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Abstract Initial acetic acid can improve the ethanol oxi-
dation rate of acetic acid bacteria for acetic acid fermen-
tation. In this work, Acetobacter pasteurianus was cul-
tured in ethanol-free medium, and energy production
was found to increase by 150% through glucose consump-
tion induced by initial acetic acid. However, oxidation of
ethanol, instead of glucose, became the main energy pro-
duction pathway when upon culturing ethanol containing
medium. Proteome assay was used to analyze the metab-
olism change induced by initial acetic acid, which provid-
ed insight into carbon metabolic and energy regulation of
A. pasteurianus to adapt to acetic acid fermentation con-
ditions. Results were further confirmed by quantitative
real-time PCR. In summary, decreased intracellular ATP
as a result of initial acetic acid inhibition improved the
energy metabolism to produce more energy and thus adapt
to the acetic acid fermentation conditions. A. pasteurianus
upregulated the expression of enzymes related to TCA
and ethanol oxidation to improve the energy metabolism
pathway upon the addition of initial acetic acid. However,
enzymes involved in the pentose phosphate pathway, the
main pathway of glucose metabolism, were downregulat-
ed to induce a change in carbon metabolism. Additionally,
the enhancement of alcohol dehydrogenase expression
promoted ethanol oxidation and strengthened the acetifi-
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cation rate, thereby producing a strong proton motive
force that was necessary for energy production and cell
tolerance to acetic acid.
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Introduction

Acetic acid is a highly important organic acid in food industry.
Also, it is the main composition of vinegars. In addition, acetic
acid is recognized as an effective antimicrobial compound that
prevents the growth of pathogenic and spoilage organisms in
fermented foods (Gullo et al. 2014). Acetic acid is produced by
acetic acid bacteria (AAB), belonging to the family of
Acetobacteraceae (Deppenmeier and Ehrenreich 2009; Gillis
and De Ley 1980; Gullo and Giudici 2008). These bacteria
are commonly used in the industry due to its remarkable ability
to oxidize ethanol to acetic acid and its tolerance to acetic acid
(Hattori et al. 2011; Nakano and Fukaya 2008; Saichana et al.
2015). However, acetic acid as the fermentation product is con-
sidered as the main inhibitor for getting high acetification rate
(Xia et al. 2015). Several mechanisms are responsible for
the high tolerance against acetic acid in AAB. Among
those mechanisms are (i) alcohol dehydrogenase (ADH)
(Chinnawirotpisan et al. 2003; Takemura et al. 1993,
Trecek et al. 2006), (ii) acetic acid assimilation (Lasko
et al. 1997; Fukaya et al. 1993), (iii) pumping out of
acetic acid by the ATP-binding cassette (ABC) trans-
porters and proton motive force-dependent efflux system
(Matsushita et al. 2005; Nakano et al. 2006), (iv) changes
in cell morphology and membrane composition to adapt
to acetic acid (Teitzel and Parsek 2003; Trcek et al. 2007),
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and (v) improvement in the adaption response to proteins
involving acetic acid tolerance (Ishikawa et al. 2010;
Okamoto-Kainuma et al. 2011; Okamoto-Kainuma et al.
2004). Recently, the proteomic method has been used to
study the different molecular mechanism responsible for
acetic acid tolerance in AAB. During acetic acid fermen-
tation, most differentially expressed proteins were func-
tionally related to the TCA cycle, stress response, and
other metabolic processes in Komagataeibacter spp.
(Andres-Barrao et al. 2016). The proteomic approach
was utilized to analyze the proteomic profiles of
A. pasteurianus cultured in different acidic titers (Xia
et al. 2016). The differentially expressed proteomes of
A. pasteurianus grown in glucose with those that
underwent acetic acid fermentation were compared using
method of 2D-PAGE as previously described (Andres-
Barrao et al. 2012). The responses of cellular proteins
were found to be related to protein folding, stress re-
sponse, oxidation-reduction, metabolism, protein biosyn-
thesis, and membrane modification.

