative DNA polymerase constituted of a ten-subunit complex with an alpha
subunit as the catalytic subunit [1]. Using Protein BLAST to investigate the A. pasteurianus
enzyme using APA32 19490 as the query sequence, a homologous protein with 41% identity was
found in the PDB data (PDB code: SFKU)[2]. SFKU is a crystal structure of the DNA polymerase
Il alpha, beta, epsilon, and tau complex of E. coli. It was investigated that the relationship
between the active sites and mutation site in the 3D structure generated based on the crystal
structure of DNA polymerase III alpha. (a) The superimposed comparative modeling structure of
APA32 19490 and Polllla mutant (L278Q). The comparative modeling was performed by
SWISS-MODEL server [3] and resulting two models were superimposed using MaxCluster base
on their Ca-carbon coordinate [4, 5]. The red color show conformation change of mutant Polllla.
The crystal structure of Polllla from E. coli K-12 (PDB code:5FKU) was used as template
structure. (b) and (c) A close-up of the active site (D399, D401, D555) of Polllla and putative
mutation site (L278) of NM-6. Active sites of Polllla are colored in yellow. Mutation site of NM-

6 is colored in cyan.
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CHAPTER 3

Thermal adaptation of acetic acid bacteria for practical high-temperature vinegar

fermentation

ABSTRACT

Thermotolerant microorganisms are useful for high-temperature fermentation.
Several thermally adapted strains were previously obtained from Acetobacter
pasteurianus in a nutrient-rich culture medium, while these adapted strains could not
grow well at high temperature in the nutrient-poor practical culture medium, ‘rice
moromi’. In this study, 4. pasteurianus K-1034 originally capable of performing acetic
acid fermentation in rice moromi, was thermally adapted by experimental evolution using
a ‘pseudo’ rice moromi culture. The adapted strains thus obtained were confirmed to grow
well in such the nutrient-poor media in flask or jar-fermentor culture up to 40°C or 39°C;
the mutation sites of the strains were also determined. The high-temperature fermentation
ability was also shown to be comparable with a low-nutrient adapted strain previously
obtained. Using the practical fermentation system, ‘Acetofermenter’, acetic acid
production was compared in the moromi culture; the results showed that the adapted
strains efficiently perform practical vinegar production under high-temperature

conditions.

3.1 INTRODUCTION

Acetic acid bacteria (AAB) are capable of oxidizing sugar, alcohol, and sugar
alcohol, and are thus used for vinegar production or acetic acid fermentation, where
ethanol is oxidized to acetic acid via acetaldehyde. Acetic acid fermentation is generally
carried out at around 30°C, but the culture temperature increases by the fermentation heat
generated in the submerged culture. Thus, strict temperature control is needed to perform
good fermentation over 5% acidity. Thermotolerant microorganisms are beneficial for
industrial fermentation because they facilitate stable fermentation with reduced cooling
costs. Experimental evolution is an efficient approach to obtain mutants that are highly
tolerant to stressors, with high productivity, or grow at higher rates (Sandberg et al., 2019).
We have succeeded in obtaining many strains adapted to higher temperatures from several

fermentative bacteria, including both mesophilic and thermotolerant species; all these
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thermally adapted strains have been shown to acquire 2—-3°C higher growth temperatures
(Matsushita et al., 2016). In a previous study, we obtained thermotolerant strains from
AAB by experimental evolution and tried to clarify their thermotolerance mechanism
(Matsushita et al., 2016; Matsutani et al., 2013). These thermally adapted strains from
Acetobacter pasteurianus and Komagataeibacter oboediens could produce acetic acid at
temperatures over 39°C under acetic acid fermentation conditions (Matsutani et al., 2013;
Taweecheep et al., 2019; CHAPTER 2). These “experimental evolution” experiments to
obtain thermotolerant AAB had been carried out in a nutrient-rich medium including yeast
extract (YE) and peptone for the acetic acid fermentation conditions. However, industrial
acetic acid fermentation is performed in a nutrient-poor medium. Rice vinegar, popular
vinegar in East and Southeast Asia, is produced from rice, koji, yeast, and water,
performing a simultaneous saccharification and alcohol fermentation followed by acetic
acid fermentation. The fermentation mash generated from the alcohol fermentation is
called as '"rice moromi", in which the nutrients are consumed during alcoholic
fermentation. Therefore, acetic acid fermentation is performed under relatively nutrient-
poor condition, and thus improved by nutrient supplementation. The cell growth was
increased by several amino acids, especially proline in Acetobacter malorum (Qi et al.,
2017), and also the acetic acid production as well as the cell growth was done by aspartate
or glutamate in 4. pasteurianus (Yin et al., 2017). The stress tolerance of bacteria is also
reported to be weakened in nutrient-poor conditions or inversely increased by the addition
of some nutrients. Addition of magnesium ions was reported to increase thermotolerance
in Lactobacillus (Yang et al., 2017) and also to repress the heat shock response and
ethanol stress in Saccharomyces cerevisiae (Birch and Walker, 2000). In S. cerevisiae,
ethanol tolerance was shown to be enhanced by increased potassium ion concentrations
in the culture medium (Lam et al., 2014). Furthermore, in an Acetobacter aceti WK strain,
the acetification ability reduced at higher temperatures was suppressed by the addition of
calcium ions (Krusong et al., 2015). Thus, nutrient conditions are important for acetic
acid fermentation under stressful conditions, including high temperatures.

