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Abstract: Traditional grain vinegar is fermented using multiple acetic acid bacteria (AAB) at various 

temperatures. A single AAB showed high acid–producing ability at 30 °C with a 5% alcohol concentration and 

an initial pH adjusted to 4.0. Multiple AAB were similar to single AAB, but the optimal initial pH was 3.0. Acid 

production ability according to the type of AAB was higher in multiple AAB than that for single AAB. That is, 

using multiple AAB helped to increase the titratable acidity of traditional grain vinegar. In addition, increasing 

the titratable acidity and content of volatile flavor compounds was advantageous when two, rather than four, 

AAB types were mixed and used. Titratable acidity was high at medium temperatures (30 °C), but volatile 

flavor compounds increased at low temperatures (20 °C) under multiple AAB. A 16S rDNA–based microbiome 

taxonomic profiling analysis identified differences in beta diversity due to multiple AAB and fermentation 

temperatures. In particular, beta diversity analysis revealed a specific pattern when a mixture of Acetobacter 

ascedens GV–8 and Acetobacter pasteurianus GV–22 were fermented at low temperature (20 °C). Therefore, we 

propose the application of multiple AAB with acidic and flavor–producing properties in traditional grain 

vinegar. 

Keywords: multiple starter; acetic acid fermentation; Acetobacter ascendens; Acetobacter pasteurianus 

 

1. Introduction 

Vinegar is produced industrially in two main ways: a slow process involving a static surface and 

a fast submerged fermentation process, also known as acetic acid fermentation (AAF) [1]. Traditional 

vinegar is generally produced via static surface fermentation. This technique is relatively 

inexpensive, and the time required for complete fermentation is longer than that required for rapid 

fermentation. Traditional grain vinegar produced through static surface fermentation has various 

physiological functions, including blood sugar control, lipid metabolism control, weight loss, 

antibacterial, antioxidant, and anticancer activity due to its organic acid, polyphenol, and melanoidin 

content [2,3]. Vinegar quality varies greatly depending on the raw material, fermentation method, 

and manufacturing method used. The acetic acid content, organic acid composition, and free amino 

acid composition affect taste and influence the quality of vinegar [4]. 

Acetic acid bacteria (AAB), particularly Acetobacter spp., are commonly used in vinegar 

production. The Korean Ministry of Food and Drug Safety (https://www.foodsafetykorea.go.kr/) 

allows limited use of Acetobacter aceti and Acetobacter pasteurianus only in vinegar production. AAB, 

obligate aerobes, oxidize alcohols Acetobacter and Gluconoacetobacter spp., which can tolerate 

particularly high concentrations of acetic acid, are used as industrial vinegar producers [5]. A highly 

complex microbial community and metabolites are involved in traditional AAF; however, the 

correlation between them is still poorly understood [6]. Species and characterization of dominant 

strains in static AAF are desirable for stabilizing and improving fermentation [7–10]. 

The optimal temperature for traditional static AAF is approximately 30 °C, and a slight 

temperature increase of 2–3 °C results in significant reductions in both the rate and yield of AAF [11]. 

Therefore, setting the optimal conditions, including the fermentation temperature, for traditional 
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grain vinegar production is a major task to increase the fermentation rate and yield [8]. In this study, 

optimal fermentation conditions were used for single and multiple AAF starters. 

In our previous study, we investigated the microbiome of Korean traditional grain vinegars 

using a culture–independent microbiological technique, and correlations between sensory 

characteristics and fermentation temperature were found [2]. A recent studies reported that the 

ecological aspects of the microbial community influence metabolic activity and, ultimately, the 

composition of the fermentation product [12,13]. Fermentation of various foods and beverages, 

including traditional vinegar, is a complex phenomenon involving microbial consortia, showing the 

importance of studying the microorganisms in fermented products [14]. Beta diversity analysis was 

used to quantify the similarity or distance between the microbiome pairs. Overall taxonomic or 

functional diversity patterns can be linked to environmental features, and ecosystem characteristics 

can be predicted based on beta diversity analysis [15]. In this study, the microbiological and 

physicochemical properties of vinegar were investigated based on multiple AAB types and 

fermentation environments, and a multiple starter with acid–producing ability was presented. 

2. Materials and Methods 

2.1. Culture–Dependent Isolation and Identification of AAB 

Five grain vinegars were collected from three provinces (Gyeongsangnam-do, Gyeongsangbuk-

do, and Chungcheongnam-do) in Korea to isolate AAB with acid production and alcohol tolerance 

(Table 1) [2]. The composition of the solid medium used for isolation of AAB is as follows: 0.5% yeast 

extract, 3% glucose, 1% CaCO3, 2% agar, and 5% alcohol (v/v). Grain vinegars were spread on solid 

medium and incubated at 30 °C, and a single colony was isolated [16]. Amplification of the 16S rRNA 

gene was performed using the universal primers 27F (5’ –AGA GTT TGA TCC TGG CTC AG–3’) and 
1492R (5’ –GGT TAC CTT GTT ACG ACT T–3’) in Genocell (Daejeon, Korea) [17]. The PCR mixtures 

were preheated for 5 min at 95 °C and amplified through 35 cycles of 45 s at 95 °C, 1 min at 55 °C, 

and 1 min at 72 °C. PCR products were purified and sequenced using the two primers described 

above. The nucleotide sequence primary analysis was performed using the web hosted BLASTn 

algorithm with the National Center for Biotechnology Information database. Table 1 shows the grain 

vinegars and identified AAB strains from the three regions in Korea. Two Acetobacter ascendens and 

four A. pasteurianus strains were isolated from five grain vinegars. 

Table 1. Acetic acid bacteria (AAB) isolated from traditional grain vinegar in various regions in 

Korea. 

Region (Province) Origin Sample Name Species Strain 

Gyeongsangnam–do 
Brown rice GN_BWR Acetobacter pasteurianus GV–5 

Black rice GN_BR Acetobacter ascendens GV–8 (A)1 

Gyeongsangbuk–do 
Five grains2 GB_FG Acetobacter ascendens GV–12 (B) 

Brown rice GB_UR Acetobacter pasteurianus GV–22 (D) 

Chungcheongnam–do Brown rice CN_UR 
Acetobacter pasteurianus GV–16 

Acetobacter pasteurianus GV–17 (C) 

1 The strains selected as multiple starter candidate are indicated using letters (A–D). 2 Mixture of brown rice, 

barley, sorghum, millet, and glutinous millet. 

2.2. Optimal Fermentation Conditions for AAB 

To analyze AAB fermentation characteristics, the optimal temperature, alcohol concentration, 

and initial pH were investigated to evaluate AAF ability. The liquid medium composition was as 

follows: 0.5% yeast extract, 0.5% glucose, 1% glycerin, 0.02% MgSO4·7H2O, 5% alcohol (v/v), and 1% 

acetic acid (v/v). AAB adjusted to OD660 nm = 0.5 using a UV spectrophotometer (SYNERGY MX, 

Biotek, Winooski, Vermont, USA) was inoculated with 0.1% for single AAB and 1% for multiple AAB 
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in a liquid medium. The optimal temperature was evaluated by inoculating single or multiple AAB 

in a liquid medium supplemented with 5% alcohol and incubating at 20, 30, or 40 °C. To find the 

optimal value, the initial pH of the liquid medium was adjusted to 2.0, 3.0, and 4.0 at room 

temperature (20 °C) using an Orion 3 Star pH meter (Thermo Fisher Scientific, Beverly, MA, USA). 