The culture conditions are important for AAB acetic
acid tolerance and acid production (Giudici et al. 2016;
Gullo et al. 2016; Mounir et al. 2016; Shafiei et al. 2017).
Oxygen, heat, ethanol stocks, and fermentation modes
may contribute to the production and resistance of bacte-
ria to high concentrations of acetic acid (Gullo et al.
2014). The initial acetic acid is important for the produc-
tivity in acetic acid fermentation, which can affect the
ADH activity (Ory et al. 2002; Xia et al. 2015). Initial
acetic acid can increase the acetification rate of acetic acid
fermentation under 100 g/L total concentration (Krusong
et al. 2015). A start-up protocol with 10 g/L initial acetic
acid enhanced acetic acid production compared with other
initial acetic acid concentrations (Xia et al. 2015).
However, the metabolic mechanism induced by initial
acetic acid is not further investigated. The objective of
this study is to explore the role of initial acetic acid on
cell growth and acetic acid fermentation. Specially, the
metabolic change due to the initial acetic acid was
researched using the proteomic method and quantitative
real-time PCR (qRT-PCR).

Materials and methods
Strains, media, and cultivations

The A. pasteurianus CGMCC 3089 strain that was regis-
tered in the Chinese General Microbiological Culture
Collection Center was stored at 4 °C on solid medium
containing 15 g/L glucose, 10 g/L yeast extract, 20 g/L
CaCOs;, 28 g/L ethanol, and 17 g/L agar. Seed medium
containing 30 g/L glucose, 15 g/L yeast extract, and 28 g/
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L ethanol and the fermentation medium containing 20 g/L
glucose, 20 g/L peptone, and 64 g/L ethanol were used in
the acetic acid fermentation process.

GY medium containing 30 g/L glucose and 15 g/L yeast
extract; GYA medium containing 30 g/L glucose, 15 g/L yeast
extract, and 10 g/L acetic acid; and GYAE medium containing
30 g/L glucose, 15 g/L yeast extract, 10 g/L acetic acid, and
28 g/L ethanol were used for proteome assay.

For acetic acid fermentation, the cells from slant cultures
were incubated to 40 mL of seed medium in 250-mL
Erlenmeyer flasks, and were cultured at 30 °C and 180 1/
min. When the optical density (OD) at 610 nm was approxi-
mately 1.2 and acetic acid concentration was approximately
11 g/L, the cells were transferred into the fermentation medi-
um with 10% inoculum. Acetic acid fermentation was per-
formed in the 5-L self-inspiriting fermenter containing 3.5 L
of fermentation medium at 30 °C and the aeration rate at
0.15 vvm. The dissolved oxygen (DO) was monitored with
an oxygen electrode (Hamilton, Bonaduz, Switzerland). For
proteome assay, cells from slant culture were incubated into
GY medium. When the OD at 610 nm was approximately 0.7,
the cells were transferred into GY, GYA, and GYAE media
and cultured at 30 °C and 180 r/min to OD 610 nm was
approximately 0.8, respectively.

Protein extraction

The cells were collected by centrifugation at 8000xg for
10 min at 4 °C, and the pellets were washed three times with
PBS having pH 7.4 (137 mM of NaCl, 2.7 mM of KClI,
10 mM of Na,HPO,, and 2 mM of KH,PO,). Next, pellets
were resuspended in 10 mL of pre-cooled lysis buffer (5 mM
of Tris-HCl pH 8.0, 0. 5 M NaCl, 10 ug/mL PMSF, 1% DTT)
and sonicated with a circulation of 40 w for 3 s and then pause
5 s until the microbial solutions appeared transparent.
Subsequently, the samples were centrifuged at 12,000xg for
20 min at 4 °C. Then, the supernatant was collected and pre-
cipitated using 40 mL of cold acetone at —20 °C overnight.
The protein was collected by centrifugation at 12,000xg for
20 min at 4 °C and washed three times by cold acetone. The
collected protein was vacuum-dried and stored at —80 °C.

