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ABSTRACT 

Hardaliye is a traditional beverage produced by fermenting red grapes with mustard seeds and sour cherry 

leaves in the Thrace region of Turkey. There are few studies that have determined the microorganisms 

responsible for hardaliye fermentation, and these are limited to lactic acid bacteria (LAB) using culture-

dependent techniques. The aim of this study was to determine the bacterial dynamics of hardaliye 

fermentation using a culture-independent approach, high-throughput sequencing of 16S rRNA amplicons. 

Hardaliye was produced using the traditional method, and samples were taken and analyzed on days 0, 2, 

4, 6, and 10 of fermentation. During the fermentation period, pH decreased from 3.65 to 3.23. Amplicon 

sequencing showed that bacterial diversity was highest at 2 d, and lowest at 10 d, the final day. Although 
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Enterobacteriaceae was the most dominant family at 0 and 2 d, Acetobacteriaceae, specifically 

Gluconobacter frateurii, became dominant with 50% relative abundance at 4 d, and increased its 

abundance to >98% at 6 and 10 d. Although a slight increase in the relative abundance of 1% (0 d) to 

5% (4 d) was observed in LAB, their presence was limited. This study showed that acetic acid bacteria 

should not be overlooked in hardaliye fermentation.  

Keywords: 16S rRNA targeted metagenomics; acetic acid bacteria; amplicon sequencing; fermented 

foods; Gluconobacter frateurii  

 

 

 

1. Introduction 

Hardaliye is a traditional grape-based beverage from the Thracian region of Turkey (Arici & Coskun 

2001). It is produced by fermenting aromatic red grapes together with crushed raw mustard seeds, sour 

cherry leaves, sorbic and/or benzoic acid as a preservative for 7 to 10 d (Aydogdu et al. 2014; Coşkun et 

al. 2012). Yeast growth and ethanol fermentation in hardaliye are limited due to the protective effect of 

active compounds in mustard seeds together with the action of the preservative (Coşkun et al. 2012). 

After production, hardaliye is filtered and stored at 4 °C (Arici & Coskun 2001; Coskun 2017). Even if it 

is stored in the cold, there may be changes in its properties after one year of storage (Coşkun et al. 2012). 

Fruits and fruit products are important components of a healthy diet because of their bioactive 

compounds, poor fat content, and low sodium and potassium (Rodríguez et al. 2021). Fermentation is an 

alternative preservation technique to extend the short shelf life of fruits; moreover, it improves the 

functional properties, including nutritional value and sensory attributes (Prado et al. 2008). Because the 

fermentation takes place with the seeds and skins of grapes, hardaliye is rich in antioxidant polyphenols, 

such as resveratrol, gallic acid, and flavonoids, such as quercetin and anthocyanidins (Amoutzopoulos et 

al. 2013). Hardaliye consumption significantly decreased oxidative stress markers compared to the 

control group suggesting an antioxidative effect (Amoutzopoulos et al. 2013). Hardaliye also reduced the 
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formation of the lipid oxidation product, malondialdehyde, in meat products during in vitro-digestion, 

indicating a potential health effect when consumed together with meat (Aksoy et al. 2022). Because it is 

non-alcoholic and plant-based, hardaliye is a beverage suitable for the consumption of a wide variety of 

consumer groups, including children and vegetarians (Prado et al. 2008). 

Hardaliye has been described as a lactic acid fermented product (Arici et al. 2017; Arici & Coskun 2001; 

Bayram et al. 2015; Coskun 2017, Pehlivanoglu et al. 2015). Studies on the microbiology of hardaliye 

have mainly focused on culture-dependent methods using plate counts, including total mesophilic aerobic 

bacteria, lactic acid bacteria (LAB), coliforms, and yeasts (Arici & Coskun 2001; Aydogdu et al. 2014; 

Bayram et al. 2015; Coşkun et al. 2012). Two studies have described the isolation of LAB species from 

hardaliye (Arici et al. 2017; Arici & Coskun 2001).  