AAF ability was evaluated by measuring titratable acidity and growth of the samples at intervals of 

3 days, and multiple starter candidates were selected. 

2.3. Optimal Inoculation Rate and Inoculation Order for Multiple Starters 

To evaluate their ratio of inoculation, multiple AAB were mixed at ratios of 1:1, 1:2, and 2:1, 

inoculated with 1% of the liquid medium, and cultured at 30 °C for 27 days. To evaluate the order of 

inoculation for multiple starters, simultaneous inoculation, pre–inoculation, and post–inoculation 

were performed at the previously selected optimal inoculation ratio. In pre–inoculation, the former 

strain was inoculated on day 0 of fermentation, and the following strain was inoculated on day 12 of 

fermentation. For post–inoculation, the order of the strains was reversed. After static culture at 30 °C 

for 27 days, titratable acidity and growth were measured at intervals of 6 days. 

2.4. Titratable Acidity and Growth 

Titratable acidity was measured as the amount of acetic acid (%) titrated with 0.1 N sodium 

hydroxide using 1% phenolphthalein as an indicator [18]. Growth was measured at OD660 using a UV 

spectrophotometer. The optimal alcohol concentration and initial pH of the isolates were evaluated 

by calculating the fermentation efficiency, which represents the pure acetic acid production amount 

as a percentage of the amount, according to the initial fermentation acidity [19]. The calculation 

formula is as follows: 

𝐅𝐞𝐫𝐦𝐞𝐧𝐭𝐚𝐭𝐢𝐨𝐧 𝐞𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲 (%) =  𝑻𝒊𝒕𝒓𝒂𝒕𝒂𝒃𝒍𝒆 𝒂𝒄𝒊𝒅𝒊𝒕𝒚 𝒐𝒇 𝒔𝒂𝒎𝒑𝒍𝒆 (%, 𝒘/𝒗) − 𝑰𝒏𝒊𝒕𝒊𝒂𝒍 𝒕𝒊𝒕𝒓𝒂𝒕𝒂𝒃𝒍𝒆 𝒂𝒄𝒊𝒅𝒊𝒕𝒚 (%, 𝒘/𝒗)𝑰𝒏𝒊𝒕𝒊𝒂𝒍 𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝒐𝒇 𝑬𝒕𝑶𝑯 (%, 𝒗/𝒗) × 𝟏. 𝟑𝟎𝟒 × 𝟏𝟎𝟎  

2.5. Microbiome Taxonomic Profiling Analysis 

Microbiome taxonomic profiling analysis was performed at CJ Bioscience using cell pellets 

consisting of 50 mL of the sample obtained via centrifugation at 10,000 rpm for 20 min (CJ Bioscience, 

Inc., Seoul, Korea). Total DNA was extracted using the FastDNA Spin kit (MP Biomedicals) according 

to the manufacturer’s instructions [20]. PCR amplification was performed using fusion primers 

targeting the V3–V4 regions of the 16S rRNA gene with the extracted DNA. The fusion primers 341F 

(5’-AAT GAT ACG GCG ACC ACC GAG ATC TAC AC – XXX XXX XX – TCG TCG GCA GCG TC – 

AGA TGT GTA TAA GAG ACA G – CCT ACG GGN GGC WGC AG –3’; the underlined sequence 

indicates the target region primer) and 805R (5’-CAA GCA GAA GAC GGC ATA CGA GAT – XXX 

XXX XX – GTC TCG TGG GCT CGG – AGA TGT GTA TAA GAG ACA G – GAC TAC HVG GGT 

ATC TAA TCC –3’) were used for bacterial amplification. The fusion primers were constructed in the 

following order: P5 (P7) graft-binding, i5 (i7) index, Nextera consensus, sequencing adaptor, and 

target region sequence. Amplifications were carried out under the following conditions: initial 

denaturation at 95 °C for 3 min, followed by 25 cycles of denaturation at 95 °C for 30 s, primer 

annealing at 55 °C for 30 s, and extension at 72 °C for 30 s, with a final elongation at 72 °C for 5 min. 

The PCR product was confirmed through 1% agarose gel electrophoresis and visualized using a Gel 

Doc system (BioRad, Hercules, CA, USA). The amplified products were purified using CleanPCR 

(CleanNA; Waddinxveen, Netherlands). Equal concentrations of purified products were pooled 

together, and short fragments (non–target products) were removed using CleanPCR. Quality and 

product size were assessed on a Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA) using a DNA 7500 

chip. Mixed amplicons were pooled, and sequencing was carried out at CJ Bioscience, Inc. using the 

Illumina MiSeq Sequencing system (Illumina, USA) according to the manufacturer’s instructions. 
The secondary analysis which includes diversity calculation and biomarker discovery was 

conducted by in–house programs of CJ Bioscience, Inc. The alpha diversity indices (ACE, Chao1, 

Jackknife, Shannon, NPShannon, Simpson, and Phylogenetic diversity), rarefaction curves, rank 
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abundance curves are estimated [21–27]. To visualize the sample differences, beta diversity distances 

were calculated by Generalized UniFrac algorithms [29–32], and exhibited as principal coordinates 

analysis (PCoA) and dendrogram. With functional profiles that are predicted by PICRUSt and 

MinPath algorithms [33,34], taxonomic biomarkers and functional biomarkers were discovered by 

statistical comparison algorithms (LDA Effect Size – LEfSe and Kruskal–Wallis H Test) [35,36]. All 

analytics mentioned above were performed in EzBioCloud 16S-based MTP, which is a CJ Bioscience’s 
bioinformatics cloud platform. 

2.6. Volatile Compound using SPME Gas Chromatography 

The 25 mL sample was collected and centrifuged at 10,000 rpm for 20 min to obtain the 

supernatant. The supernatant was filtered through a 0.2 μM syringe filter, and GC–MS analysis was 

performed using EZMASS (Jinju, Korea) [37]. After placing 3 mL of the sample in a headspace glass 

vial, 2–methyl–1–phentanol was injected as a designated internal standard, and the headspace vial 

containing the sample was equilibrated at 35 °C for 30 min. After exposure to the SPME fiber 

(DVB/CAR/PDMS) for 5 min, volatile compounds were collected and desorbed in a GC/MS injector 

at 200 °C for 5 min for analysis. The GC/MS system was GC–2010 Plus, GCMS–TQ 8030 (Shimadzu, 

Tokyo, Japan), and DB–WAX (30 mm × 0.25 mm i.d., 0.25 μm film thickness, J&W, CA, USA) was 

used for the column. After incubation at 40 °C for 3 min, the temperature was increased to 90 °C at a 

rate of 5 °C/min, heated to 230 °C at a rate of 19 °C/min, and maintained for 5 min. The injection 

temperature was set to 250 °C, the carrier gas was He, and the flow rate was 1.0 mL/min. 

2.7. Statistical Analysis 

One–way analysis of variance, followed by Duncan’s multiple range test, was used to evaluate 
the significance of the differences in triplicate experiments. Statistical significance was set at P < 0.05. 

All statistical analyses were performed using SPSS version 25.0 (SPSS Corp., Armonk, NY, USA). 