To achieve stable and practical acetic acid fermentation (vinegar production) in
rice moromi at high temperatures, a thermotolerant strain that is also able to grow well in
nutrient-poor conditions needs to be developed. Recently, experimental adaptation of a
thermally adapted strain from A. pasteurianus SKU1108 performed using jasmine rice
wine culture, and a G-40 strain adapted to nutrient-poor medium was obtained to produce
significantly high acetic acid production in jasmine rice wine (Phathanathavorn et al.,
2019). In this study, we tried another approach for practical high-temperature acetic acid

fermentation with rice moromi; thermal adaptation of Acetobacter pasteurianus K-1034,
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a strain originally adapted to moromi, was performed by experimental evolution under

nutrient-poor conditions.

3.2 MATERIALS AND METHODS
3.2.1 Bacterial strains and culture conditions

Acetobacter pasteurianus K-1034, a laboratory stock strain of 4. pasteurianus
NBRC 3284, was used in this study for the thermal adaptation experiments. NBRC 3284
strain was obtained from Institute of Fermentation Osaka 35 years before, and then
preserved using a freeze-drying method for the first 22 years and then a liquid-drying
method for another 13 years. The freeze-dried culture was revived in PGY medium (10 g
of polypepton (Nihon Pharmaceutical Co., Tokyo, Japan), 10 g of glucose, 10 g of BBL
Yeast extract (Becton, Dickinson and Co., Erembodegem, Belgium), 10 g of acetic acid,
and 30 mL of ethanol per liter distilled water), and then preserved again by freeze-drying.
This procedure was continued every other year for 22 years. For the next 13 years, a
liquid-drying method was used instead of the freeze-drying method, which was carried
out every 1 to 3 years. This strain was recognized as A. pasteurianus K-1034 (Table 1).
Thermally adapted strains, RH and SY, were obtained, as described below, from K-1034
strain and used as the adapted strains (Table 1). A. pasteurianus NBRC 3284 (stored at -
80°C) was also used as the control for culture characterization as well as genome analysis.
A. pasteurianus TH-3 strain thermally adapted from 4. pasteurianus SKU1108 (NBRC
101655) in YPGD (5 g each of yeast extract, polypepton, glycerol, and glucose in 1 L
distilled water) containing 4% (v/v) ethanol (YPGDE) (Matsutani et al., 2013), A.
pasteurianus TE-13, an ethanol-adapted strain of TH-3 strain in YPGD containing 7%
ethanol at 37°C, and 4. pasteurianus G-40, a low nutrient-adapted strain of the 7E-13
strain in jasmine rice wine at 37°C (Phathanathavorn et al., 2019) (Table 3.1) were also
used for comparison with the K-1034 strain and their adapted strains.

These strains were cultured in YDAE medium (5 g of yeast extract (Oriental
Yeast, Tokyo, Japan), 5 g of glucose, 6 mL of acetic acid, and 50 mL of ethanol per liter
of distilled water), which was used as ‘pseudo’ moromi, as described below. The seed
culture was cultivated in 5 mL of Y3D medium (5 g of yeast extract and 30 g of glucose
per liter of distilled water) in a test tube with shaking at 120 rpm at 30°C, or shaking at
200 rpm at 37°C (for the adapted strain). Pre-culture was carried out by inoculating 5 mL
of the seed culture into 50 mL of Y3D containing 0.6% (v/v) acetic acid and 5% (v/v)
ethanol in a 500-mL baffled Erlenmeyer flask followed by cultivating at 37°C with

shaking at 200 rpm until the acidity reached 1.2%. Five milliliters of the pre-culture was
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transferred to 100 mL of YDAE, YPGDE (containing 4% (v/v) ethanol), or YPGD1A3E
(containing 1% (v/v) and 3% (v/v) ethanol) medium in a 500-mL Erlenmeyer flask and
cultivated at various temperatures with shaking at 200 rpm. In case of a baffled flask
culture, 2.5 mL of the pre-culture was transferred to 50 mL of rice moromi medium,
prepared as described below, in a 500 mL-baftled flask with shaking at 200 rpm. In a jar
fermentor, 15 mL of the same pre-culture was transferred to 300 mL of rice moromi
medium in 500-mL jar fermentor. The jar fermentor was operated at an agitation rate of
500 rpm and aeration rate of 0.5 vvm. For the ethanol feeding test, the same jar fermentor
experiment was carried out with 300 mL of YDAE medium. Ethanol (6 mL) was fed when
the acidity reached 2%.

Table 3.1. Bacterial strains used in this study.

Strain Relevant properties Source or reference

Acetobacter pasteurianus

NBRC 3284 Wild type NBRC
Laboratory stock strain )

K-1034 of A. pasteurianus NBRC 3284 This study

RH Thermo-adapted strain This study
of A. pasteurianus K-1034

Sy Thermo-adapted strain This study
of A. pasteurianus K-1034
Natural isolate from fruits of

SKUT108 Thailand (NBRC 101655) NBRC

THL3 Thermo-adapted strain Matsutani et al,
of A. pasteurianus SKU1108 2013

TE-13 Ethanol-adapted strain Theeragool et al.,
of A. pasteurianus TH-3 unpublished data

G-40 Low nutrient-adapted strain Phathanathavorn et
of A. pasteurianus TE-13 strain al., 2019