Culture-independent microbial profiling techniques, which involve extracting DNA directly from 

samples, allow analyzing microorganisms without isolating and culturing them. Owing to the decrease in 

sequencing costs and the increasing availability of bioinformatics analysis tools, high-throughput 

sequencing (HTS) techniques have been ubiquitously used in fermented food community analysis for the 

past two decades (Chen et al. 2017; Ferrocino & Cocolin, 2017; Rizo et al. 2020). In HTS, shotgun 

sequencing of whole genomes can be used for a comprehensive analysis involving identifying microbial 

communities and their functional potential (Rizo et al. 2020). Meanwhile, amplicon-based “targeted” 

approaches, which involve sequencing only an informative region of the genome, are more accessible and 

cheaper when the aim is to identify the community members and their relative abundance (Chen et al. 

2017; De Filippis et al. 2016; Golebiewski & Tretyn, 2020). For the identification of bacteria, the most 

widely used taxonomically informative region is the 16S rRNA gene (Ferrocino & Cocolin, 2017; 

Golebiewski & Tretyn, 2020). Amplicon sequencing is performed after amplification of 16S rRNA with 

universal primers. The resulting operational taxonomic unit (OTU) abundance is proportional to the 

number of reads, allowing the method to be quantitative (De Filippis et al. 2016). 
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Considering the scarcity of studies on hardaliye microbiology, our objective was to determine the 

bacterial community of hardaliye during the 10-d fermentation period using a culture-independent 

method, namely, 16S rRNA-targeted amplicon sequencing, and to correlate this with the pH changes.  

2.  Materials and Methods 

2.1. Hardaliye production 

Hardaliye was produced using traditional methods (Arici & Coskun 2001; Aydogdu et al. 2014). A 

traditional French red grape variety Alphonse Lavallée (Vitis vinifera L.) (Aubert & Chalot, 2018) 

cultivated in Tekirdag was used in production. Black mustard (Brassica nigra L.) seeds were obtained 

from local stores in Istanbul, and sour cherry (Prunus cerasus L.) leaves were picked from a tree at the 

Istanbul Sabahattin Zaim University campus the same day the fermentation was started. Two parallel 

samples (fermentation samples 1 and 2) were used for the fermentation process. Five-L plastic barrels 

with a tap at the bottom were filled in three layers with 5 kg crashed grapes, 2 g/kg crushed raw black 

mustard seeds, 2.5 g/kg sour cherry leaves, and 0.5 g/kg each sodium benzoate and potassium sorbate as 

preservatives. The contents were fermented at room temperature (25°C) for 10 d and mixed with a 

sterile ladle every other day. 

2.2. Chemical analyses 

The pH of both samples on days 0, 2, 4, 6, 8, and 10 of fermentation was measured using an HI 2211 pH 

meter (Hanna Instruments Inc., Woonsocket, RI, USA).  

2.3. DNA isolation  

For bacterial diversity analysis, genomic DNA was extracted directly from hardaliye samples without 

microorganism cultivation using samples obtained at 0, 2, 4, 6, and 10 d of the fermentation of sample 1 

and at 10 d (the final day) of the fermentation of sample 2.  The Meta-G-Nome™ DNA isolation kit 

(Epicentre Biotechnologies, Madison, WI, USA) was used for extraction. To prepare samples for DNA 

isolation, 50 mL hardaliye sample was first filtered through four layers of Miracloth (Merck KGaA, 

Darmstadt, Germany) and then through a 1.2-µm filter supplied with the kit to remove impurities. The 

bacteria were then captured using a 0.45-µm filter and the kit protocol was followed. Isolated DNA in 50 
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L TE buffer (10 mM Tris-HCl [pH 7.5] and 1 mM ethylenediaminetetraacetic acid [EDTA]) was stored 

at -20°C. The quality of the metagenomic DNA was analyzed using the BioSpec Nano spectrophotometer 

(Shimadzu, Kyoto, Japan). 