Multivariate statistical analyses, including heatmap and partial least squares–discriminant analysis 

(PLS–DA), were performed using open–source R software (ver. 4.2.1). Metabolite analysis was 

performed and visualized using the “pheatmap” (ver. 1.0.12) and “plsda” packages, respectively. 

3. Results and Discussion 

3.1. Changes in Titratable Acidity and AAB Growth According to Fermentation Temperature, Alcohol 

Concentration, and Initial pH 

To evaluate the optimal conditions for the six AAB strains isolated from grain vinegars from 

various regions in Korea, the acid–producing ability and growth according to the fermentation period 

were investigated in a liquid medium containing 5% alcohol. Isolates fermented at 20, 30, and 40 °C 

for 15 days showed the highest acid–producing ability at 30 °C (Table 2). The isolates underwent an 

induction period until day 3 of fermentation, and the titratable acidity increased from day 6 of 

fermentation. On day 15 of fermentation at 30 °C, the six isolates showed an average titratable acidity 

of 5.53 ± 0.13%, and the GV–5, GV–12, GV–17, and GV–16 strains showed an especially high increase. 

When fermented at 20 °C and 40 °C, there was no increase in titratable acidity, but insignificant 

increase was observed when GV–12 was fermented at 40 °C. In contrast, growth increased the most 

when fermented at 20 °C. When fermented at 30 °C, the growth on day 15 of fermentation increased 

approximately three times, whereas growth increased about 21 times when fermented at 20 °C, 

compared to the beginning of fermentation (day 0). AAB are known to grow by decomposing alcohol 

to produce acetic acid [38]; therefore, it is possible that the sample with no increase in titratable acidity 

fermented at 20 °C showed an increase in contaminating bacteria growth. However, since the initial 

medium before inoculation with AAB contained 5% ethanol and 1% acetic acid, the probability of 

bacterial growth contamination was considered to be low. In addition, when fermented at 40 °C, AAB 

did not grow, similar to the titratable acidity. Therefore, it was determined that the six isolates 

showed optimal acid production and growth at 30 °C. 
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Table 2. Change of titratable acidity and growth under a single AAB according to fermentation 

temperature and period. 

Temp. Strains 

Titratable acidity according to fermentation period (days)  Growth (OD660) according to fermentation period (days) 

0 3 6 9 12 15  0 3 6 9 12 15 

20 °C 

GV–5 1.25±0.001,c 1.43±0.03b 2.14±0.10de 1.26±0.06d 0.75±0.18d 0.57±0.03d  0.05±0.00c 0.06±0.00cd 0.10±0.03bc 0.38±0.38a 0.83±0.40a 1.44±0.29a 

GV–8 1.30±0.01b 1.41±0.03b 2.01±0.02e 1.11±0.12d 0.73±0.20d 0.48±0.08d  0.06±0.00b 0.06±0.00cd 0.06±0.00c 0.14±0.02b 0.47±0.38b 1.49±0.06a 

GV–12 1.40±0.00a 1.40±0.07b 2.66±0.13bcd 1.85±0.12d 1.08±0.15cd 0.44±0.02d  0.06±0.00b 0.06±0.00cd 0.22±0.03a 0.25±0.11ab 0.79±0.20a 1.13±0.20b 

GV–16 1.38±0.00a 1.40±0.06b 2.53±0.36cde 1.54±0.04d 1.14±0.08cd 0.47±0.08d  0.07±0.01a 0.06±0.00cd 0.07±0.01bc 0.22±0.07ab 0.48±0.12b 1.05±0.08b 

GV–17 1.38±0.00a 1.39±0.08b 2.46±0.14de 1.74±0.11d 1.41±0.36c 0.98±0.48c  0.06±0.00b 0.06±0.00cd 0.08±0.00bc 0.19±0.05ab 0.45±0.11b 1.13±0.24b 

GV–22 1.41±0.00a 1.41±0.12b 2.69±0.31bcd 1.74±0.19d 1.07±0.23cd 0.51±0.14d  0.05±0.00c 0.06±0.00cd 0.21±0.07a 0.20±0.08ab 0.34±0.20bc 1.39±0.06a 

30 °C 

GV–5 1.27±0.03bc 2.23±0.20a 3.56±0.51a 4.57±0.60ab 5.19±0.29a 5.64±0.16a  0.06±0.01b 0.06±0.02cd 0.10±0.09bc 0.11±0.11b 0.13±0.07c 0.16±0.07c 

GV–8 1.28±0.05bc 2.19±0.14a 3.41±0.33a 4.77±0.72a 5.17±0.07a 5.33±0.19a  0.07±0.01a 0.06±0.02cd 0.08±0.06bc 0.10±0.08b 0.10±0.05c 0.18±0.06c 

GV–12 1.20±0.04d 2.14±0.14a 3.12±0.27abc 4.03±0.21b 5.28±0.16a 5.62±0.03a  0.05±0.00c 0.10±0.04bc 0.11±0.07bc 0.10±0.02b 0.12±0.07c 0.12±0.04c 

GV–16 1.30±0.03b 2.34±0.19a 3.27±0.72ab 4.35±1.00ab 5.17±0.46a 5.56±0.25a  0.05±0.00c 0.12±0.01ab 0.22±0.03a 0.22±0.03ab 0.23±0.05bc 0.23±0.03c 

GV–17 1.28±0.02bc 2.21±0.25a 3.18±0.60ab 4.19±0.64ab 4.81±0.55a 5.60±0.17a  0.05±0.00c 0.09±0.03bcd 0.15±0.06ab 0.18±0.08ab 0.22±0.06bc 0.22±0.04c 

GV–22 1.27±0.03bc 2.25±0.11a 3.40±0.18a 4.85±0.24a 5.27±0.14a 5.40±0.01a  0.05±0.00c 0.15±0.08a 0.15±0.08ab 0.16±0.07b 0.19±0.06bc 0.23±0.04c 

40 °C 

GV–5 1.19±0.00d 1.18±0.01c 1.19±0.02f 1.16±0.01d 1.16±0.04cd 1.15±0.02c  0.05±0.00c 0.05±0.00d 0.05±0.00c 0.05±0.00b 0.05±0.00c 0.05±0.00c 

GV–8 1.17±0.00d 1.17±0.01c 1.19±0.01f 1.17±0.03d 1.19±0.07cd 1.16±0.04c  0.05±0.00c 0.05±0.00d 0.05±0.00c 0.05±0.00b 0.05±0.00c 0.05±0.00c 

GV–12 1.25±0.05c 1.23±0.02bc 2.42±0.62de 2.61±0.53c 3.10±0.54b 2.09±0.68b  0.05±0.00c 0.05±0.00d 0.12±0.05bc 0.09±0.03b 0.09±0.03c 0.09±0.03c 

GV–16 1.30±0.00b 1.24±0.02bc 1.12±0.02f 1.18±0.04d 1.23±0.02cd 1.20±0.08c  0.05±0.00c 0.05±0.00d 0.05±0.00c 0.05±0.00b 0.05±0.00c 0.05±0.00c 

GV–17 1.26±0.01bc 1.18±0.03c 1.19±0.02f 1.16±0.03d 1.26±0.02c 1.09±0.07c  0.05±0.00c 0.05±0.00d 0.05±0.00c 0.05±0.00b 0.05±0.00c 0.05±0.00c 

GV–22 1.28±0.00bc 1.15±0.02c 1.15±0.02f 1.14±0.02d 1.20±0.02cd 1.13±0.06c  0.05±0.00c 0.05±0.00d 0.05±0.00c 0.05±0.00b 0.05±0.00c 0.05±0.00c 

1 Values are presented as means ± standard deviation (number of replicates = 3). Different superscripts in the 

same column indicate a significant difference at P < 0.05, as determined by Duncan’s multiple range test. 
Different lowercase letters between columns represent significant differences between the cultivars (P < 0.05). 