3.2.2 Rice moromi medium preparation

Rice moromi (fermentation mash) in which some vinegar was added was kindly
supplied by Kewpie Jyozo Co., Ltd. The rice moromi with added vinegar (7.6% (v/v)
ethanol and 0.9% (v/v) acetic acid) was filtrated to remove solids, and diluted with sterile
distilled water to obtain ‘rice moromi medium’ which contained a final concentration of
5.1% (v/v) ethanol, 0.6% (v/v) acetic acid, 0.01% (v/v) reducing sugar and 0.05% (v/v)

nitrogen content (see Table 3.2).
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3.2.3 Acetofermenter

The Acetofermenter is an original vinegar fermentor equipped with an aerator
based on the technology of Frings Acetator® (Heinrich Frings, Germany) (Heinrich
Frings GmbH & Co. KG. “Gas/Liquid Mixing Turbines” https://www.frings.com/Gas-
Liquid-Mixing-Turbines.29+M52087573ab0.0.html, 17 Aug 2020). Colonies were
picked up from a YDAE agar plate and inoculated in 100 mL of Y3D medium (3 g of
glucose and 5 g of BBL Yeast Extract per liter of distilled water containing 1% (v/v) acetic
acid and 4% (v/v) ethanol) in a 300-mL Erlenmeyer flask as seed culture. The seed culture
was incubated at 30°C and 160 rpm for 24-30 h, after which 1 mL of the seed culture was
transferred to 100 mL of pre-culture medium composed of rice moromi medium
(containing 5.1% (v/v) ethanol and 0.6% (w/v) acetic acid) in a 300-mL Erlenmeyer flask.
The pre-culture was carried out at 37°C and 160 rpm for 24 h. Then, 90 mL of the pre-
culture was transferred to 6 L of rice moromi medium in an Acetofermentor (9-L
fermentor). The Acetofermenter was operated at various temperatures, with an agitation
rate of 50 Hz (2650 rpm) and an aeration rate of 0.6 L/min.

3.2.4 Thermal adaptation

The K-1034 strain was cultivated with 5 mL of potato medium (20 g of glycerol,
5 g of glucose, 10 g of yeast extract (Oriental Yeast, Tokyo, Japan), 10 g of polypepton
(Nihon Pharmaceuticals Co. Ltd., Osaka, Japan), and 100 mL of potato extract
(Matsushita and Ameyama, 1982) per liter of distilled water) in a test-tube at 30°C with
shaking at 120 rpm until the turbidity reached 150-200 Klett units as the seed culture.
The seed culture was centrifuged for 5 min at 8000 x g and washed with YD medium (5
g of yeast extract and 5 g of D-glucose per liter of distilled water). The pellet was
resuspended in 1 mL YD medium and then inoculated into 100 mL of YDAE medium in
a 500-mL Erlenmeyer flask. The culture was cultivated at 37°C with shaking at 200 rpm.
When the acidity reached 1.5-2.0% (w/v), 5 mL of the culture was transferred to another
100 mL of fresh YDAE medium in an Erlenmeyer flask. Cultivation was repeated several
times (4 to 15 times) until a stable fermentation rate was obtained, and then, the next
cultivation was started by raising the temperature by 0.5°C. Thermal adaptation was
continued until the strain grew well at 39°C. To isolate a thermally adapted strain, the
adaptation culture was spread on YPGD and YDAE agar plates and incubated at 39°C.
Several large colonies were picked up and their growth was compared with that of the
liquid culture in YDAE medium at 39°C. Two colonies (K-1034 RH and SY) were

selected as thermal-adapted strains.
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3.2.5 The cell growth and acetic acid production measurements

Cell growth was measured by Klett-Summerson photoelectric colorimeter or
measured at an optical density at 610 nm. Acetic acid production was determined by
measuring acidity as follows. The acidity of the culture medium at several growth phases
was measured by alkali-titration using 1 mL of culture and 0.8 N NaOH with 10 pL of
0.025% phenolphthalein (transition pH range: 8.3—10.0) as a pH indicator.

3.2.6 Other analytical methods

Amino nitrogen and total nitrogen were measured according to AOAC official
methods (Official Methods of Analysis of AOAC International, ed. George W. Latimer,
Jr., 19th Ed., 2012, AOAC International). Total nitrogen was measured using the Kjeldahl
method (AOAC 930.035 Vinegars (1)) using a Distillation Unit K-355 (BUCHI,
Switzerland), and amino nitrogen was measured using the formol titration method
(AOAC 920.04 Nitrogen (Ammoniacal)).

