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Abstract: Dendrobium officinale has long been valued for its medicinal properties. This study 11 

investigated the alterations in bioactive compounds, antioxidant activity, and microbial communiti12 

es during the 50-day natural fermentation process of Dendrobium jiaosu. The antioxidant activity f13 

luctuated, reaching its peak around days 20-25. The total antioxidant capacity and superoxide dis14 

mutase activity showed a positive correlation, reaching peak levels around day 10. The correlation15 

 analysis showed positive relationships between superoxide dismutase activity and both sugars and16 

 phenols. An analysis of 16S rRNA sequencing revealed that unclassified Enterobacteriaceae and S17 

porolactobacillus were the main taxa in the initial stages, but were subsequently replaced by a div18 

erse range of genera. The correlation analysis showed a positive relationship between Klebsiella a19 

nd antioxidant markers. Phenylobacterium showed a positive correlation with 2,2'-Azinobis-(3-eth20 

ylbenzthiazoline-6-sulphonate) (ABTS) scavenging, while Weissella and Sporolactobacillus exhibit21 

ed negative correlations. Chitinophaga exhibited an inverse correlation with amino acids. An anal22 
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ysis of the metabolic pathway showed heightened activity in carbohydrate, amino acid, and lipid 23 

metabolism in the later stage. Significant changes in phytochemicals, antioxidants, and microbiota24 

 were observed during extended fermentation. The findings offer valuable insights for improving f25 

ermentation processes to enhance the quality and functionality of Dendrobium jiaosu. 26 

 27 
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Introduction 31 

Dendrobium officinale Kimura et Migo belongs to the Orchidaceae family, which 32 

encompasses over 1400 species globally (Tang et al. 2017), and has been treasured in Asia and 33 

Northern Australia for its medicinal properties as a herbal remedy (Tao et al. 2019). The 34 

phytochemical profile of Dendrobium is extensive, encompassing polysaccharides, polyphenols, 35 

flavonoids, alkaloids, amino acids, and vitamins (He et al. 2022), among which polysaccharides 36 

predominate (Xing et al. 2014). Contemporary pharmacological research has demonstrated the 37 

multifaceted bioactivities of Dendrobium and its polysaccharide components, including 38 

anticancer, hepatoprotective, hypolipidemic, gastric mucosal protective (Ke et al. 2020), and 39 

antihypertensive properties (Tang et al. 2017). 40 

High-throughput sequencing allows the concurrent sequencing of thousands to millions of 41 

DNA molecules in a sample without isolation and purification. It enables rapidly identifying 42 

microbial species and their relative abundances in a sample (Wu et al. 2017). Li et al. (2021) 43 

investigated microflora dynamics during the natural fermentation of three sufu variants using 44 
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high-throughput sequencing. Their study revealed 153 microbial species common to all three sufu 45 

types, with Tetragonococcus, Bacillus, Acinetobacter, and Staphylococcus being the most 46 

prevalent (Li et al. 2021). 47 

Edible Plant Jiaosu (EPJ), or fermented juice, is a novel food product created by fermenting 48 

various vegetables, fruits, grains, seaweeds, and mushrooms with naturally occurring or added 49 

bacteria. It contains several bioactive components, such as polysaccharides, proteins, peptides, 50 

amino acids, and phenols (Jiang et al. 2021). EPJ production predominantly uses spontaneous 51 

fermentation (Zhang et al. 2022). Contemporary research on Jiaosu has focused on functional 52 

attributes (Han et al. 2019), antioxidant capacities, and practical applications. Although various 53 

Jiaosu products, such as watermelon, cantaloupe, and orange Jiaosu, have been produced (Jing et 54 

al. 2019). Investigations into Dendrobium Jiaosu are scarce. Qin et al. (2019) found attenuated 55 

antioxidant activity in naturally fermented Jiaosu compared to mixed fermentation Jiaosu, 56 

substantiating the primacy of mixed fermentation over single and spontaneous methods. However, 57 

few studies have verified this conclusion by examining the bacterial diversity and stability during 58 