To evaluate the optimal alcohol concentration for the six isolates with high acid–producing 

ability, the isolates were fermented at 30 °C for 15 days in a liquid medium with an alcohol 

concentration of 5–14%, and then changes in titratable acidity and growth were measured (Table 3). 

The isolates showed a high increase in titratable acidity at 5% and 8% alcohol, and the growth 

increased similarly, but they did not grow at 11% or higher alcohol concentrations. At 5 and 8% 

alcohol, the six isolates showed average titratable acidities of about 5.53 ± 0.13% and 6.30 ± 0.79% after 

15 days of fermentation, respectively 4.35 and 4.85 times higher than those at the beginning of 

fermentation (day 0). In other words, the titratable acidity of the 8% alcohol concentration was higher. 

On the other hand, the average fermentation efficiency of the isolates at 5% and 8% alcohol 

concentrations was 65.31% and 47.88%, respectively, exhibiting higher fermentation efficiency at 5% 

alcohol concentration (Table S1). This suggests that the ability to oxidize alcohol into acetic acid was 

reduced at 8% alcohol. Therefore, the optimal alcohol concentration for the six isolates was 

determined to be 5%, where the GV–5, GV–12, and GV–17 strains showed high acid production. At 

8% alcohol concentration, the GV–12 strain showed high acid production ability, exhibiting alcohol 

tolerance. 

Table 3. Changes in titratable acidity and growth under a single starter according to ethanol 

concentration (%) and fermentation period. 

Conc. 

EtOH 

Strains 

Titratable acidity according to fermentation period (days)  Growth (OD660) according to fermentation period (days) 

0 3 6 9 12 15  0 3 6 9 12 15 

5% GV–5 1.27±0.031,f 2.23±0.20a 3.56±0.51a 4.57±0.40ab 5.19±0.29abc 5.64±0.16cd  0.06±0.01ab 0.06±0.02de 0.10±0.09bcd 0.11±0.11bcd 0.13±0.07cdef 0.16±0.07bcd 
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GV–8 1.28±0.05ef 2.19±0.14a 3.41±0.33ab 4.77±0.38a 5.17±0.07abc 5.33±0.19d  0.07±0.01a 0.06±0.02de 0.08±0.06bcd 0.10±0.08bcd 0.10±0.05efg 0.18±0.06abc 

GV–12 1.20±0.04g 2.14±0.14a 3.12±0.27ab 4.03±0.21b 5.28±0.16ab 5.62±0.03cd  0.05±0.00b 0.10±0.04bc 0.11±0.07bcd 0.10±0.02bcd 0.12±0.07def 0.12±0.04cde 

GV–16 1.30±0.03ef 2.34±0.19a 3.27±0.72ab 4.35±0.42ab 5.17±0.46abc 5.56±0.25cd  0.05±0.00b 0.12±0.01ab 0.22±0.03a 0.22±0.03a 0.23±0.05a 0.23±0.03a 

GV–17 1.28±0.02ef 2.21±0.25a 3.18±0.60ab 4.19±0.64ab 4.81±0.55bc 5.60±0.17cd  0.05±0.00b 0.09±0.03bcd 0.15±0.06b 0.18±0.08ab 0.22±0.06ab 0.22±0.04ab 

GV–22 1.27±0.03f 2.25±0.11a 3.4±0.18ab 4.85±0.24a 5.27±0.14ab 5.40±0.01d  0.05±0.00b 0.15±0.08a 0.15±0.08b 0.16±0.07ab 0.19±0.06abc 0.23±0.04a 

8% 

GV–5 1.28±0.03ef 1.42±0.14c 2.05±0.25c 3.17±0.51c 4.13±0.30d 5.51±0.38cd  0.05±0.01b 0.05±0.00de 0.07±0.02cd 0.07±0.02cd 0.08±0.01fg 0.08±0.01ef 

GV–8 1.34±0.00cdef 1.44±0.08c 2.06±0.24c 3.13±0.36c 4.09±0.28d 5.30±0.50d  0.06±0.01ab 0.05±0.00de 0.10±0.04bcd 0.13±0.04bcd 0.15±0.04cde 0.16±0.02bcd 

GV–12 1.29±0.05ef 1.76±0.12b 2.89±0.29b 4.16±0.64ab 5.7±0.60a 7.27±0.46a  0.06±0.01ab 0.07±0.01cde 0.09±0.02bcd 0.11±0.07bcd 0.12±0.01def 0.11±0.06de 

GV–16 1.30±0.03ef 1.77±0.06b 2.86±0.21b 3.99±0.42b 4.70±0.17c 6.10±0.34c  0.06±0.01ab 0.06±0.02de 0.13±0.00bc 0.14±0.02abc 0.17±0.03abcd 0.21±0.09ab 

GV–17 1.29±0.06ef 1.88±0.23b 3.30±0.67ab 4.64±1.12ab 5.55±0.92a 6.95±1.14ab  0.05±0.00b 0.07±0.02cde 0.14±0.07bc 0.16±0.05ab 0.17±0.05abcd 0.20±0.04ab 

GV–22 1.30±0.02ef 1.47±0.12c 1.96±0.06cd 3.35±0.23c 4.69±0.22c 6.64±0.50b  0.05±0.00b 0.05±0.00de 0.08±0.04bcd 0.10±0.10bcd 0.16±0.01bcde 0.22±0.02ab 

11% 

GV–5 1.38±0.00abcd 1.48±0.01c 1.48±0.14de 1.34±0.11d 1.37±0.09e 1.37±0.08e  0.05±0.00b 0.05±0.00de 0.04±0.00d 0.04±0.00d 0.04±0.00g 0.04±0.00f 

GV–8 1.40±0.01abc 1.45±0.10c 1.42±0.04e 1.36±0.16d 1.32±0.03e 1.31±0.02e  0.05±0.00b 0.05±0.00de 0.04±0.00d 0.04±0.00d 0.04±0.00g 0.04±0.00f 

GV–12 1.41±0.05ab 1.55±0.08c 1.36±0.03e 1.28±0.01d 1.28±0.07e 1.28±0.03e  0.06±0.01ab 0.04±0.00e 0.04±0.00d 0.04±0.00d 0.04±0.00g 0.04±0.00f 

GV–16 1.35±0.04bcde 1.46±0.02c 1.37±0.04e 1.28±0.03d 1.21±0.05e 1.28±0.09e  0.05±0.01b 0.04±0.00e 0.04±0.00d 0.04±0.00d 0.04±0.00g 0.04±0.00f 

GV–17 1.40±0.00abc 1.45±0.05c 1.40±0.04e 1.27±0.02d 1.21±0.03e 1.28±0.04e  0.05±0.00b 0.05±0.00de 0.04±0.00d 0.04±0.00d 0.04±0.00g 0.04±0.00f 