3.2.7 Genome sequencing and mapping analysis of K-1034, RH, and SY strains
Chromosomal DNA was isolated from K-1034, RH, and SY strains grown on 5
mL of YDAE medium at 30°C or 37°C for 24-48 h. After harvesting the cells, the
chromosomal DNA was isolated as described previously (Kawai et al., 2013). Genome
sequencing of the two strains, RH and SY, was performed using the Illumina MiSeq at
Macrogen Inc. (Seoul,Korea), and also that of K-1034 with the Illumina HiSeq 2500 at
Hokkaido System Science Co., Ltd. (Sapporo, Japan). The previously published genome
sequence of A. pasteurianus IFO 3283-01, which is one of six clones isolated from
Acetobacter pasteurianus NBRC 3283 stored in 1974, (National Center for
Biotechnology Information [NCBI] Reference Sequence accession number:
NC 013209.1-NC 013215.1) (Ameyama et al., 2009) was used as the reference
sequence for our genome mapping analysis. The [llumina sequence reads of these strains
and previously reported NBRC 3284 (DRA accession number: DRR040592) were
mapped to the reference sequences using BWA with default parameters (Li and Durbin,
2010). All single nucleotide polymorphisms (SNPs) and indels were detected using the
Genome Analysis Toolkit (GATK) (McKenna et al., 2010; DePristo et al., 2011). The data
for NBRC 3284 and K-1034 were extracted to detect the strain-specific mutations. Since
IFO 3283-01 and NBRC 3284 have only several tens of mutations each other, we used
IFO 3283-01 genome as the reference one (Matsutani et al., 2020). Common mutations
occurred in all four genomes, NBRC 3284, K-1034, RH, and SY, which indicate the
mutations between [FO 3283-01 and NBRC 3284, were excluded from analysis. To
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identify the mutations in the two adapted strains, all mutations detected in K-1034, RH,
and SY were collected and compared. All mutations not detected in the wild-type strain
were considered as adapted strain-specific mutations. To confirm the nucleotide
mutations detected in the adapted strain, PCR was performed using the genomic DNA of
these three strains as a template. PCR products were purified using a MagExractor kit
(Toyobo, Tokyo, Japan) and then directly sequenced on a capillary sequencer using a

BigDye® Terminator Cycle sequencing kit (Applied Biosystems, USA).

3.2.8 Sequence data deposition

[llumina sequence reads of the K-1034, K-1034 RH, and K-1034 SY strains were
deposited in the DNA Data Bank of Japan [DDBJ] Sequence Read Archive (DRA). The
DRA accession numbers for K-1034, K-1034 RH, and K-1034 SY are DRR235002,
DRR235003, and DRR235004, respectively.

3.3 RESULTS AND DISCUSSION
3.3.1 Relationship between thermal adaptation and nutritional condition
Previously, we performed thermal adaptation in a relatively rich YPGD medium
containing 4% (v/v) ethanol (YPGDE) (Matsutani et al., 2013). The resultant, thermally
adapted, TH-3 strain was confirmed to maintain higher acetic acid fermentation ability in
YPGDE medium as well as in YPGD medium containing 1% acetic acid and 3% ethanol
(YPGDI1AS3E) at 40°C (3°C higher than the upper limit temperature, 37°C, of the parental
strain SKU1108) (Fig. 3.1A). However, it was previously shown that G-40 strain, adapted
from 7E-13 to the nutrient-poor medium (Table 3.1), could exhibit a higher acetic acid
fermentation ability in a nutrient-poor jasmine rice wine (rice moromi) at 37°C than 7E-
13 strain, derived from TH-3 strain (Table 3.1) did (Phathanathavorn et al., 2019). The
acetic acid fermentation ability of 7E-13 strain was examined with nutrient-poor ‘pseudo-
moromi’ YDAE medium, of which the total and formol nitrogen contents are 2.2 and 1.7
times, respectively, lower than those of YPGD medium but similar to those of ‘rice
moromi’ (Table 3.2). In the YDAE medium, compared with YPGDE medium, the 7E-13
strain exhibited a delayed acetic acid production at higher temperature (39°C) (Fig. 3.1B).
Thus, experimental evolution including thermal adaptation, could be affected or reflected

by the nutritional condition of the culture in which the adaptation is conducted.
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Fig. 3.1. Comparison of acetic acid fermentation with (A) A. pasteurianus SKU1108
and TH-3 between YPGDE medium and YPGDAE medium, and with (B) A.
pasteurianus SKU1108 and 7E-13 between YPGDE medium and YDAE medium.
The parent strain SKU1108 and the adapted strains, TH-3 or 7E-13, were cultivated in 50
mL of Y3D medium containing 0.6% acetic acid and 5% ethanol in a 500-mL baftled
flask at 37°C until the acidity reached 1.2%, as the pre-culture. The pre-culture (5 mL)
was transferred to 100 mL of the main culture medium, YPGDE (containing 4% ethanol),
YPGDIA3E (containing 1% acetic acid and 3% ethanol), or YDAE (containing 0.6%
acetic acid and 5% ethanol), in a 500-mL Erlenmeyer flask, and cultivated at 37°C (open
triangle), 39°C (closed triangle), and 40°C (closed square) with shaking at 200 rpm.

Table 3.2. Sugar and nitrogen concentration in medium.

Diluted denature ~ Y3DAE YPGD
rice moromi medium* medium
Reducing sugar (g/100mL) Bertrand method 0.01 2.59 0.40
Total nitrogen (mg/100mL) Kjeldahl method 53.52 57.20 1253
Formol titration nitrogen (mg/100mL) 19.56 18.65 32.32
pH 3.70 3.78 6.68

*Y3DAE medium containing 3% (w/v) glucose and 0.5% (w/v) BBL Yeast Extract, 0.6% (v/v)
acetic acid, and 4.3% (v/v) ethanol.
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3.3.2 A. pasteurianus K-1034 for practical acetic acid fermentation