Jiaosu's natural fermentation. 59 

This study aims to investigate the various process variations that occur during the natural 60 

fermentation of Dendrobium jiaosu over different fermentation periods. To achieve this, we 61 

examine the composition and diversity of microbial communities in Dendrobium EPJ over a 0-50 62 

day period using high-throughput sequencing. We examined the concentrations of particular 63 

bioactive compounds in Dendrobium EPJ and their corresponding antioxidant capacity. This study 64 

aims to establish guiding principles and insights for future production of Dendrobium and other 65 

edible and potable jiaosu (EPJ) products using natural fermentation, based on our investigation of 66 
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antioxidant capacity and other relevant analyses. 67 

Materials and methods 68 

Materials 69 

All reagents used in the experiments were of analytical grade and required no further 70 

purification. Ethanol anhydrous (C2H6O) was purchased from Sinopharm Shanghai Co., Ltd. 71 

Potassium persulfate (K2S2O8),1,1-diphenyl-2-picrylhydrazyl (DPPH),2,2'-Azinobis-(3-72 

ethylbenzthiazoline-6-sulphonate) (ABTS), Potassium phosphate monobasic (KH2PO4) and 73 

Potassium phosphate dibasic anhydrous (K2HPO4) were purchased from Shanghai Macklin 74 

Biochemical Co., Ltd. Amino acid kit (BC1570-50T/48S), SOD activity kit (BC5165-100T/48S), 75 

Phytoflavonoids kit (BC1330-50T/24S), Total plant phenols kit (BC1340-50T/24S) and Total 76 

Antioxidant Capacity kit were purchased from Beijing Solarbio Science & Technology Co., Ltd. 77 

Methods 78 

Preparation of Dendrobium Jiaosu and sample collection 79 

Dendrobium Jiaosu was produced in triplicate following the protocol described by Zou et al. 80 

(2018). Briefly, freshly harvested Dendrobium was air-dried after being washed with water. The 81 

processed Dendrobium was divided into three equal portions, and each portion was placed in a 82 

sterilized 250 mL glass fermenter manufactured by Changde BKMAM Biotechnology Co., Ltd., 83 

Changde, China. The three fermenters served as biological triplicates. The Dendrobium Jiaosu was 84 

fermented under anaerobic conditions at 37 °C for 50 days in fermenters supplemented with 100 85 

mL of water and 10 g of brown sugar. Specimens were collected periodically at 0, 5, 10, 15, 20, 86 

25, 30, 35, 40, 45, and 50 days throughout the fermentation process. The collected samples were 87 

stored at -20 °C until further analysis. In order to investigate the changes in microbial 88 
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communities during different fermentation stages, samples were selected from day 5 (Feju_1, 89 

representing the initial fermentation stage), day 15 (Feju_2, intermediate stage), day 30 (Feju_3, 90 

mid-late fermentation stage), and day 45 (Feju_4, final stage) for high-throughput sequencing 91 

analysis. 92 

Determination of anti-oxidant activity 93 

DPPH scavenging assay 94 

The DPPH radical scavenging assay was performed following the method of Park et al. 95 

(2020) with minor modifications. A 2 mL aliquot of Dendrobium Jiaosu extract was diluted 10-96 

fold with distilled water to obtain the test solution. The test solution (2 mL) was mixed with 2 mL 97 

of 0.2 mmol/L DPPH ethanol solution, vortexed thoroughly, and kept in the dark for 30 min. The 98 

absorbance at 517 nm was measured and recorded as A1. An equal volume of absolute ethanol was 99 

used instead of the sample for the blank control, and the resulting absorbance was denoted as A2. 100 

An equal volume of absolute ethanol was used as a reference control instead of the sample, and 101 

the corresponding absorbance was recorded as A0. The DPPH radical scavenging activity was 102 

calculated using Equation 1. 103 

0 1 2

0

( )
      / % 100%

A A A
DPPH radical scavenging rate

A

− −
=  (1) 104 

ABTS scavenging assay 105 

The ABTS radical scavenging assay was conducted following the method of He et al. 106 

(2019)with minor modifications. The ABTS solution was diluted with phosphate-buffered saline 107 

(PBS, pH 7.4) to achieve an absorbance of 0.7 at 734 nm. A 1 μL sample was added to 5 mL of the 108 

pre-diluted ABTS solution and incubated at 30 °C for 5 min. The absorbance at 734 nm was 109 

measured using deionized water as a blank (A1). The ABTS solution was replaced with an equal 110 
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volume of PBS to control for any potential effects of the ABTS solution. The resulting absorbance 111 

was recorded as A2. Similarly, to account for any background effects, the sample was substituted 112 

with an equal volume of PBS and the resulting absorbance was measured as A0. The ABTS radical 113 

scavenging activity was then calculated using Equation 2. 114 

0 1 2

0

( )
     / % 100%

A A A
ABTS scavenging rate

A

− −
=  (2) 115 

Total antioxidant capacity (T-AOC) assay 116 

The Dendrobium EPJ’s total antioxidant capacity (T-AOC) was measured as described by T-117 