GV–22 1.42±0.00a 1.44±0.07c 1.35±0.07e 1.25±0.03d 1.18±0.01e 1.26±0.04e  0.05±0.00b 0.04±0.00e 0.04±0.00d 0.04±0.00d 0.04±0.00g 0.04±0.00f 

14% 

GV–5 1.30±0.05ef 1.47±0.02c 1.40±0.08e 1.28±0.01d 1.38±0.05e 1.28±0.03e  0.05±0.00b 0.05±0.00de 0.04±0.00d 0.04±0.00d 0.04±0.00g 0.04±0.00f 

GV–8 1.27±0.02f 1.42±0.06c 1.31±0.02e 1.35±0.16d 1.28±0.03e 1.39±0.08e  0.05±0.00b 0.05±0.00de 0.04±0.00d 0.04±0.00d 0.04±0.00g 0.04±0.00f 

GV–12 1.27±0.03f 1.38±0.05c 1.35±0.08e 1.27±0.05d 1.32±0.06e 1.20±0.18e  0.06±0.01ab 0.05±0.00de 0.04±0.00d 0.04±0.00d 0.04±0.00g 0.04±0.00f 

GV–16 1.28±0.00ef 1.38±0.02c 1.32±0.01e 1.28±0.01d 1.38±0.02e 1.44±0.11e  0.05±0.00b 0.04±0.00e 0.04±0.00d 0.04±0.00d 0.04±0.00g 0.04±0.00f 

GV–17 1.29±0.10ef 1.40±0.04c 1.41±0.12e 1.33±0.03d 1.34±0.01e 1.30±0.03e  0.05±0.00b 0.04±0.00e 0.04±0.00d 0.04±0.00d 0.04±0.00g 0.04±0.00f 

GV–22 1.32±0.00def 1.44±0.08c 1.30±0.01e 1.28±0.02d 1.30±0.03e 1.32±0.02e  0.05±0.01b 0.05±0.00de 0.04±0.00d 0.04±0.00d 0.04±0.00g 0.04±0.00f 

1 Values are presented as means ± standard deviation. Different letters in the same row show significant 

differences (P < 0.05) in Duncan’s multiple range test. 

To identify the optimal pH of the isolates, AAB were inoculated into a liquid medium adjusted 

to pH 2.0–4.0 and fermented at 30 °C for 15 days. Then, the acid production ability and growth were 

investigated. The initial acidity was increased by decreasing pH (Acidity as pH decreases: pH 2.0, 

5.51%; pH 3.0, 3.24%; pH 4.0, 0.37%) (Table 4). The six isolates produced acetic acid while growing at 

pH 3.0 and 4.0, but failed to grow at pH 2.0. In particular, isolates showed a high average titratable 

acidity of 6.92 ± 1.02% at pH 4.0 on day 9, which decreased as the fermentation period elapsed. The 

growth increased 15.8 times on day 15, compared with day 0. Isolates showed an average titratable 

acidity of 3.58 ± 1.13% at pH 3.0 on day 9, and the growth increased 8 times on day 15. The average 

fermentation efficiency on day 9 of fermentation was 53.70 ± 17.50% and 105.80 ± 15.74% at pH 3.0 

and 4.0, respectively (Table S1). This suggests that the ability of the isolates to oxidize ethanol to acetic 

acid increases in an environment of pH 4.0; therefore, pH 4.0 was considered optimal for the strains. 

In particular, the GV–8, GV–12, GV–22, and GV–5 strains showed high acid–producing ability at pH 

4.0. 

Table 4. Changes in titratable acidity and growth under a single starter according to initial pH and 

fermentation period. 

Initial 

pH1 

Strains 

Titratable acidity according to fermentation period (days)  Growth (OD660) according to fermentation period (days) 

0 3 6 9 12 15  0 3 6 9 12 15 

pH 

2.0 

GV–5 0.02±0.032,bc 0.03±0.01e 0.09±0.10g 0.06±0.04h 0.13±0.14h 0.09±0.04h  0.06±0.00a 0.06±0.00e 0.05±0.00g 0.05±0.00e 0.05±0.00g 0.05±0.00e 

GV–8 0.04±0.03bc 0.04±0.03e 0.03±0.05g 0.16±0.20h 0.22±0.35h 0.16±0.20h  0.06±0.00a 0.06±0.00e 0.05±0.00g 0.05±0.00e 0.05±0.00g 0.05±0.01e 
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GV–12 0.09±0.10abc 0.06±0.03e 0.07±0.09g 0.04±0.08h 0.07±0.09h 0.11±0.07h  0.05±0.01b 0.06±0.00e 0.05±0.00g 0.05±0.00e 0.05±0.01g 0.05±0.00e 

GV–16 0.12±0.11ab 0.07±0.03e 0.06±0.03g 0.20±0.22h 0.17±0.08h 0.40±0.36h  0.06±0.00a 0.05±0.00e 0.05±0.00g 0.05±0.00e 0.05±0.00g 0.05±0.00e 

GV–17 0.04±0.02bc 0.05±0.03e 0.03±0.03g 0.05±0.03h 0.06±0.05h 0.13±0.02h  0.05±0.00b 0.06±0.00e 0.05±0.00g 0.05±0.00e 0.05±0.00g 0.05±0.00e 

GV–22 0.03±0.02bc 0.07±0.03e 0.15±0.06g 0.19±0.10h 0.25±0.16h 0.31±0.16h  0.05±0.00b 0.07±0.00e 0.05±0.00g 0.05±0.00e 0.05±0.00g 0.05±0.00e 

pH 

3.0 

GV–5 0.08±0.05abc 0.09±0.06e 0.32±0.06g 2.06±0.47g 2.19±0.47g 2.04±0.50g  0.05±0.00b 0.06±0.00e 0.09±0.00g 0.34±0.05cd 0.40±0.06ef 0.43±0.09d 

GV–8 0.04±0.05bc 0.11±0.03e 4.30±0.16c 5.13±0.24d 4.90±0.32d 4.39±0.15de  0.05±0.00b 0.06±0.01e 0.23±0.05def 0.29±0.02cde 0.70±0.35bc 0.88±0.09ab 

GV–12 0.06±0.07abc 0.08±0.03e 3.41±0.70d 4.35±0.77e 4.12±0.43e 3.78±0.38ef  0.06±0.00a 0.07±0.00e 0.29±0.02d 0.28±0.06cde 0.27±0.17fg 0.48±0.05d 

GV–16 0.15±0.09a 0.10±0.03e 2.69±0.66de 3.79±0.47ef 3.99±0.03ef 3.81±0.66ef  0.06±0.01a 0.06±0.00e 0.17±0.03f 0.16±0.00de 0.46±0.26cdef 0.44±0.03d 

GV–17 0.05±0.09abc 0.10±0.03e 2.04±0.77ef 3.57±0.75f 3.55±0.22f 3.44±0.96f  0.05±0.00b 0.06±0.00e 0.10±0.05g 0.15±0.01de 0.15±0.01g 0.17±0.08e 

GV–22 0.08±0.06abc 0.10±0.06e 1.49±0.23f 2.57±0.09g 2.47±0.23g 2.07±0.78g  0.06±0.01a 0.06±0.01e 0.19±0.01df 0.32±0.12cde 0.41±0.09def 0.49±0.16d 

pH 

4.0 

GV–5 0.03±0.02bc 1.60±0.04c 6.78±0.07a 7.05±0.02c 6.99±0.24b 6.79±0.07a  0.05±0.00b 0.22±0.09c 0.35±0.04c 0.87±0.04a 0.94±0.12a 1.07±0.02a 