To obtain a strain for practical acetic acid fermentation (vinegar production) at
higher temperatures, a laboratory stock strain of 4. pasteurianus NBRC 3284, named K-
1034, was selected as the starting strain. As 4. pasteurianus NBRC 3284 was originally
isolated from vinegar, and K-1034 has been utilized for a long time in acetic acid
fermentation using ‘moromi’ (vinegar production), it was suitable for adaptation to
nutrition-poor conditions. Thus, the fermentation ability of NBRC 3284 and K-1034 was
compared in the nutrient-poor medium YDAE; both strains exhibited a reasonably high
acetic acid fermentation ability at 30°C and 35°C, but not at all at 38.5°C (Fig. 3.2).
However, at 37°C and 38°C, both strains showed delayed acetic acid production, whereas
the K-1034 strain showed better growth than the original strain (Fig. 3.2). To determine
the phenotypic differences, the genome sequence of the K-1034 laboratory stock strain
was determined and compared with that of the original NBRC 3284 (Matsutani et al.,
2020). Four and three differences were found in the genome and plasmid, respectively
(Table 3.3), and one of the differences in the genome was in the nhak2 gene. The original
NBRC 3284 strain is reported to demonstrate a thermo-sensitive phenotype due to
mutation (12 bp insertion) in the nhak2 gene compared with that of 4. pasteurianus
NBRC 3283, which exhibits a relatively thermotolerant phenotype (Matsutani et al.,
2020). However, the nhak2 gene of K-1034 had no such 12 bp insertion, similar to the
gene of A. pasteurianus NBRC 3283, and thus it was reasonable that K-1034 is some kind
of revertant, and exhibits higher thermotolerance than NBRC 3284. Thus, NBRC 3284
and K-1034 strains were shown to be useful for acetic acid fermentation in a relatively
poor medium like ‘moromi’ at lower temperatures (30°C to 35°C), but not at higher
temperatures over 37°C. Between the both strains, K-1034 strain exhibiting a slightly
higher thermotolerance was regarded as a better strain for further adaptation to higher

temperatures.
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Fig. 3.2. Growth of A. pasteurianus NBRC 3284 and K-1034. A. pasteurianus NBRC
3284 (a, ¢) and K-1034 (b, d) were cultivated in 5 mL of potato medium at 30°C until its
turbidity reached 150 Klett units. The cultures were collected by centrifugation, washed
with YD medium, and resuspended in 1 mL of YD medium. The suspended cells were
inoculated in 100 mL of YDAE medium (containing 0.6% acetic acid and 5% ethanol) in
a 500-mL Erlenmeyer flask. The main cultures were cultivated at 30°C (open circle),
35°C (gray square), 37°C (open triangle), 38°C (closed circle), and 38.5°C (open square)
with shaking at 200 rpm. Their growth (a, b) and acidity (c, d) were measured as described
in Materials and Methods.
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Table 3.3. List of mutation site of NBRC 3284 and K-1034 against IFO 3283-01

genome.
mutatio NBRCK- strain product orf position Contig Reference pos.” REF® ALTY
n 3284 1034 number length genome?
A392V - + k1034 antiporter of ~ APAO1_ 438900.. 2907495 NC 013209 440074 C T
Na+/H+ 04220 440612
NhaA/NhaP
framesh + - nbrc3 DNA-directed APAO1_ 964836.. 2907495 NC 013209 965707 AGCTA
ift 284 RNA 09270 969029 GCTG
polymerase GCA
subunit beta CC
12bp + - nbrc3 antiporter of  APAO1_ 1089522.2907495 NC 013209 1090128 A ATCTC
insertio 284 Na+/H+ 10370  .1092122 CTTTG
n TGG
M232P + - nbrc3 two component APAOL_ 2831584.2907495 NC 013209 2832270 C CGA
S233C 284  response 26130 2832369
A234P regulator CtrA
DIIM - + k1034 transposase APAO1_ 88925..9 191799 NC 013210 89927 C G
40760 0310
Y13G - + k1034 transposase APAO1_ 88925.9 191799 NC 013210 89941 A G
40760 0310
R27P - + k1034 transposase  APAO1_ 88925.9 191799 NC 013210 89960 G T
40760 0310

? GenBank accession numbers used for reference genome
® mutated position in reference genome

¢ base sequence of reference genome

4 base sequence of adapted strain

3.3.3 Thermal adaptation of A. pasteurianus K-1034

Thus, to obtain a more thermotolerant strain for practical high-temperature acetic
acid fermentation, thermal adaptation of K-1034 was performed in YDAE medium
instead of ‘rice moromi’. The adaptation was started at 37°C (a temperature the growth is
delayed in YDAE medium), and the fermentation temperature was raised from 37°C to
39°C in 5 steps (see Materials and Methods, Fig. 3.3). Finally, the culture was spread on
YDAE agar medium and YPGD agar medium to select colonies exhibiting a high growth
phenotype in liquid culture. Then, the growth of these colonies was compared with that
in YDAE liquid culture at 39°C. Two thermal-adapted strains, RH and SY, were obtained;
the former strain was isolated from YPGD agar medium, and the latter was isolated from
YDAE agar medium. The adapted strains grew well at 39°C and 40°C (temperatures 2
and 3°C higher than the upper limit temperature of 37°C) in YDAE medium, whereas the
parental strain did not (Fig. 3.4). Unlike the K-1034 strain, both adapted strains grew well

at 39°C, even in YPGDE medium (data not sown). Thus, two adapted strains were
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obtained by experimental adaptive evolution as candidate strains for high-temperature

vinegar fermentation.
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Fig. 3.3. Thermal and low nutrition adaptation of A. pasteurianus K-1034. (A)
Adaptation flow with stepwise increase of the cultivation temperature from 37°C to 39°C.
(B) Growth and acidity changes of the thermal adaptation at 39°C (final adaptation step)
is shown as an example. In each cultivation steps, when the acidity reached 1.5-2.0%
(w/v), 5 mL of the culture was transferred to another 100 mL of fresh YDAE medium in
an Erlenmeyer flask. Cultivation was repeated 15 times. Finally, adapted strains were
isolated from sample of arow point culture medium.
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Fig. 3.4. Comparison of growth among A. pasteurianus K-1034 and the 2 adapted
strains. The K-1034 (open circle), RH (open triangle), and SY (gray square) strains were
cultivated in 100 mL of YDAE medium in a 500-mL Erlenmeyer flask at 37°C (A, D),
39°C (B, E), and 40°C (C, F). Growth (A-C) and acidity (D-F) were measured as
described in Materials and Methods.