Trypsin digestion and LC-MS/MS analysis

The sample was dissolved in solution containing 6 M
guanidine hydrochloride and 100 mM of ammonium bi-
carbonate with pH 8.0-8.5. The final concentration of
protein was 2 to 3 pg/pul. A 200 pL solution was mixed
with 2 puL of 1 M DTT. The mixture was incubated at
56 °C for 1 h. A 10-uL aliquot of 1 M iodoacetamide
was added, and the mixture was incubated at room tem-
perature for 40 min in the dark. The protein mixtures were
spun, exchanged into 100 mM of ammonium bicarbonate
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buffer, and then incubated with trypsin (20:1 to 50:1) at
37 °C for 20 h. The HPLC solvents were 0.1% formic
acid (v/v) aqueous (A) and 0.1% formic acid (v/v) aceto-
nitrile (B). A total of 20 uL of the prepared sample was
injected and subjected to gradient elution (rate = 200 puL/
min) as follows: 5% B for 30 min, from 5% B to 32% B
for 60 min, to 90% for 10 min, balance for 5 min, to 5%
in 0.1 min, and 5% B for 35 min. The international stan-
dard (IS)-optimized mass parameters used in this study
were 3.5-kV voltage of capillary and cone, 260 °C source
temperature, and 260 °C desolvation temperature. System
control and data collection were performed using
XCalibur software (version 1.4) (Shen et al. 2015).

Protein identification and data analysis

The acquired MS/MS spectra were compared against the
NCBI database by using Turbo SEQUEST program in the
Proteomics Discovery software suite (version 1.2). For data
analysis, protein data with relative expression (R) level of >1.5
and <0.75 and P value of <0.05 were selected to ensure up-
regulation and downregulation authenticity. The Cluster of
Orthologous Groups (COG) database (http://www.ncbi.nlm.
nih.gov/COG/) was used to classify and group the identified
proteins. The gi numbers of the selected proteins were
imported into the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database (http://www.genome.jp/kegg/)
for biological pathway analysis.

Determination of gene transcription

For qRT-PCR experiments, the A. pasteurianus was cultured
under conditions present or absent of 10 g/L initial acetic acid
for acetic acid fermentation, and the cells were collected when
the OD 610 nm reached about 0.6. The total RNA was isolated
using RNA Plus Kit (TaKaRa Biotechnology, Dalian, China)
following the manufacturer’s protocol. To remove residual
DNA, total RNA was treated with DNase I for 30 min at
37 °C. RNA samples were reverse transcribed with
RevertAid " First Strand cDNA Synthesis Kit (Takara
Biotechnology, Dalian, China) according to the manufac-
turer’s instructions. The 16S rRNA gene was used as internal
standard. Primers used in this study are listed in Table 1.

Analytical methods

Viable count was measured using colony-counting meth-
od. Cells taken from various sampling points were serially
diluted in sterile saline (0.85%, w/v). Next, 0.1 mL of
diluted samples was plated on solid medium. Then,
colony-forming units were determined after aerobic incu-
bation at 30 °C until the distinct colonies appeared. The
acidity of the broth was measured by 0.1 M NaOH with

phenolphthalein as an indicator. Acetic acid stoichiometric
yield is the conversion rate of acetic acid from ethanol and
is calculated in the following equation (Qi et al. 2014):

Yacid (g/L)

x 100%
Cethanol (g /L) x 1.304

Stoichiometric yield (%) =

where Y,.;q presents the concentration of acetic acid in fer-
mentation broth (g/L), Cehanol presents the concentration of
ethanol, and 1.304 presents 1 g/L ethanol completely trans-
formed to obtain 1.304 g/L acetic acid. Concentrations of
glucose and ethanol were quantified with a biosensor
(ShanDong Academy of Sciences, Jinan, China).
Intracellular ATP was quantified using BacTiter-Glo
(Promega Inc., Madison, USA) (Gengenbacher et al.
2010; Xu et al. 2015). In this study, all experiments were
repeated three times. Results were expressed as the mean
with a standard error. The analysis of the differences be-
tween the categories was calculated with a confidence in-
terval of 95 or 99% using SPSS (least significant differ-
ences) analysis.

Results
Effect of initial acetic acid on acetic acid fermentation

As shown in Fig. 1a, the average acetification rate was 1.83 g/
L/h by A. pasteurianus CGMCC 3089 with 1% initial acetic
acid. Of the substrate ethanol, 64 g/L. was almost totally con-
versed into acetic acid (Fig. 1b), and the stoichiometric yield
was 91.1%. However, the fermentation became sluggish with-
out the presence of initial acetic acid. After 42 h of cultivation,
the acetic acid was only 20.8 = 0.05 g/L and the residual
ethanol was about 40 g/L. Before 6 h cultivation, the viable
cell in fermentation with initial acetic acid was lower com-
pared with that of without initial acetic acid due to the inhib-
itory effects from acetic acid on cells. However, after 6 h
fermentation, the viable cell in fermentation with initial acetic
acid became more than that of without initial acetic acid.
Moreover, the viable cell in fermentation without initial acetic
acid quickly decreased after 15 h of fermentation when the
acetic acid levels reached 10 g/L, resulting in the premature
termination of fermentation. In addition, glucose consumption
rate without initial acetic acid was higher than that 1% initial
acetic acid before 25 h, as shown in Fig. 1b.