2.4. 16S rRNA amplicon sequencing 

Amplicons were sequenced using Macrogen (Seoul, Korea). The sequencing library was first prepared 

using the Illumina (San Diego, CA, USA) 16S metagenomic sequencing library preparation protocol. 

This protocol involves amplification of the 460 bp hypervariable V3–V4 region of the 16S rRNA gene 

using Kapa HiFi HotStart Polymerase Chain Reaction (PCR) Kit (Kapa Biosystems, Cape Town, South 

Africa) with adapter-added primers (Klindworth et al. 2012). After purification of the PCR products using 

AMPure XP beads (Beckman Coulter Inc, Indianapolis, IN, USA), a second index PCR was conducted to 

add dual indices and sequencing adapters using the Nextera XT Index kit (Illumina). PCR cleanup was 

conducted, and the library size and quantity were determined using the 2100 DNA 1000 reagent kit and 

2100 Bioanalyzer (Agilent Technologies, Inc., Waldbronn, Germany). Library sequencing was conducted 

using the Miseq system (Illumina) with its own software, MiSeq Control v 2.2. Base-calling was 

conducted using Real Time Analysis v 1.18 (Illumina), and FASTQ files were generated using the 

package bcl2fastq v 1.8.4 (Illumina). The adapter sequences were removed using Scythe v 0.991 Beta 

(https://github.com/vsbuffalo/scythe) and Sickle (https://github.com/najoshi/sickle). FLASH was used for 

assembly (Magoč & Salzberg 2011). Denoising, OTU clustering (97% cutoff), and taxonomic and 

diversity analyses were conducted using CD-HIT-OTU, rDnaTools, and QIIME, respectively (Caporaso 

et al. 2010; Li et al. 2012; Schloss et al. 2009). Sequences were submitted to GenBank (accession 

numbers: OK217199-OK217226). 

3. Results and Discussion 

3.1. Change of pH during hardaliye fermentation 

The pH of hardaliye decreased from 3.65 (0.10) to 3.23 (0.04) (average values of two samples) during 

fermentation (Figure 1). A study examining the hardaliye samples (n=26) obtained from the market has 

indicated that pH varies between 3.21 and 3.97 (Arici & Coskun 2001). The final pH of the hardaliye 
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produced in the present study was close to the lower end of the pH range in the study by Arici and 

Coskun (2001). The differences in the final pH values might result from a variety of factors, such as the 

raw materials, microorganism load on the raw materials, fermentation temperature, fermentation duration, 

and storage period.  

Laboratory-produced hardaliye samples in most of the previous studies showed a similar decrease in pH 

during the fermentation period (Arici & Coskun 2001; Aydogdu et al. 2014; Coskun & Arici 2006), while 

some studies indicated an increase in pH but not pH > 4 (Çoşkun & Arici 2011) or a relatively constant 

value remaining close to pH 4.0 (Bayram et al. 2015). Coskun and Arici (2011) have shown that different 

grape varieties result in different pH trends and that the pH trend of the same grape variety is similar even 

though different mustard seeds are used. This indicated that grape variety was more effective than the 

type of mustard seeds in determining pH trend. The Alphonse Lavallée grape variety was used in the 

present study, which might have been responsible for our relatively lower pH values compared to that of 

other studies. In a previous study using the same grape variety for hardaliye production, pH decreased 

from 3.86 to 3.39 in 7 days of fermentation (Arici & Coskun 2001) with low pH values similar to that of 

our study. Aydoğdu et al. (2014) also observed a pH decrease from 4.24 to 3.82 with the Alphonse 

Lavallée grape variety; however, those pH values were higher than that in the current study. 

 

Figure 1-Change in pH during hardaliye fermentation 
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3.2. Bacterial dynamics of hardaliye 

Amplicon sequencing was conducted at 0, 2, 4, 6, and 10 d of fermentation for sample 1 and at 10 d of 

fermentation for sample 2. The number of reads obtained by sequencing the six samples were between 

1,327,260 and 1,548,056, which were reduced between 459,864 and 614,148 after adapter removal and 

assembly (Table S1). Quality scores, Q20 and Q30, for the assembled data were between 97.19 and 97.47 

and between 90.10 and 90.97, respectively (Table S1). As a result of the analysis, 140 OTUs were 

obtained. After cleaning chloroplast and mitochondrial sequences, 135 OTUs were determined (Table 

S2).   