3.3.4 Differences in the genome between K-1034 and the adapted strains, RH and
SY

The mutation sites of the RH and SY strains were clarified by genome mapping
analysis (Table 3.4). The RH and SY strains had 7 and 6 mutation sites, respectively, of
which 5 mutation sites were common to both strains. Of these mutations found in both
strains, mutation of ‘two component hybrid sensor histidine kinase and regulator’
occurred at different positions, T156K in RH and L.243R in SY. In a previous study, a
mutation in this gene was also reported in a thermal-adapted strain TI from A.
pasteurianus SKU1108 (Matsutani et al., 2013). The remaining 4 mutations were the
same in both strains; of these the mutations in rpoC and GTP pyrophosphokinase genes
might be candidates for thermotolerance. The mutation in rpoC was previously observed
in some experimental evolution strains from Escherichia coli under high temperature
(Tenaillon et al., 2012; Kosaka et al., 2019) and acid stress (Du et al., 2020). In addition,
an acetate-adapted strain from E. coli was reported to have a mutation in the alpha subunit

of RNA polymerase and to have an increased growth rate (Rajaraman et al, 2016). The
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rpoE gene (RNA polymerase sigma E factor) was reported as a thermotolerance gene in
Acetobacter tropicalis SKU1100 (Soemphol et al., 2011). Thus, mutation in some
subunits of RNA polymerase is frequently observed in experimental evolution strains,
and this could be important for stress response or adaptation. In addition, some thermally
adapted strains of E. coli have been shown to have mutations in spoT (Kosaka et al., 2019;
Kishimoto et al., 2010; Blaby et al., 2012). The spoT gene encodes GTP
pyrophosphokinase (bifunctional (p)ppGpp synthetase/guanosine-3',5'-bis(diphosphate)
3'-pyrophosphohydrolase), which is involved in the synthesis and hydrolysis of (p)ppGpp.
The (p)ppGpp is called a “‘magic spot’ and induces a stringent response by interaction with
RNA polymerase and transcriptional factors (Ross et al., 2013; Ross et al., 2016). In a
thermally-adapted strain NM-6 from A. pasteurianus NBRC 3283 (Chapter 2), large
numbers of the mutations are related to replication and translation such as DNA
polymerase, ribosomal protein S6, and alanyl-tRNA synthetase including deletion of 3
tRNAs and 3 rRNAs; these mutations suggesting reduced cell growth and/or cell division
leading the stress tolerance. Thus, as the mutations of spoT and rpoC in the RH and SY
strains may also lead stress tolerance by reducing the cell growth, these mutations are also
candidates that contribute to increased thermotolerance in both strains. G-40 strain,
adapted to low-nutrient condition, has no mutations overlapped with RH/SY strains.
However, an originally thermo-adapted 7E-13 or TH-3 strain that is a parental strain of
G-40 has a 4-bp deletion mutation in mucR transcriptional regulator (APT_01785), of
which a homologous mucR (APAO1_16920) was also mutated in RH strain. The MucR
of Sinorhizobium melitoti (53% identity of the RH strains” homolog) has been shown to
be a regulator for exopolysaccharide synthesis (Martin et al., 2000). Acetobacter aceti
IFO 3284 (now renamed as 4. pasteurianus NBRC 3284) has been shown to produce an
exopolysaccharide consisting of glucose and rhamnose (Moonmangmee et al., 2002), and
also such an exopolysaccharide of 4. pasteurianus SKU1108 or NBRC 3283 has been
shown to be related to the acetic acid tolerance (Kanchanarach et al., 2010). Thus, mucR

mutation may be involved in thermotolerance via production of the exopolysaccharide.
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Table 3.4. Mutation sites of RH and SY strains.?)

locus_ reference K-
tag gene product genome®?  pos.  REFY ALT® 1034 RH SY

two component
hybrid sensor
APAO1 histidine kinase
00810 - and regulator NC 013209 85063 C A - T156K -
two component
hybrid sensor

APAO1 histidine kinase

_00810 - and regulator NC 013209 85324 T G - - L243R

APAO1 ATP synthase F1

_01170 - subunit delta NC_ 013209 126481 C T - Al6V  Al6V

APAO1 GTP

_ 06450 - pyrophosphokinase NC 013209 671982 C T - A652V  A652V
DNA-directed RNA

APAO1 polymerase subunit

09280 rpoC beta' NC_013209 969975 G A - E285K  E285K

APAO1

_12130 - hypothetical protein NC_013209 1268779 C T - E124K  E124K
MucR family

APAO1 transcriptional

16920 mucR regulator NC_013209 1836011 A G - M96V -
plasmid partitioning

APAO1 family protein

43920 parA ParA/MinD NC 013212 27021 T G - upstream upstream

# Complete genome sequence of NBRC 3283 strain was used for the reference of mapping analysis.
" GenBank accession numbers used for reference genome