Effect of initial acetic acid on cell growth and energy
product

In analyzing the effect of initial acetic acid on A. pasteurianus,
the cell was further cultured in conditions with or without
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Table 1  Primers used for qRT-RCR

Primer name Primer sequences

Genes corresponding to primers

Genes encoding protein

16S-R CTCACCGGCTTAAGGTCAAAC 16S rRNA 16S rRNA

16S-F CCCTTATGTCCTGGGCTACA

gnd-F TGACCCCATTCTGACCTCTCT gnd 6-Phosphogluconate dehydrogenase
gnd-F ACATCACGTCAAAGCCTTCC

pky-F GGCACACCTATTGGCATTCTG pyk Pyruvate kinase

pky-R GCCCTACTTTTTCCACCACAAC

ppdK-F CTGGAAGAAGTTGCCAAAGC ppdK Pyruvate phosphate dikinase
ppdK-R GTGCCAATTAGCGGAATCATG

cs-F TTTCACGTTTGACCCAGGTT cs Citrate synthase

cs-R GCAGCAGCGTATGGTTTGTAAG

aarC-F GCCCGTTTGAAAATCTGGTAG aarC Acetyl-CoA hydrolase

aarC-R GACTGTTGCTGACATCCTGCTG

mqo-F CGCGTGCAGATTATCAAGAA mgqo Malate:quinone oxidoreductase
mqo-R CTGGCCGTAAGATGGGATAA

maeB-F AGTCTTCCCGCAAAGCTGTA mae Malic enzyme

maeB-R ACCAGCATATCGGCAGTACCA

adh-F CCAAAACGCACCTGGTCTAT adh Alcohol dehydrogenase

adh-R TCTTCCAGACCGTTTCCATC

dnaK-F CCGTTCTGAAGGGTGATGTTA dnakK Molecular chaperone DnaK
dnaK-R TCGAAGTTACCCAGCAGCTT

acetic acid and ethanol. As shown in Fig. 2, the lag phase of
cell growth in GYA (containing acetic acid) medium was lon-
ger than that in GY (no acetic acid) medium due to the acetic
acid inhibitory effect. However, the inhibitory effect of acetic
acid on cell growth was not obviously in GYAE (containing
acetic acid and ethanol) medium due to the present of ethanol.
And the most viable cells obtained in GYAE medium were
16.4 and 39.3% higher than those obtained in GY and GYA
media, respectively. This result indicated that ethanol reduced
the inhibitory effect of acetic acid.

Additionally, the carbon source consumption and energy
production were different in three media. Oxidation 1 mol of
glucose produces about 2870 kJ of Gibbs free energy. The
oxidation 1 mol of ethanol to acetic acid is associated with a
Gibbs free energy of 493 kJ (Adler et al. 2014). As listed in
Table 2, A. pasteurianus produced more Gibbs free energy
when cultured in GYA or GYAE medium than in GY medium.
This result is due to the presence of acetic acid, suggesting that
the initial acetic acid could improve cell metabolism and pro-
duce more energy to resist the acidic environment. Also, initial
acetic acid resulted in the similar energy production from glu-
cose (GYA) or combining with ethanol (GYAE). However,
the oxidation of ethanol became the main pathway for energy
production in GYAE medium and a little of glucose (about
4.7 g/L) was consumed.

Those results suggested that initial acetic acid in
GYA media resulted in increased glucose consumption
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to release more energy and resist the acetic acid stress.
Specially, A. pasteurianus can adjust the energy metab-
olism and ethanol oxidation became the main energy
source in acetic acid fermentation conditions (GYAE).