GV–8 0.01±0.02c 2.99±0.19a 6.88±1.44a 8.04±0.19a 7.55±0.40a 5.81±0.31b  0.06±0.00a 0.53±0.06a 0.62±0.03a 0.91±0.00a 0.90±0.13ab 1.03±0.23a 

GV–12 0.01±0.01c 2.19±0.10b 7.16±0.27a 7.69±0.45ab 7.51±0.51a 7.21±0.54a  0.05±0.00b 0.28±0.02b 0.41±0.10b 0.49±0.13bc 0.65±0.18cd 0.78±0.12bc 

GV–16 0.02±0.01bc 1.12±0.11d 4.60±0.68c 5.64±0.18d 5.62±0.15c 5.41±0.12bc  0.06±0.01a 0.15±0.05d 0.25±0.05de 0.35±0.07cd 0.54±0.05cde 0.61±0.29cd 

GV–17 0.02±0.01bc 1.06±0.11d 4.54±0.19c 5.69±0.29d 5.56±0.13c 4.80±0.26cd  0.05±0.00b 0.11±0.04de 0.23±0.03def 0.31±0.22cde 0.51±0.05cdef 0.52±0.08d 

GV–22 0.03±0.01bc 1.19±0.21d 5.71±0.15b 7.40±0.10bc 7.13±0.23ab 7.04±0.36a  0.05±0.00b 0.10±0.03de 0.24±0.01de 0.66±0.53ab 0.70±0.15bc 0.75±0.13bc 

1 The initial acidity was increased by decreasing pH (Acidity as pH decreases: pH 2.0, 5.51%; pH 3.0, 3.24%; pH 

4.0, 0.37%). For example, when the pH 2.0 treatment group showed titratable acidity of 5.53% and 5.60% on the 

0th and 15th days of fermentation, Table 4 showed them as 0.02% and 0.09%, respectively. 2 Values are 

presented as means ± standard deviation. Different letters in the same row indicate significant differences (P < 

0.05) in Duncan’s multiple range test. 

3.2. Selecting Multiple Starter Candidates for AAF 

Evaluating the optimal growth conditions of the six isolates showed the highest acid–producing 

ability when fermented at 30 °C for 15 days in a liquid medium containing 5% alcohol and adjusted 

to pH 4.0. GV–12 and GV–17 showed high acid–producing ability and alcohol tolerance in a liquid 

medium containing 8% alcohol. Moreover, GV–8 and GV–22 showed high acid–producing ability in 

a liquid medium adjusted to pH 4.0. Therefore, the GV–8 (A), GV–12 (B), GV–17 (C), and GV–22 (D) 

strains were selected as multiple starter candidates for AAF (Table 1). 

3.3. Changes in Titratable Acidity and Growth of Multiple AAB According to Fermentation Temperature 

and Initial pH 

Titratable acidity and growth were measured in a liquid medium containing 5% alcohol and 

fermented at various temperatures (20, 30, and 40 °C) for 27 days to evaluate the optimal growth 

conditions and investigate the acid–producing ability of multiple AAB according to the fermentation 

environment (Figure 1). The seven multiple AAB starters were as follows: AB (A. ascendens GV–8 and 

A. ascendens GV–12), AC (A. ascendens GV–8 and A. pasteurianus GV–17), AD (A. ascendens GV–8 and 

A. pasteurianus GV–22), BC (A. ascendens GV–12 and A. pasteurianus GV–17), BD (A. ascendens GV–12 

and A. pasteurianus GV–22), CD (A. pasteurianus GV–17 and A. pasteurianus GV–22), and ABCD 

(mixture of A, B, C, and D starters; control). Multiple AAB showed the highest increase in titratable 

acidity and growth at 30 °C, similar to single AAB (Figure 1B,E). After 27 days at 30 °C, the average 

titratable acidity of six AAB was 4.78 ± 0.99%, and the growth increased 10 times compared to day 0. 

In particular, the AD and AB starters showed high titratable acidity after 27 days of fermentation by 

oxidizing ethanol to acetic acid as the fermentation period passed after the 9–day induction. In 

contrast, a single AAB did not produce acid at 20 °C, whereas multiple AAB did. After 27 days at 20 

°C, multiple AAB showed an average titratable acidity of 4.01 ± 0.54%, and the growth increased 8.25 

times, compared to day 0 (Figure 1A,D). The AC and BD starters showed high titratable acidity on 
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day 27 after a 12–day induction period. In addition, multiple AAB failed to grow and produce acid 

at 40 °C (Figure 1C,F). 

   

(a) (b) (c) 

   
(d) (e) (f) 

Figure 1. Changes in titratable acidity (a–c) and growth (d–f) under multiple starters according to 

fermentation temperature and period. Fermentation temperature: (a) and (d) 20 °C; (b) and (e) 30 °C; 

(c) and (f) 40 °C. Symbols: A, Acetobacter ascendens GV–8; B, A. ascendens GV–12; C, A. pasteurianus GV–
17; D, A. pasteurianus GV–22. 

Multiple starters were inoculated into a liquid medium with initial pH adjusted to 2.0–4.0 and 

fermented at 30 °C for 27 days to measure the titratable acidity and growth of multiple AAB according 

to the initial pH (Figure 2). The initial acidity was increased by decreasing pH (Acidity as pH 

decreases: pH 2.0, 5.24%; pH 3.0, 3.24%; pH 4.0, 0.35%) (Figure 2a–c). The six AAB starters, except 

ABCD starter, produced acetic acid through ethanol oxidation after a 6-day induction period at pH 

3.0, and the titratable acidity rapidly increased during days 9–21. At pH 3.0, the titratable acidity 

increased to 3.94 ± 0.20%, the growth increased 7–fold (Figure 2b,e), and the average fermentation 

efficiency was 59.35 ± 3.37% (Table S2). On the other hand, at pH 4.0, the titratable acidity gradually 

increased after an induction period of 6 days, showing a 3.51 ± 0.87% on day 27 (Figure 2c,f). Growth 

increased 10.5 times, and the average fermentation efficiency was 53.13 ± 13.45% on the 27th day of 

fermentation (Table S2). Single AAB showed high acetic acid production ability at pH 4.0 (Table 4), 

whereas multiple AAB showed high activity at pH 3.0. Growth and acid production were not 

observed at pH 2.0 (Figure 2a,d). In contrast, ABCD showed high acid–producing ability at both pH 

3.0 and 4.0. 

   

(a) (b) (c) 
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(d) (e) (f) 

Figure 2. Changes in titratable acidity (a–c) and growth (d–f) under multiple starters according to 

initial pH and fermentation period. Initial pH: (a) and (d) pH 2.0; (b) and (e) pH 3.0; (c) and (f) pH 4.0. 

Symbols: A, Acetobacter ascendens GV–8; B, A. ascendens GV–12; C, A. pasteurianus GV–17; D, A. 

pasteurianus GV–22. The initial acidity was increased by decreasing pH (Acidity as pH decreases: pH 

2.0, 5.24%; pH 3.0, 3.24%; pH 4.0, 0.35%). For example, when the pH 2.0 treatment group showed 

titratable acidity of 5.53% and 5.60% on the 0th and 15th days of fermentation, Table 4 showed them 

as 0.02% and 0.09%, respectively. 