AOC assay kit (Solarbio, Beijing, China). The ability of antioxidants to reduce Fe3+- 2,4,6-118 

tripyridyl-s-triazine (Fe3+-TPTZ) to produce blue Fe2+ - 2,4,6-tripyridyl-s-triazine (Fe2+-TPTZ) 119 

reflects the total antioxidant capacity (Pellegrini et al. 2006). 120 

Superoxide dismutase (SOD) activity assay 121 

The Dendrobium EPJ’s superoxide dismutase (SOD) activity was measured as described by 122 

SOD activity assay kit (Solarbio, Beijing, China). The reaction solution produces superoxide 123 

anion (O2-) through the xanthine and xanthine oxidase reaction system. O2- can reduce 124 

azotetrazolium to produce blue formazan, which absorbs at 560 nm; SOD scavenges O2-, thus 125 

inhibiting the formation of formazan; the darker the blue colour of the reaction solution, the lower 126 

the activity of SOD (Spitz and Oberley 1989). 127 

Determination of bioactive substances 128 

Determination of total phenols content 129 

The Dendrobium EPJ’s total phenols content was tested by means of a total phenols assay kit 130 

(Solarbio, Beijing, China). Under alkaline conditions, the phenolics reduce the tungsten-131 

molybdenum acid to produce a blue compound with a characteristic absorption peak at 760 nm 132 
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(Wang et al. 2020). The absorbance value at 760 nm can be used to calculate the total phenolic 133 

content of the sample. 134 

Determination of plant flavonoids 135 

The Dendrobium EPJ’s plant flavonoids were tested by means of a plant flavonoids assay kit 136 

(Solarbio, Beijing, China). In alkaline nitrite solution, plant flavonoids form a red complex with 137 

aluminium ions with a characteristic absorption peak at 470 nm (Tattini et al. 2004). The 138 

absorbance value at 470 nm can be used to calculate the plant flavonoid content of the sample. 139 

Determination of amino acids 140 

The amino acid content of Dendrobium EPJ was determined using an amino acids assay kit 141 

(Solarbio, Beijing, China). The α-amino group of the amino acid reacts with hydrated ninhydrin to 142 

produce a blue-purple compound with a characteristic absorption peak at 570 nm. the absorbance 143 

at 570 nm is measured to calculate the amino acid content (Lee et al. 2003). The analysis was 144 

performed according to the instructions of the manufacturer. 145 

Determination of total sugar content 146 

The total sugar content of Dendrobium EPJ was quantified using a total sugar assay kit (Solarbio, 147 

Beijing, China). The category of total sugars primarily comprises reducing sugars such as glucose,148 

 fructose, pentose, lactose, sucrose, maltose and partially hydrolysed starch. These compounds hav149 

e the potential to undergo hydrolysis, resulting in the production of reducing monosaccharides wit150 

hin the specified assay conditions. Upon hydrolysis of total sugars into reducing sugars, the reduci151 

ng sugars have the potential to be converted into amino compounds. This reaction results in the su152 

bstance exhibiting a reddish-brown colour when subjected to heat with DNS reagents under alkali153 

ne conditions. 154 
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The intensity of the reddish-brown colour generated is directly correlated with the quantity of re155 

ducing sugar present. This colorimetric reaction is frequently employed for the determination of th156 

e overall sugar content in a sample. 157 

DNA extraction and high-throughput 16S rRNA gene sequencing 158 

The total genomic DNA of the community was extracted using the E.Z.N.A.™ MagBind Sto159 

ol DNA Kit manufactured by Zhejiang Yuxiang Biotechnology Co., Ltd., Jiaxing, China. The pres160 

ence of genomic DNA was verified through 2.0% (w/v) agarose gel electrophoresis. To examine th161 

e microbiological community, the V3-V4 hypervariable regions of the 16S rRNA gene were ampli162 

fied using the 2× Hieff Robust PCR Master Mix (Yeasen, 10105ES03, China). The process involv163 

ed the utilisation of forward and reverse amplicon PCR primers (CCTACGGGNGGCWGCAG). S164 

equencing was conducted utilising the Illumina MiSeq system (Illumina MiSeq, USA) in accordan165 

ce with the manufacturer's guidelines. 166 

Statistical analysis 167 

The data pertaining to the antioxidant activity and bioactive substances of Dendrobium EPJ 168 

were analysed and presented using Origin 2021. All determinations were performed in triplicate (n 169 