¢ mutated position in reference genome

4 base sequence of reference genome

¢ base sequence of adapted strain

3.3.5 Fermentation in moromi medium and scale up fermentation.

Acetic acid fermentation was then performed with these thermally adapted
strains, RH and SY strains, in rice moromi, which has been used for industrial rice vinegar
production. Fig. 3.5 shows the acetic acid fermentation in ‘moromi’ medium cultivated in
a baftled flask and 500 mL jar fermentor. In a baffled flask culture, both the adapted
strains showed acetic acid production at 37°C and 39°C, whereas K-1034 did a weak
production at 37°C but not any at 39°C (Fig. 3.5A and C). When compared with YDAE
medium in Erlenmeyer flask (Fig. 3.4), the acetic acid fermentation ability of K-1034 was
largely decreased at 37°C. This is probably due to the high aeration condition in baftled

flask, beside the difference in medium, as described below. In a jar fermentor (Fig. 3.5B
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and D), K-1034 produced acetic acid in a short time as with the adapted strains at 37°C,
but did not produce any acetic acid at 39°C. However, in both baftled flask and jar
fermentor, ethanol seemed to be vaporized, especially in the later phase, by air bubbling
to repress the final acetic acid production level. To solve this problem, ethanol was fed in
a jar fermentor experiment, where YDAE medium was used instead of the ‘moromi’
medium. This ethanol feeding experiments were carried out with RH and SY strains, by
comparing with G-40 strain (Fig. 3.6). Ethanol feeding actually increased the production
of acetic acid in both the strains, RH being better than SY (Fig. 3.6A and C). Thus, the
adapted strains could perform acetic acid production as high as standard vinegar
fermentation at 39°C in a jar fermentor even with nutrient-poor medium. As described
previously, the G-40 strain was obtained from the 7E-13 strain (further adapted from the
TH-3 strain) by adapting to low nutrient conditions with jasmine rice wine
(Phathanathavorn et al., 2019). The G-40 strain, which exhibited high acetic acid
production with jasmine rice wine medium in a jar fermentor at 37°C, was also examined
in YDAE medium with ethanol-feeding conditions (Fig. 3.6B and D). The G-40 strain
showed relatively high acetic acid production at 39°C, unlike the parental 7E-13 strain,
which showed a large delay in fermentation. The results indicated that either thermal
adaptation of the strain originally adapted to the low-nutrient (like RH or SY strain) or
low-nutrient adaptation of the strain originally adapted to high temperature (like G-40
strain) could lead high temperature acetic acid fermentation in low-nutrient culture.

Finally, we performed a scale-up fermentation with a practical vinegar fermentor,
Acetofermenter. In this system (9 L scale), using 6 L of rice moromi medium, acetic acid
production was examined with the adapted strains, compared with the parental strain. The
K-1034 strain showed sufficient acetic acid production at 32°C or 35°C, but none at 37°C,
whereas RH and SY strains showed reasonably high acetic acid production at 37°C or
38°C (2°C or 3°C higher temperature than the upper limit temperature of 35°C) (Fig. 3.7).
However, unlike the flask and jar fermentor cultures, these adapted strains showed no
acetic acid fermentation at 39°C (data not shown). The Acetofermenter differs from usual
bioreactors in using a special turbine (aerator) at the bottom of the bioreactor. The aerator
can create both extremely fine bubbles and shear stress during agitation. Therefore,
although efficient mass transfer of oxygen can be provided to the fermentation liquid by
fine bubbles, the shear stress may cause some level of mechanical cell damage. This may
be the reason why the cells could not produce any acetic acid at the high temperature
(39°C) in the Acetofermenter different form the usual jar fermentor. The G-40 strain
described above was also shown to have a high fermentation ability similar to the RH or
SY strains at 37°C in the Acetofermenter (Fig. 3.7).
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Fig. 3.5. Comparison of acetic acid production by A. pasteurianus K-1034 and the adapted
strains in rice moromi under different culture conditions. The K-1034 (open circles), RH
(open triangles), and SY (closed squares) were cultivated in 50 mL of rice moromi medium in a
500 mL-baffled flask at 37°C (A) and 39°C (C) with shaking at 200 rpm. The same strains were
cultivated in 300 mL of rice moromi medium in a 500-mL jar fermentor at 37°C (B) and 39°C
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Fig. 3.6. Acetic acid fermentation of the A. pasteurianus K-1034, RH, SY, 7E-13, and G-40
in a jar fermentor under ethanol feeding condition. Strains were cultivated in a 300 mL of
YDAE medium in a 500 mL-jar fermentor at 37 (A, B) and 39°C (C, D) at 500 rpm and 0.5 vvm.
Panels (A) and (C) show A. pasteurianus K-1034 (open circles), RH (open triangles), and SY
(closed squares). Panels (B) and (D) show A. pasteurianus 7E-13 (open diamond) and G-40
(closed diamond). Arrows indicate the feeding of 6 mL ethanol.
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Fig. 3.7. Growth comparison of A. pasteurianus K-1034 and the adapted strains in
an Acetofermenter. The Acetofermenter was operated at various temperatures with an
agitation rate of 50 Hz (2650 rpm) and with an aeration rate of 0.6 L/min. (A) Acetic acid
production by K-1034 at 32°C (open square), 35°C (closed diamond), and 37°C (open
circle). (B) Acetic acid production by RH at 37°C (closed circle) and by SY at 37°C (open

circle) and 38°C (open triangle). The gray diamond shows acetic acid production by G-
40 at 37°C.