3.4. Optimal Inoculation Rate and Order of Multiple AAB 

To induce high acid production through the interaction of multiple AAB, the inoculation rate of 

multiple AAB was evaluated. Former and following strains were mixed at ratios of 1:1, 1:2, and 2:1, 

inoculated into a liquid medium, and fermented at 30 °C. The six AAB were as follows: AB (A. 

ascendens GV-8 and A. ascendens GV-12), AC (A. ascendens GV-8 and A. pasteurianus GV-17), AD (A. 

ascendens GV-8 and A. pasteurianus GV-22), BC (A. ascendens GV-12 and A. pasteurianus GV-17), BD 

(A. ascendens GV-12 and A. pasteurianus GV-22), and CD (A. pasteurianus GV-17 and A. pasteurianus 

GV-22). The increase in titratable acidity and growth showed a similar trend (Figure 3). On day 27, 

the titratable acidity of AB, AC, and AD was the highest at a ratio of 1:1 (5.59 ± 0.23%, 5.62 ± 0.14%, 

and 5.64 ± 0.02%, respectively), and the titratable acidity at a ratio of 1:2 was higher than that at a 2:1 

ratio, while both strains showed similar acid–producing effects. BC showed the highest titratable 

acidity of 5.55 ± 0.37% at a ratio of 2:1, followed by 1:1 and 1:2. In other words, the B (GV-12) strain 

contribution to the increase in titratable acidity was greater. BD showed the highest titratable acidity 

of 5.94 ± 0.12% at a ratio of 2:1, followed by 1:2 and 1:1. B and D may inhibit each other and interfere 

with growth when they are co–cultured. The titratable acidity of the CD starter was the highest at 

5.25 ± 0.22% at a ratio of 1:1, followed by 2:1 and 1:2, showing that C and D may have a similar effect 

on the increase in titratable acidity. The optimal inoculation ratio for each AAB was as follows: AB, 

1:1; AC, 1:1; AD, 1:1; BC, 2:1; BD, 2:1; and CD, 1:1. 

   

(a) (b) (c) 
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(d) (e) (f) 

Figure 3. Changes in titratable acidity (solid line) and growth (dotted line) under multiple starters 

according to the AAB inoculation ratio and fermentation period. Inoculation ratios: 1:1, 1:2, and 2:1. 

Multiple starters: (a) AB; (b) AC; (c) AD; (d) BC; (e) BD; (f) CD. Symbols: A, Acetobacter ascendens GV–
8; B, A. ascendens GV–12; C, A. pasteurianus GV–17; D, A. pasteurianus GV–22. 

Multiple AAB strains were inoculated in different succession to identify the optimal inoculation 

order (Figure 4). For simultaneous inoculation, the former and following strains were simultaneously 

inoculated on day 0 (Symbol in Figure 4: 0). For pre–inoculation, the former strain was inoculated on 

day 0, and the following strain was inoculated on day 12 (Symbol in Figure 4: 1st). Post–inoculation 

reversed the positions of each strain in pre–inoculation (Symbol in Figure 4: 2nd). AB, AC, AD, and 

CD starters inoculated at a ratio of 1:1 showed the highest titratable acidity post–inoculation (5.73 ± 

0.12%, 6.38 ± 0.11%, 6.59 ± 0.11%, 6.82 ± 0.11%, respectively), followed by simultaneous inoculation 

and pre–inoculation. BC and BD inoculated at a ratio of 2:1 showed the highest titratable acidity post–
inoculation (7.01 ± 0.14% and 6.55 ± 0.14%, respectively), followed by pre–inoculation and 

simultaneous inoculation. This implies that multiple AAB are advantageous when the two strains are 

inoculated at different times. It can be interpreted that metabolites produced by the first inoculated 

strain had a beneficial effect on the latter inoculated strain. 

   

(a) (b) (c) 

   
(d) (e) (f) 

Figure 4. Changes in titratable acidity (solid line) and growth (dotted line) under multiple starters 

according to the AAB inoculation order and fermentation period. Inoculation order: 0, simultaneous 

inoculation; 1st, former inoculation; 2nd, following inoculation. Multiple starters: (a) AB; (b) AC; (c) 

AD; (d) BC; (e) BD; (f) CD. Symbols: A, Acetobacter ascendens GV–8; B, A. ascendens GV–12; C, A. 

pasteurianus GV–17; D, A. pasteurianus GV–22. 

3.5. Volatile Flavor Pattern Profiling According to Fermentation Temperature and Multiple Starters 
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In general, the flavor of vinegar is produced by the complex action of acids, aldehydes, alcohols, 

ketones, and ester compounds, including acetic acid, owing to the interaction between fermenting 

microorganisms, resulting in various volatile components via raw material processing, fermentation, 

and maturation [39]. Analyzing volatile components in vinegar prepared at 20 and 30 °C detected 16 

types of volatile components (Figure 5 and Table S3–S5). The main volatile components were acetic 

acid and alcohol, and the former was most abundant in AD–20 °C. As AAF progresses, AAB consume 

alcohol to produce acetic acid, so the alcohol content decreases, and the acetic acid content increases. 

Total volatile compounds were highest when fermented at a low temperature (20 °C), rather than at 

a medium temperature (30 °C). AB, AD, and ABCD showed the highest titratable acidity on days 12, 

18, and 18, respectively. The levels of decanal, which has a citrus flavor, and nonanal (γ-nonalactone), 

which has a coconut and almond–like flavor, increased as fermentation progressed [40,41]. Decanal 

and nonanal showed the highest increase at ABCD–30 °C, and AD–30 °C, respectively. Octanal, 6–
methyl–5–hepten–2–one, and 2–ethylhexyl acetate (acetic acid, 2–ethylhexyl ester), which have a 

citrus flavor, and 2–octanone (octanoic acid), which has a sweet flavor, were detected in trace 

amounts in all samples [42–45]. 

A heatmap was used to visualize the detection of volatile compounds according to the 

fermentation temperature and multiple starters (Figure 5a). Red coloring in the heatmap indicates a 

large amount detected in GC-MS quantitative analysis, and blue coloring indicates a small amount. 

A large amount of acetic acid was detected in AB at 30 °C on day 18 compared to day 27 of 

fermentation, consistent with its acid–producing ability. Acetic acid is produced during the 

bioconversion of ethanol through two reactions catalyzed by membrane–bound pyrroloquinoline 

quinone-dependent alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH) [46]. ADH 

oxidizes ethanol to acetaldehyde, which is then converted to acetic acid by ALDH and is released into 

the environment. These two dehydrogenase complexes are strictly connected to the respiratory chain, 

which transfers electrons to oxygen through ubiquinone and acts as the final electron acceptor. Acetic 

acid produced by partial ethanol oxidation can be further oxidized in the cytosol by a series of soluble 

NaD(P)+-dependent dehydrogenases (ADH and ALDH) via the tricarboxylic acid cycle, resulting in 

acetate oxidation (peroxidation). Acetobacter spp. are known for their acetate peroxidation activity 

that can oxidize acetic acid, in addition to its ability to accumulate acetic acid [5]. It seems that volatile 

acetic acid was lost as the fermentation period elapsed in the AB–30 °C treatment group. For AD, 

higher acetic acid levels were detected on day 18, which decreased on day 27 at 20 °C. For AB and 

AD starters, the titratable acidity was slightly higher when fermented at 30 °C, while the measured 

volatile compounds were higher when fermented at 20 °C. For the ABCD multiple starter, similar 

amounts of acetic acid were detected at 20 °C and 30 °C, but a lower volatile compounds content was 

detected, compared to that in the AB and AD starters. Therefore, AB fermented at 30 °C for 18 days 

and AD fermented at 20 °C for 18 days were judged to have a high flavor component–producing 

ability. 