= 3) and are expressed as the mean ± standard deviation (SD). Differences among fermentation 170 

time points were evaluated by one-way analysis of variance (ANOVA) followed by Tukey’s 171 

honestly significant difference (HSD) post hoc test, with P < 0.05 considered statistically 172 

significant. In Figs. 1 and 2, error bars represent the SD of three independent replicates, and means 173 

sharing different lowercase letters indicate significant differences among fermentation time points 174 

(P < 0.05). The Operational Taxonomic Unit (OTU) richness was used to evaluate diversity 175 

indices, such as the Chao, Simpson, and Shannon indices. 176 
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MetaCyc, accessed at MetaCyc.org, serves as a comprehensive repository of data about 177 

metabolic pathways and enzymes found in all domains of life. The database comprises 2,749 178 

pathways extracted from over 60,000 publications, establishing it as the most comprehensive 179 

curated collection of metabolic pathways presently accessible. The data in MetaCyc is obtained 180 

from evidence and carefully curated, establishing it as a reliable reference source for metabolism 181 

(Caspi et al. 2019). 182 

The Mothur software was utilised to evaluate all diversity indices. Furthermore, coverage 183 

indices of 0.9995 to 1.0000 indicated successful identification of the communities, and rarefaction 184 

curves were generated to evaluate the adequacy of the samples in terms of the observed OTU 185 

numbers. SparCC was used to compute correlation coefficients between communities and OTUs, 186 

and the R corrplot program was employed to produce correlation matrix heatmaps. Network 187 

graphs were created utilising the ggraph package in the R programming language (https://cran.r-188 

project.org/). 189 

Function prediction 190 

Functional prediction analysis of bacteria and archaea using PICRUSt v.1.1.4 software, by 191 

comparing existing 16S rRNA gene sequencing data with a microbial reference genome database 192 

of known metabolic functions, enabling the prediction of bacterial and archaeal metabolic 193 

functions. 194 

Results 195 

Anti-oxidant activity in fermented Dendrobium 196 

The stable free radical known as DPPH is frequently employed for in vitro assessment of the 197 

free radical scavenging activity of natural or standard compounds (La et al. 2021). The trend of the 198 
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DPPH scavenging rate is illustrated in Fig. 1, showing a gradual decrease until day 15, when it 199 

reached a minimum value of 64.52%. Subsequently, there was a progressive increase, reaching a 200 

peak of 97.40% on day 25. After day 25, the DPPH scavenging rate showed consistent fluctuations 201 

between 88.91% and 93.20%. 202 

The assessment of the antioxidant efficiency of peptides in various systems often involves the 203 

use of the ABTS methods to measure radical scavenging capacity (Yang et al. 2020). Fig. 1 depicts 204 

that the observed trend for the ABTS scavenging rate is similar to that of the DPPH scavenging 205 

rate. The ABTS scavenging rate exhibited a decreasing trend, followed by an increasing trend until 206 

day 20, reaching its lowest value of 74.06% on day 15. Subsequently, it attained its maximum 207 

value of 87.75% on the 20th day, after which it experienced a slight decrease and remained 208 

relatively stable, fluctuating around 80%. 209 

The total antioxidant capacity (T-AOC) of Dendrobium EPJ consists of a variety of 210 

antioxidant compounds and enzymes. As depicted in Fig. 1, the T-AOC value demonstrated a 211 

rising trajectory until day 10, reaching a peak of 0.522 μmol/mL. Following this, it exhibited a 212 

decreasing trend before reaching a stable level of approximately 0.2 μmol/mL after day 25. 213 