Proteome analysis of A. pasteurianus in different media

Acetic acid can induce the changes in the energy metabolism
pathway. To further understand the whole metabolism change
caused by initial acetic acid, the researchers compared the
proteome grown under different media. The 1.5-fold upregu-
lation and 0.75-fold downregulation were considered as the
minimum level for differential expression, and the identified
proteins were assigned by COG, which were classified into 18
categories (as shown in Fig. S1). In the presence or absence of
initial acetic acid or ethanol conditions, the different expres-
sion proteins were mainly categorized into several classes of
carbohydrate and energy metabolism, translation, ribosomal
structure and biogenesis, amino acid transport and metabo-
lism, etc. Because of the influence of initial acetic acid and
ethanol on the glucose or ethanol consumption and energy
production, the carbohydrate and energy metabolism of
A. pasteurianus became the focus of this study.

The protein differentially expressed under GYA and GY
media was compared (shown in Table S1). The following
are various carbohydrate metabolic enzymes. In the pentose
phosphate pathway (PPP), they were 6-phosphogluconate



Appl Microbiol Biotechnol (2017) 101:7007-7016

7011

a
100 — — —
—~ —4— acidity without initial acetic acid 14
= —A— acidity with initial acetic acid
E) —O— viable cell without initial acetic acid a
|_—e— viable cell with initial acetic acid =
: : £ 3
=]
B S5
< @)
= B
= o
2 z
(=1 -2 ~
o =
U [}
o] Q
= 5
< i)
2 41 S
5 >
Q
<
0
45
Time (h)
b 22 70
—o— glucose without initial acetic acid
\!\i\i\ —m— glucose w‘ith initAiaAl ?cctic ﬁcid ) 1 60
N —o— ethanol without initial acetic acid
—~ 20 N e LA
a §\ —e— ethanol with initial acetic acid
B) = N 150
No I~ . —~
= N 3
) B N ° §\§—§‘Q‘ =
z 18 5 = 8 a0 B
g AN 3
g - N 1 —
3] O >§Q§_D_§_§_g )
Q —a 30 S
s 16t AN R -
S L) '\. 05
2 ' \§ 20
] AN
3 14 § ]
O e 10
12 1 1 | 1 1 1 1 \.\6\- 0
0 5 10 15 20 25 30 35 40 45

Time (h)

Fig. 1 Time curves of acetic acid fermentation. a Acetic acid production
and viable cells. b Ethanol and glucose consumptions

dehydrogenase, transaldolase, and ribose 5-phosphate isomer-
ase. The differential enzymes in the glycolysis (EMP) path-
way were glucose-6-phosphate isomerase, glyceraldehyde 3-
phosphate dehydrogenase, phosphoglycerate kinase,
phosphoglyceromutase, phosphopyruvate hydratase, and py-
ruvate kinase. The enzymes involved in the TCA cycle are
pyruvate dehydrogenase, citrate synthase, isocitrate dehydro-
genase, succinate dehydrogenase, fumarate hydratase, and
malate:quinone oxidoreductase. These enzymes were upregu-
lated due to initial acetic acid in GYA medium compared with
those of the GY medium. The upregulation of those enzymes
can strengthen PPP, EMP, and TCA cycle. The acetyl-CoA
hydrolase and phosphotransacetylase can feed a new molecule
of acetyl-CoA for TCA cycle by assimilating a molecule
acetic acid. These particular enzymes were upregulated, sug-
gesting that the more acetyl-CoA was produced and flow into
the TCA cycle (Mullins et al. 2008; Wang et al. 2015b). Malic
enzyme (malate dehydrogenase) involving pyruvate metabo-
lism is known as a supply shunt of the TCA cycle as it can
supply malate from pyruvate (Sakurai et al. 2013). The down-
regulation of malic enzyme may result in the enhancement of
TCA cycle to produce more intermediate metabolites of TCA
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Fig. 2 Effect of initial acetic acid on cell growth and glucose
consumption. a The growth of AAB in different media. b The glucose
and acetic acid concentration

cycle due to the initial acetic acid in GYA medium. Also, the
membrane-bound ADH large subunit involved in ethanol ox-
idation was upregulated due to the initial acetic acid.