PLS-DA was used to identify the pattern of volatile compounds according to the fermentation 

temperature and multiple starters (Figure 5b). Most factors were located in the center of the plot at 

the beginning of fermentation (days 0–12). For AB, the factors at 20 °C moved to the upper part of the 

plot as fermentation progressed, and those at 30 °C were located in the 4th quadrant of the plot at the 

beginning of fermentation and moved to the center of the plot as fermentation progressed. For AD, 

the factors at 20 °C moved upward in the plot according to the fermentation process, and the factors 

at 30 °C were in the center of the plot, regardless of the fermentation period. The ABCD factors at 30 

°C were in the center of the plot, regardless of the fermentation period, and the factors at 20 °C moved 

to the lower part of the plot on day 27 of fermentation. Vinegar taste and flavor components originate 

from the unique characteristics of its raw materials; moreover, differences in volatile compounds 

appear depending on fermentation and aging methods [47]. In this study, the fermentation 

temperature and type of AAB affected the flavor composition. 
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(a) (b) 

Figure 5. (a) Heatmap and (b) partial least squares–discriminant analysis (PLS–DA) of vinegar 

samples fermented by multiple AAB according to the fermentation temperature and period (days). 

The blue color in the heatmap corresponds to low abundance, and red corresponds to high 

abundance, as shown in the color key legend on the right side of the figure. Low abundance indicates 

low detection of volatile compounds. Multivariate PLS–DA displays different colors according to 

complex AAB and fermentation temperature. The factors indicated by each color are indicated in the 

figure. Strains: A, Acetobacter ascendens GV–8; B, A. ascendens GV–12; C, A. pasteurianus GV–17; D, A. 

pasteurianus GV–22. 

3.5. Changes in the Beta Diversity of Microbial Communities According to Fermentation Temperature and 

Multiple Starters 

As AAF progresses, dominance between multiple AAB and microorganism diversity change, 

and microorganisms worsen the fermentation quality can grow. Microbiome taxonomic profiling was 

performed to confirm the microbial diversity of co–cultured AAB according to fermentation 

temperature and duration and to control the microbial community of grain vinegar through AAF 

[48]. The alpha diversity index determines whether sequencing data are sufficient for detecting all 

microbial species included in the sample [49]. Alpha diversity refers to the diversity “within” a 
sample; the higher the number of species (abundance) and the more evenly distributed (evenness), 

the higher the species diversity [50]. In this study, alpha diversity showed similar values, because 

only the starter was inoculated and fermented in a strictly controlled environment (Table S6). 

Alpha diversity analysis revealed no significant difference in the diversity within the sample. 

Therefore, beta diversity was analyzed to investigate the diversity of the samples. The distance metric 

of beta diversity measures the diversity between samples using the Generalized UniFrac method, 

where higher values indicate a more diverse microbiome composition [51,52]. When the samples on 

days 12 and 27 of fermentation were compared, PC1 and PC2 had explanatory powers of 56.550% 

and 30.682%, respectively, in Generalized UniFrac (Figure 5a). All samples collected at the beginning 

of fermentation were located at the center of the PCoA. AD–20 °C moved to the 1st quadrant of the 

PCoA as fermentation progressed, and AD–30 °C moved to the 4th quadrant. In other words, AD 

results suggest that microbial diversity changes with the fermentation temperature. In addition, AB–
20 °C, which was located in the center of the PCoA at the beginning of fermentation, moved to the 

third quadrant as fermentation progressed, and AB–30 °C was located in the center without change. 

Differences in microbial diversity according to the fermentation temperature of AB were suggested. 

Similarly, the day 27 samples of AB–20 °C, AD–20 °C, and AD–30 °C appeared to have a higher scale 

in the dendrogram, compared to the sample located in the center of the PCoA (Figure 5b). Therefore, 
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a significant difference in beta diversity was observed according to the fermentation temperature and 

period, and AB–20 °C, AD–20 °C, and AD–30 °C were considered to have a different AAB community 

composition, compared to other samples. This implies that fermentation temperature and duration 

must be considered in the production of fermented vinegar. 

  

(a) (b) 

Figure 6. Principal coordinates analysis (PCoA, a) and dendrogram (b) of the Generalized UniFrac of 

multiple starters fermented for 12 and 27 days. Strains: A, Acetobacter ascendens GV–8; B, A. ascendens 

GV–12; C, A. pasteurianus GV–17; D, and A. pasteurianus GV–22. 

4. Conclusions 

In conclusion, this study evaluated the effect of multiple AAB on the quality of traditional 

vinegar. The use of starters for AAF can help standardize the taste and quality of the final product 

and control microorganism community diversity [52]. In this study, the acid–producing ability and 

amount of volatile aroma components were measured according to the fermentation temperature 

and type of AAB, which showed a correlation with the beta diversity of the microbial community. 

The titratable acidity of vinegar measured when using a single AAB was 5.53 ± 0.13% and 6.51 ± 0.44% 

when using multiple AAB. This suggests that using multiple AAB to prepare traditional vinegar may 

help increase titratable acidity. AAF using two AAB types in combination, rather than four, was 

advantageous for increasing titratable acidity and volatile compound content. When fermented at the 

optimal fermentation temperature for AAF (30 °C), the titratable acidity increased significantly due 

to AAB oxidation. When fermented at a low temperature (20 °C), the volatile compounds of multiple 

AAB tended to increase. AD (A. ascendens GV–8 and A. pasteurianus GV–22) fermented at 20 °C had 

the most volatile components, showing a specific pattern in beta diversity analysis. Therefore, we 

propose the application of multiple AAB with acid–producing and flavor–producing abilities to 

prepare traditional vinegar. Meanwhile, this study has a limitation in that the alcohol fermentation 

process by yeast was omitted. Therefore, several studies have been required on traditional vinegar 

using Makgeolli produced by yeast and profiling its metabolites. 

Supplementary Materials: The following supporting information can be downloaded atPreprints.org. Table S1: 

Fermentation efficiency according to concentration of ethanol and initial pH. Table S2: Fermentation efficiency 

under multiple starters according to initial pH and fermentation period. Table S3: Volatile compounds according 

to fermentation period using Acetobacter ascendens GV-8 (A) and A. ascendens GV-12 (B) (Unit: Area%). Table S4: 

Volatile compounds according to fermentation period using Acetobacter ascendens GV-8 (A) and Acetobacter 

pasteurianus GV-22 (D) (Unit: Area%). Table S5: Volatile compounds according to fermentation period using A. 

ascendens GV-8 (A), A. ascendens GV-12 (B), A. pasteurianus GV-17 (C), and A. pasteurianus GV-22 (D) (Unit: 

Area%). Table S6: Alpha diversity analysis under multiple starters and fermentation temperature. 
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