Superoxide dismutase (SOD) facilitates the transformation of superoxide anion radicals (O2-) 214 

into H2O2 and O2, thereby protecting oxygen-metabolizing cells from the harmful effects of 215 

superoxide radicals (Xikeranmu et al. 2019). Fig. 1 demonstrates that SOD activity exhibits a 216 

similar trend to T-AOC. Before day 25, the activity of SOD exhibited an initial increase followed 217 

by a subsequent decrease, reaching its peak at 209.43 U/mL on the 10th day. Following day 25, 218 

the activity of SOD fluctuated irregularly between 20.08 and 74.26 U/mL. 219 

Phenols may have a protective role in reducing cardiovascular disease (CVD) by improving 220 
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endothelial function and exerting antiplatelet and anti-inflammatory effects (Wisnuwardani et al. 221 

2022). As shown in Fig. 2, the total phenol content decreased over the fermentation period, 222 

reaching 5.80 mg/mL by day 50. 223 

Flavonoids are diverse specialized metabolites found in many plant species. In addition to 224 

providing UV radiation protection, they also scavenge reactive oxygen species and participate in 225 

microbial interactions (Lei et al. 2018). According to Fig. 2, the concentration of plant flavonoids 226 

decreased from 4.15 mg/mL on day 0 to a minimum of 0.78 mg/mL on day 10, then rose sharply 227 

to a maximum of 17.20 mg/mL on day 20, after which it fluctuated between 2.20 and 8.67 mg/mL 228 

until the end of fermentation. 229 

Amino acids are essential building blocks for protein synthesis. As shown in Fig. 2, there is a 230 

noticeable pattern of fluctuating amino acid content, peaking at 54.39 μmol/mL on day 50. 231 

Sugar is the main carbon source for microorganisms in the fermentation process, and its 232 

different forms are closely linked to microbial metabolism. As shown in Fig. 2, the sugar content 233 

initially peaked at 337.2 mg/mL on day 5, then rapidly dropped to 164.2 mg/mL by day 20. After 234 

the 20th day, the concentration fluctuated around 160 mg/mL. 235 

Correlation analysis between antioxidant activity and bioactive 236 

substances 237 

Previous findings have shown that Dendrobium Jiaosu exhibits strong antioxidant properties. 238 

We used Pearson’s correlation coefficient to analyse the interrelationships among antioxidant 239 

parameters during fermentation. The study examined the DPPH and ABTS radical scavenging 240 

activities, T-AOC, SOD activity, amino acid, flavonoid, total sugar, and total phenolic content of 241 

fermented Dendrobium Jiaosu. Fig. 3 depicts significant positive correlations between DPPH and 242 
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ABTS radical scavenging activities (P < 0.05), as well as between T-AOC and SOD activity (P < 243 

0.05). A significant positive correlation was observed between total sugar and phenolic content (P 244 

< 0.05). SOD activity displayed significant positive correlations with total sugar and phenolic 245 

content (P < 0.05), showing that the antioxidant capacity of naturally fermented Dendrobium 246 

Jiaosu is associated with these phytochemical levels. 247 

Sequencing sample data analysis 248 

The sample sequences were bioinformatically assessed at a similarity level of 97%. The valid 249 

sequence data were obtained through high-throughput sequencing of Dendrobium EPJ samples 250 

(Feju_1/Feju_2/Feju_3/Feju_4) collected at four distinct time points. 251 

Rarefaction curve 252 

The rarefaction curve is graphed with the number of reads on the horizontal axis and the 253 

number of OTUs at the Sobs level on the vertical axis. This curve is contingent upon the series 254 

randomly selected from the sample. Furthermore, this method can be utilised not only to evaluate 255 

the adequacy of the quantity of sequenced samples but also to assess the diversity of species in 256 

samples with differing levels of sequencing data. A flat curve suggests that the existing sequencing 257 

data is adequate, and further sequencing efforts would not lead to a substantial increase in 258 

Operational Taxonomic Units (OTUs) at the Sobs level. Fig. 4A illustrates that the OTU index at 259 

the Sobs level exhibits a significant increase with the number of sequences when the number of 260 

sampled reads is less than 10,000. Conversely, as the number of sampled reads surpasses 10,000, 261 

the OTU index increases only slightly with the number of sequence reads beyond 10,000, and the 262 

curve shows a tendency to plateau, suggesting that the quantity of sequencing data is adequate 263 

(Online Resource 5). 264 
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Furthermore, Fig. 4B illustrates the dilution curve for the Shannon index. As depicted in the 265 

figure, the curve demonstrates a rapid flattening, indicating that the quantity of sequencing data is 266 

adequate for the accurate representation of bacterial information within the Dendrobium EPJ 267 