The protein expression in the presence of ethanol (GYAE
medium) was compared with that of the expression levels in
the absence of ethanol (GYA medium). We observed that en-
zymes involved in the PPP (i.e., 6-phosphogluconate dehy-
drogenase, transaldolase, and ribose 5-phosphate isomerase)
and in the TCA cycle (i.e., pyruvate dehydrogenase, citrate
synthase, isocitrate dehydrogenase, fumarate hydratase, and
malate:quinone oxidoreductase) were downregulated due to
ethanol addition. Interestingly, malic enzyme was upregulated
due to the presence of ethanol in the GYA medium. On the
contrary, it was downregulated due to addition of initial acetic
acid in the GY medium. Ethanol addition resulted in de-
creased PPP and TCA cycle compared with that in GYA me-
dium, which suggested decreased glucose metabolism and
energy production. The upregulation of the malic enzyme that
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Table 2 Analysis of energy

production different medium Medium Glucose Ethanol Hyjucose Hethanol Higal
consumption (g/L) consumption (g/L) (kJ/L) (kJ/L) (kJ/L)
GY 8.1+0.7 - 1292 +£11.2 - 129.2 £5.2%
GYA 20.3+0.8 - 323.4+12.7 - 323.4 + 12.7%%*
GYAE 4.7+0.7 23.0+14 749 +11.2 246.5 £ 15.0 321.0+£15.0
H,y,005e average energy release with glucose consumption, H,,.,,; average energy release with ethanol consump-

&
tion, H,,,,; total energy release

*P < 0.05 GY versus GYA/GYAE; **P > 0.05 GYA versus GYAE

supplies oxaloacetate was due to the decreased of TCA cycle.
Aaldehyde dehydrogenase (ALDH) was upregulated by about
6.6-fold in GYAE medium compared with that in GYA medi-
um, indicating enhanced ethanol oxidation pathway.
However, the glucose metabolism was decreased due to the
presence of ethanol, as shown in Table 2. Thus, the ethanol
oxidation became the main energy source for cell growth and
metabolism in the GYAE medium.

The protein expressions under GYAE and GY media were
compared. The proteins involved in PPP (6-phosphogluconate
dehydrogenase, transaldolase, and ribose 5-phosphate isomer-
ase) were downregulated. However, glyceraldehyde-3-
phosphate dehydrogenase, phosphoglycerate kinase,
phosphoglyceromutase, and phosphopyruvate hydratase in-
volved in EMP were upregulated. Glucose-6-phosphate isom-
erase and pyruvate kinase were downregulated. Meanwhile,
fructose 1, 6-bisphosphatase, and pyruvate phosphate dikinase
involved in gluconeogenesis pathway were upregulated due to
the presence of initial acetic acid and ethanol. The results were
compared with those in GY medium. In addition, the enzymes
involved in the TCA cycle, including pyruvate dehydroge-
nase, citrate synthase, isocitrate dehydrogenase, fumarate
hydratase, and malate:quinone oxidoreductase, were down-
regulated. The downregulation of PPP enzymes indicated
the weakening of glucose metabolism. The upregulation of
enzymes involving EMP and gluconeogenesis implied that
the pyruvate was anaplerosis for EMP by gluconeogenesis
(Sakurai et al. 2011).

Therefore, the proteomics showed that the initial acetic acid
can promote energy metabolism such as TCA cycle.
Additionally, the presence of ethanol enhanced the ethanol
oxidation pathway. Pyruvate metabolism could supply the
EMP and TCA cycle when ethanol became the main energy
source.

Assay of the gene transcription in acetic acid fermentation

Changes in gene transcriptions due to presence of initial acetic
acid were analyzed. Genes were selected based on the results
of proteomic analysis, including PPP, pyruvate metabolism,
TCA cycle, ethanol oxidation, and acetic acid tolerance. As
shown in Fig. 3, the improved acetic acid fermentation with
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initial acetic acid could be explained by the enhancement of
ADH expression (about 2-fold). The transcription of gnd that
encodes 6-phosphogluconate dehydrogenase as the key pro-
tein of PPP was downregulated due to the presence of initial
acetic acid. This finding suggests that the glucose consump-
tion decreased due to the addition of initial acetic acid as
shown in Fig. 1b. The gene transcriptions, such as cs, aarC,
and mqo involved in the TCA cycle, were upregulated. This
result indicates that the TCA cycle was enhanced by initial
acetic acid. Pyruvate kinase encoded by pyk supplies pyruvate
from phosphoenolpyruvate and produces ATP. Pyruvate phos-
phate dikinase encoded by gene ppdK and involved in gluco-
neogenesis can convert pyruvate to phosphoenolpyruvate.
The upregulation of pyk transcription and downregulation of
ppdk suggested that more pyruvate was produced in acetic
acid fermentation with initial acetic acid than that of without
initial acetic acid. Pyruvate can be converted to malate by
malate dehydrogenase, an enzyme encoded by gene mae, to
enter the TCA cycle. Downregulation of mae implied that the
TCA cycle was decreased. The protein DnaK was also down-
regulated by initial acetic acid, which was a response protein
to protect other proteins from denaturation and aggregation
caused by environmental stress (Ishikawa et al. 2010;
Okamoto-Kainuma et al. 2004). The results of qRT-PCR
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Fig. 3 Change in transcription level due to initial acetic acid. The gene
transcription of blank control (without initial acetic acid) was considered
as |