Good’s coverage index showing how well the data represented the larger set was near 1 for all samples 

(Table 1). The microbial diversity during the course of fermentation was estimated using the number of 

OTUs, Chao1 richness, and Shannon and Simpson diversity indices (Table 1). The number of OTUs first 

increased from 23 at 0 d to 95 at 2 d and then decreased to 15 at 10 d. Similarly, the second fermentation 

sample contained 14 OTUs at 10 d. All diversity estimates indicated that although the highest diversity 

was observed at 2 d, the lowest was observed at the end of the fermentation period at 10 d (Table 1). 

Starter culture is not used in hardaliye production; therefore, fermentation is spontaneous and driven by 

the microorganisms either in the raw materials or the environment in which fermentation takes place. 

Diversity analyses indicated that in the nutrient-rich fermentation medium, the bacterial diversity first 

increased up to day 2 of fermentation, after which it began to decrease and reached its lowest values by 

the end of the process, parallel to the decrease in pH. Towards the end of the fermentation period, 

dominance by the main microorganism eliminated the other species. 

Table 1-Diveristy analyses of hardaliye samples: Community richness and alpha diversity indices 

Fermenta- 

tion 

Sample 

No 

  

Fermenta- 

tion Day 

Number 

of 

OTUs 

Chao1 

Richness 

Shannon 

Diversity 

Index 

Simpson 

Diversity 

Index 

Good’s 

Coverage 

Index 

1 0 23 63.5 1.9440 4.1383 0.9695 

2 95 95.5 3.0674 8.8777 0.9999 

4 32 32.1 1.6842 3.2071 0.9997 

6 38 38.2 0.0913 1.0237 0.9999 

10 15 17.0 0.0572 1.0191 0.9999 



 

 9 

2 10 14 26.5 0.0582 1.0164 0.9999 
Notes: OTU, operational taxonomic unit. 

Taxonomical analyses showed that at 0 d, the bacteria in the fermentation medium was composed mainly 

of Acetobacteriaceae and Enterobacteriaceae (Figure 2A). At the species level, Gluconobacter frateurii 

and Tatumella pytseos had the greatest relative abundances (Figure 2B). At 2 d, the bacterial diversity 

increased and Escherichia/Shigella sp. within Enterobacteriaceae became dominant. At 4 d, when pH 

was slightly decreased, Acetobacteriaceae, specifically G. frateurii at the species level, became dominant 

with 50% relative abundance (Figure 2, Table S2). Beginning at 6 d until the end of the fermentation 

period at 10 d, fermentation was nearly entirely (>98%) dominated by G. frateurii (Figure 2, Table S2). 

The presence of G. frateurii with a similar relative abundance of 99% at the end of the fermentation 

period was confirmed using the second fermentation sample (Figure 2, Table S2). Although LAB species, 

such as Levilactobacillus brevis, Companilactobacillus musae/farciminis clade, Streptococcus 

thermophilus, Lactococcus lactis, Lactobacillus delbrueckii subsp. bulgaricus, Limosilactobacillus 

fermentum, and Weissella confusa/cibaria clade were detected, their numbers were limited and greatly 

decreased after 4 d (Figure 2, Table S2). 
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Figure 2-

Bacterial diversity of hardaliye during the fermentation period. A)  Diversity at the family level. B) 

Diversity at the species level determined using the five most abundant species on each fermentation day. 

The remaining species are represented by “other”.  

Previous studies identifying bacteria species in hardaliye were focused on LAB. One such study identified 

Lacticaseibacillus paracasei, Lacticaseibacillus casei, Limosilactobacillus pontis, L. brevis, 

Lactobacillus acetotolerans, Fructilactobacillus sanfranciscensis, and Paucilactobacillus vaccinostercus 

(Arici & Coskun 2001). In another study, mostly Lactiplantibacillus plantarum and Lactiplantibacillus 

pentosus were isolated in addition to L. brevis and Secundilactobacillus collinoides (Arici et al. 2017). 