(Online Resource 6). 268 

α-Diversity index analysis 269 

Alpha diversity analysis refers to the assessment of species diversity within the same 270 

biological community or sample, focusing on the species richness within a single ecosystem and 271 

the relative evenness of these species. Put simply, Alpha diversity aims to quantify how rich or 272 

evenly distributed the biological species are within a local area. Common metrics of Alpha 273 

diversity include species richness, the Shannon index, and the Simpson index, among others. 274 

The analysis of Table 1 shows that all Dendrobium EPJ samples had coverage indices of 275 

0.9995 to 1.0000, indicating a successful identification of all bacterial sequences and a low chance 276 

of non-detection. The Ace and Chao indices are commonly used to estimate overall species 277 

richness (Bai et al. 2015). The data in Table 1 present an overall increasing trend in the Chao index 278 

and a decreasing and then increasing trend in the Ace index. This indicates a decrease followed by 279 

an increase in the microbial community diversity of Dendrobium EPJ during fermentation. These 280 

trends are likely due to acid accumulation in the early stage, which inhibits acid-intolerant bacteria 281 

and subsequently leads to a decline in dominant acid-producing bacteria, weakening their 282 

antagonistic effects on other bacteria. Consequently, microbial community diversity increases 283 

during the later stages of fermentation. 284 

Table 1. The diversity indices for four Dendrobium EPJ samples 285 

Sample Shannon Chao Ace Simpson Shannoneven Coverage 

FEJU_1 1.26 44 92 0.32 0.36 0.9996 
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FEJU_2 1.20 80 59 0.39 0.32 0.9995 

FEJU_3 2.29 100 101 0.15 0.50 0.9998 

FEJU_4 3.48 221 221 0.09 0.64 1.0000 

The Simpson and Shannon indices assess community diversity (Soto del Rio et al. 2017). 286 

When using Simpson's index to assess microbial diversity in fermentation broth, a higher index 287 

value indicates a less diverse microbial community (Yao et al. 2020). The data in Table 1 show 288 

that the Shannon index decreased and then increased, while the Simpson index increased and then 289 

decreased. These trends further support the previously documented decrease and subsequent rise 290 

in microbial diversity of Dendrobium EPJ during fermentation. 291 

Bacterial communities in Dendrobium EPJ 292 

After consolidating the genera with a relative abundance of less than 1% in all samples into 293 

the "others" category, Fig. 5A depicts the relative abundance of different bacterial species at the 294 

genus level across all samples. Fig. 5B is a heatmap of bacterial species at the genus level in the 295 

four Dendrobium EPJ samples (Online Resource 1). 296 

The findings depicted in Fig. 5A and Fig. 5B demonstrate that during the early stages of 297 

fermentation (Feju_1/Feju_2), the predominant genera in Dendrobium EPJ were 298 

Sporolactobacillus and unclassified_Enterobacteriaceae. During the middle and late stages of 299 

fermentation (Feju_3/Feju_4), there was a significant decrease in the presence of 300 

Sporolactobacillus and unclassified_Enterobacteriaceae while other genera swiftly substituted 301 

them. Meanwhile, the substantial turnover and variability of bacterial colonies during the middle 302 

and late stages of fermentation may have affected the fluctuating trend of the most active 303 

substances and antioxidant capacity in Dendrobium EPJ throughout this period. The heightened 304 

microbial diversity noted in the middle and late phases of fermentation may be ascribed to the 305 

reduction in Sporolactobacillus and unclassified Enterobacteriaceae populations as they transition 306 
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into the late stages of fermentation. As a result, the population of bacterial antagonists produced 307 

by these organisms, such as the Sporolactobacillus isolate (L2407) (Holzapfel and Botha 1988) or 308 

Enterobactin (Rohrbacher et al. 2022), decreased. This decrease facilitated the rapid proliferation 309 

of previously suppressed microorganisms, producing their bacterial antagonists or modifying the 310 

fermentation environment to become unfavorable for Sporolactobacillus and unclassified 311 

Enterobacteriaceae. Consequently, the prevalence of Sporolactobacillus and unclassified 312 

Enterobacteriaceae was further diminished and ultimately eradicated. At the same time, because 313 