Appl Microbiol Biotechnol (2017) 101:7007-7016

7013

indicated that initial acetic acid induced the metabolic path-
way change by decreasing the PPP and enhancing the energy
metabolism.

Discussion

PPP is the main glucose metabolic pathway of A. pasteurianus
due to the absence of the phosphofructokinase (Illeghems
etal. 2013; Azuma et al. 2009). Upregulation of PPP enzymes
increased the glucose consumption and metabolism due to the
presence of initial acetic acid in GYA compared with that of
GY medium. In addition, the EMP could supply pyruvate for
TCA cycle that was also upregulation with TCA cycle. The
enzymes involved in the TCA cycle were observed to be up-
regulated due to the production of acetic acid in AAB
(A. pasteurianus or Komagataeibacter spp.) (Andres-Barrao
et al. 2016; Andres-Barrao et al. 2012; Sakurai et al. 2012).
The enzymes included citrate synthase, aconitate hydrolase
and succinate dehydrogenase, isocitrate dehydrogenase, 2-
oxoglutatare dehydrogenase, and fumarate hydratase.
Moreover, acetyl-CoA hydrolase and phosphotransacetylase
can feed a new molecule of acetyl-CoA into the TCA cycle by
assimilating a molecule of acetic acid that diffused into the cell
(Lasko et al. 1997; Fukaya et al. 1993; Fukaya et al. 1990;
Mullins et al. 2008). The TCA cycle was enhanced to ensure
the efficient supply of oxaloacetate and other metabolite and
maintain the normal metabolism for AAB growth. The results
of the present study indicate that TCA cycle is important in
fermentation process and tolerance of AAB to live in a natu-
rally aggressive environment. In the absence of ethanol, AAB
enhanced the PPP, EMP, and TCA cycle by utilizing glucose
as the main carbon and energy source to increase energy me-
tabolism and improve cell tolerance against acetic acid.

As one of the most important enzymes in ethanol oxida-
tion, membrane-bound ADH contributes greatly to acetic acid
tolerance in AAB (Steiner and Sauer 2001; Wang et al.
2015¢). Loss of membrane-bound ADH, A. aceti, and
A. pasteurianus displayed a loss of acetic acid tolerance and
exhibited a growth reduction in the presence of acetic acid
(Chinnawirotpisan et al. 2003; Takemura et al. 1993). Some
strains of K. europaeus with a higher ADH activity than
A. pasteurianus exhibited higher acetic acid tolerance than
A. pasteurianus (Trcek et al. 2006). Expression of ADH was
upregulated in GYA medium compared with that in GY me-
dium, implying that initial acetic acid can improve the ADH
expression. Therefore, upregulation expression of ADH will
lead to the increased tolerance of A. pasteurianus against
acetic acid that was according to the previous report (Xia
etal. 2015). The expression of ALDH that is the other enzyme
for ethanol oxidation was upregulated in GYAE medium com-
pared with that in GYA medium (as listed in Table S1) because
ALDH is more sensitive to ethanol than ADH (Mamlouk and