The common LAB species we identified in these two studies was L. brevis.  
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In the present study, we detected acetic acid bacteria (AAB) as the leading microorganism group in 

hardaliye fermentation. AAB have not been enumerated or isolated in previous hardaliye studies because, 

in general, AAB have not been studied as widely as other food-related bacteria (Pothakos et al. 2016), 

most likely because cultivation and isolation are difficult in spontaneously fermented food ecosystems 

harboring a variety of different bacteria and yeasts (De Roos & De Vuyst 2018). In addition, AAB are 

known to have a viable-but-not-culturable state, especially under low oxygen conditions, which causes an 

underestimation of the population (Bartowsky & Henschke 2008; Pothakos et al. 2016). The process of 

determining AAB in various fermented foods has increased, especially after the use of culture-

independent high-throughput techniques (De Roos & De Vuyst 2018; Pothakos et al. 2016). For example, 

the unexpected presence of AAB, specifically Gluconobacter species, has been demonstrated in the 

spontaneous fermentation of the Grenache grape variety using HTS (Portillo & Mas 2016). Similar to that 

study, HTS has also shown that low sulfited wine fermentations involve AAB, specifically 

Gluconobacter species, more often than LAB (Bokulich et al. 2015). AAB has also been reported to 

represent an important group of microbiota in various fermented products, such as vinegar (Buyukduman 

et al. 2022; Lynch et al. 2019), Lambic beer and other sour beers (Bouchez & De Vuyst, 2022; De Roos J. 

et al. 2018), water kefir (Martínez-Torres et al. 2017), Kombucha (Villarreal-Soto et al. 2020), and cocoa 

(De Vuyst & Leroy 2020).  

AAB are able to oxidize ethanol, carbohydrates, and sugar alcohols to their corresponding oxidation 

products (Lynch et al. 2019). For example, the conversion of ethanol to acetic acid is the key reaction 

taking place in vinegar production. Gluconic acid is another metabolite of AAB converted from glucose 

prominently by Gluconobacter species (García-García et al. 2017). While gluconic acid is a mild organic 

acid providing a refreshing sour taste, acetic acid provides an astringent and strong acidic flavor (Li et al. 

2022; Sainz et al. 2016). Kombucha contains gluconic acid and acetic acid as the primary organic acids, 

and the presence of the former one in higher proportion was reported to be correlated with higher sensory 

scores (Li et al. 2022). Because ethanol production in hardaliye is limited, the main organic acid produced 

by AAB might be expected to be gluconic acid, which can be analyzed in future studies. 
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The finding that AAB rather than LAB is dominant in hardaliye fermentation might reorient the studies 

on starter culture for hardaliye that previously involved only LAB (Coşkun et al. 2012; Coskun & Arici 

2006); however, we admit that the information obtained from this culture-independent study should be 

confirmed by culture-dependent analyses in addition to metabolomics, which will give a more complete 

view of hardaliye fermentation in terms of the microorganisms involved and the metabolites produced. 

   

4. Conclusions 

In the present study, the bacterial dynamics of hardaliye, a traditional grape-based beverage in the 

Thracian region of Turkey, was determined for the first time using a culture-independent method. The pH 

decreased from 3.65 to 3.23 during the 10-d fermentation period. Bacterial diversity increased at 2 d, then 

decreased until the end of the fermentation period along with pH decrease. HTS of 16S rRNA amplicons 

revealed the dominance of AAB, specifically G. frateurii, especially at 4 d. To our knowledge, this is the 

first report of AAB in hardaliye fermentation and has important implications for the development of 

starter culture. In future studies, comprehensive analyses involving both culture-dependent and culture-

independent techniques for determining microbial dynamics in addition to a metabolomics approach will 

present a more complete picture of hardaliye fermentation.  
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