3.4 CONCLUSION

In this study, thermal adaptation (experimental evolution at higher growth
temperature) was applied to a practically useful Acefobacter pasteurianus strain. The
adapted RH or SY strains were found to be useful for high-temperature acetic acid
fermentation in a typical jar fermentor. These adapted strains could ferment acetic acid
even at 39°C, and over 40°C, as shown with the G-40 strain, where acetic acid production
could be accomplished in the jar fermentor without any temperature control where the
temperature raised up to 40°C. (Fig. 3.8). In this study, we further found that the adapted
RH or SY strains (and the G-40 strain) are useful for high temperature fermentation in an
Acetofermenter (a specific bioreactor for practical acetic acid fermentation), wherein
fermentation could be performed even at 37°C. We then estimated the power consumption
of 2,000 L-scale fermentation based on the results in Fig. 3.7. The heat balance during

fermentation was assumed by the sum of ArH for acetic acid fermentation, heat of
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agitation, cooling by airflow, and heat dissipation. The estimated heat balance of K-1034
at 30°C was +857 MJ, whereas that of RH and SY strains at 37°C was +784 MJ and +796
M, respectively. Thus, it is possible to decrease the electricity consumption required for
cooling by 8.5% and 7.0%, respectively. In conclusion, such thermal adapted strains could

be useful for practical vinegar fermentation, with reduced cooling costs.
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Fig. 3.8. Acetic acid fermentation of the 4. pasteurianus G-40 in a jar fermentor with
and without temperature control. (A, B) 4. pasteurianus G-40 was cultivated in 2 L of
YDAE medium in a 5-L jar fermentor at 500 rpm and 0.5 vvm. The pre-culture (Y3D
containing 0.6% acetic acid and 5% ethanol medium culture; 100 mL) was inoculated and
cultivated at 30°C for the first 24 h in both the fermentors. Then, the temperature of the
fermentor was maintained at 30°C in A, whereas the temperature control was shut off in
B. Fermentation was then continued for another 24 h. Symbols show the growth, closed
circle; acidity, open square, and temperature, dot line.
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FRICE=, X V% OFEE % B REED & L CERT 2 X5 ksl &b, FLm
—Z2DOMRNER L, B 7 7 v 7 2EL#FH S, AV =) VBRIE~DREDOHRAE
MmezyHLEZ, PHEEY. Wild-G ® NADPH/NADPIL AKX D D &<,
AotsAB TlE, T HITKRIEITHN L Tz, il 2 <, NADPH/NADP+fL o FRICEAMIL <,
MBI ROS L_XABME T2 2L bHO L oz, THOMRLY . MEYLHR T,
ERDERIC X - C NADPH Ak # N ¢ 2 RELE A5 2RI, o Lick-
TMEVED M B L 72 & 6w o T 7=,

CHAPTER 2 Tld. MEEEABEEIE CTH 5 Acetobacter pasteurianus IFO 3283-32 Dt
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B % BRI T it 37°C 205 40°C £ TERIEEMICIRE % L5 X 4T 6 FROMEL
ERZIUF L 720 2o DIMEMERIZ, Sl C O FFRFREEREDS A L T 2 f0h b Ic{KR
T Z OFEMAEPMBET T2 L — FA7OBRER L7, 7/ LfiitT & PCR &~ — 7 v R fif
P X o T AGEIEHRETIZ, 11 ETOZLR L 64-kb DRBUES 7 LKFK. 1 772 I F
DRFD S 22 & 7 o oo MEMEIR DR D> & KM (% 8D ribosomal RNA %> tRNA
BInTAE&EENS) ORI E DNA polymerase (11 fETOERD 5 H D 1 0) DA EH3iH
BMLICKRELCFHF LG LTV B 2 EARBINT, T OBk A A1 2 FrE & En 74
HoOBRICOWTHED A pasteurianus TROTNEMUAR DR & FLEL L 7285, C Ok CIIH
BILHR 2 M 2 B E 2 R e i35 2 & Tl A P L A B WEEEL . 5 & B 2 iR
TOAEBRPMHANITET T2 X5 ICh o/ b BEEKL T,

ko CHAPTER 1 % 2 Tld., MEVLEZ RES S n EBRHAEHS T o225, C
DX 5 K EEE R CINAL B L 2R IX EBR O BFEE ICH W b o Tw 2 KRS L
Kb AR TR, TNEVEME N C E B S h L e o7z, 2 2T, CHAPTER3 Tlf, “K
b ABD XS I FEHN 5 C R T T X 2R Hiff T 5 - o, EHRIBEREFEREIC
Wb ILTW 31k A pasteurianus K-1034 % F v CTHELL b A A7 CINEME B Z 1TV 2
DO OMtEWE RH & SY ZHUG L 72, 2 D OMEbikid, RREBEEHZMFT O 7 7 2 akgET
12 40°C, jar fermentor 5 T3 39°C CREMEFAEM LT L BARETH o7z, T b DI
DERMEFEZFELZEZA, RH & SYHRIZ, b vFioEE2ED. ThENT R 6 7
FROZRZH L Tz, Thb OMEMLEEKRZ | JefTHTZE TG & U7 RO G F R
G-40 ¥k & & bic, ERHNZ [EEANEE ] FEE2EE ©H 5 ‘Acetofermenter’ Tk D
BB TOEImBFEFER ZHER L 728 25, BRPECHEHETE v 37°C Is 0 TRIERP
HRBEEEEENTZ D T EDRHL L o T,
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