Gullo 2013). Ethanol oxidation is the main energy producing
pathway in acetic acid fermentation (GYAE medium) since
ethanol is the preferred substrate over glucose for AAB
(Sakurai et al. 2011). To perform the oxidation of ethanol to
acetic acid ADH and ALDH transfers electron via ubiquinone
(UQ). UQ gains one electron from the oxidation of ethanol
and acetaldehyde and then transmits electrons to O, when it is
oxidized by ubiquinone oxidase in the respiratory chain.
During the transmittance of electrons, 4 H* in the cell react
with O, that gained 4 ¢ from the UQ to produce 2 H,O.
While, 4 H* from the oxidized UQ are released into the peri-
plasm to result in a higher concentration of H* out of the cells
than that inside of the cells. Thus, a proton motive force nec-
essary for energy production is obtained (Mamlouk and Gullo
2013; Wang et al. 2015a). The proton motive force as the
energy source is used for pumping out acetic acid in a proton
uncoupler-sensitive manner that accompanied by H* passively
penetrate into the cell (Matsushita et al. 2005; Wang et al.
2015a). The enhancement of the ethanol oxidation pathway
promotes the produce of energy from a proton motive force
used for the acetic acid transfer to improve the tolerance of
AAB. Thus, the metabolism change induced by initial acetic
acid and ethanol improved the cell growth in GYAE media,
which is brought about by increase in viable cells, as shown in
Fig. 2.

As shown in Fig. 4, the assay of gene transcription in acetic
acid fermentation demonstrated that the TCA and ethanol ox-
idation as the important energy metabolism pathway were
enhanced, whereas the PPP as main pathway of glucose me-
tabolism was decreased. The acetic acid tolerance was im-
proved as energy production was important for AAB to pump
out acetic acid and maintain the suitable intracellular environ-
ment (Matsushita et al. 2005; Nakano et al. 2006). Also, TCA
cycle can assimilate intracellular acetic acid to supply the cy-
cle and produce more ATP to adapt to the acetic acid fermen-
tation conditions. Thus, more viable count was obtained and
acetic acid fermentation was processed as shown in Fig. 1.

To further study the effects of initial acetic acid on
energy metabolism, the DO and the intracellular ATP con-
centration were compared. As shown in Fig. 5, DO was
decreased due to the cell growth and the ethanol oxida-
tion. However, the DO without initial acetic acid was
higher than that of the 1% initial acetic acid. Specially,
after 15 h of fermentation, the DO increased accompanied
with the viable cell decrease. Thus, the acetification pro-
cess was stopped (Fig. 1). For acetic acid fermentation,
oxygen is the final electron acceptor to form H,O and the
proton motive force that is necessary for energy produc-
tion. In addition, the lower DO indicated that initial acetic
acid can promote cell metabolism resulting in more oxy-
gen consumption and energy production necessary for cell
growth and tolerance against sharp environment. The eth-
anol oxidation and the TCA cycle were linked to the
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Fig. 4 Metabolism framework change of A. pasteurianus due to initial acetic acid. Red line presents the upregulation; green line presents the
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respiratory chain and produce energy that contains a part
of ATP (Adler et al. 2014). In acetic acid fermentation,
ATP is necessary for cell growth by improving the acetic
acid tolerance. Some studies also discovered that intracel-
lular ATP is related to the cell’s response to acid shocks in
Bacillus cereus and Salmonella enterica (Mols et al.
2010; Tan et al. 2015). As shown in Fig. 5, intracellular
ATP was lower before 21 h due to the presence of initial
acetic acid compared with that without initial acetic acid.
In AAB, acetic acid is pumped out by the ATP-dependent
ABC transporters when acetic acid diffused into the cell
(Nakano et al. 2006). Similar to GrpE and DnalJ, DnaK as
a molecular chaperone consumes ATP to ensure proper
folding of the protein under acid pressure (Harrison
et al. 1997; Ishikawa et al. 2010; Okamoto-Kainuma
et al. 2004). The lower ATP was brought about by the
increased consumption of ATP to resist the acid.

In summary, decreased intracellular ATP as a result of ini-
tial acetic acid inhibition can change the energy metabolism
(TCA cycle and ethanol oxidation). This situation induces the
AAB to produce more energy to resist acetic acid and promote
the cell growth in initial period of acetic acid fermentation.
Additionally, enhanced ADH expression promotes the ethanol
oxidation and strengthens the acetification rate, meanwhile
producing a strong proton motive force that is necessary for

@ Springer

energy production and acetic acid transfer. Also, expression of
some tolerance protein including Dnak is induced by initial
acetic acid to improving the acetic acid tolerance.

This study provided a global metabolic change of AAB
induced by initial acetic acid according to proteome assay,
which highlighted insight carbon metabolism and energy reg-
ulation to adapt acetic acid fermentation conditions. However,
future study will focus on the metabolic control to improve the
acetic acid fermentation considering the energy production.
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Fig. 5 Time curves of DO and intracellular ATP during acetic acid
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