Sporolactobacillus is an anaerobic bacterium, its rapid death in the later stages suggests that air 314 

enters the fermenter during the later stages of fermentation, which is unavoidable due to the long 315 

fermentation time (Abat et al. 2015). 316 

Correlation analysis of Bacterial communities with antioxidant activity 317 

and bioactive substances 318 

Pearson correlation analysis was employed to investigate the correlations between the 319 

identified bacteria at each stage of Dendrobium Jiaosu fermentation and the antioxidant activity 320 

indices and bioactive substances. The findings are shown in Fig. 6 as a correlation heatmap. The 321 

figure displays only the results with p-values less than 0.05 and absolute correlation values greater 322 

than 0.8. When the absolute value of the correlation coefficient (|r|) exceeds 0.8, the symbol ‘*’ 323 

denotes a statistically significant correlation (P < 0.05). Phenylobacterium showed a significant 324 

positive correlation with the ABTS scavenging rate, whereas Weissella and Sporolactobacillus 325 

showed significant negative correlations with the ABTS scavenging rate. Chitinophaga showed a 326 

marked inverse relationship with amino acid content, while unclassified bacteria showed a 327 

significant positive correlation. Klebsiella showed significant positive correlations with SOD 328 
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activity and T-AOC. 329 

PICRUSt functional predictive analysis 330 

The KEGG database is a comprehensive bioinformatics resource that integrates genes, gene 331 

functions, metabolic pathways, and other relevant data. It allows for analysing metabolic pathways 332 

and the functional roles of biological systems, such as cells, at the molecular level (Tanabe and 333 

Kanehisa 2012). 334 

The metabolic pathways of microorganisms involved in Dendrobium EPJ fermentation, 335 

among the top 50 in abundance, are annotated at pathway Level 1, primarily in Metabolism, 336 

Human Diseases, and Genetic Information Processing. The Feju_4 sample shows a significant 337 

dominance of genes related to metabolism, likely due to the high abundance of the microbial 338 

community at the end of the natural fermentation process of Dendrobium EPJ. 339 

Fig. 7A shows the main KEGG metabolic pathways at pathway Level 2, including the top 50 340 

classes. In the Dendrobium EPJ fermentation process, analysis across all stages revealed that the 341 

most prevalent genes for the entire fermentation process were linked to lipid metabolism, followed 342 

by carbohydrate metabolism, amino acid metabolism, and glycan biosynthesis and metabolism 343 

(Online Resources 3, 4). 344 

The processes of carbohydrate, amino acid, energy, cofactor and vitamin, and lipid 345 

metabolism are essential for the growth and reproduction of microorganisms (Song et al. 2021). 346 

The active expression of these metabolic pathways enables the use of starch, cellulose, protein, 347 

and other macronutrients in the raw material and its metabolites in Dendrobium EPJ. 348 

Microorganisms convert these resources into organic acids, amino acids, or other bioactive 349 

substances through fermentation. 350 
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The distinct metabolic pathways of Dendrobium Jiaosu samples at different fermentation 351 

stages were annotated using MetaCyc, as depicted in Fig. 7B. A significant metabolic distinction 352 

was observed between late-stage Dendrobium Jiaosu samples (Feju_3, Feju_4) and early to mid-353 

stage samples (Feju_1, Feju_2) about the pathway: aerobic respiration I (cytochrome c) (PWY-354 

3781). Fermentation in sealed fermenters led to a restricted presence of oxygen during the initial 355 

to intermediate phases, causing a decrease in aerobic respiration. Over time, it is hypothesized that 356 

the fermenters became incapable of entirely preventing the ingress of external air, potentially 357 

resulting in a gradual rise in oxygen levels and the consequent demise of anaerobic bacteria near 358 

the liquid surface. This hypothesized phenomenon could have facilitated the proliferation of 359 

aerobic bacteria near the surface, leading to notable differences in the bacterial community 360 

composition between the early/mid-stage samples (Feju_1, Feju_2) and the late-stage samples 361 

(Feju_3, Feju_4). Furthermore, late-stage samples exhibited a significant rise in the prevalence of 362 

diverse lipid metabolism pathways (e.g. PWY-7663, FASYN-ELONG-PWY, PWY-5973), aligning 363 

with the observations at pathway Level 2. The prevalence of amino acid metabolism also 364 

exhibited a significant increase in the late-stage samples, consistent with the findings at pathway 365 

Level 2 and the previously noted elevation in Dendrobium Jiaosu amino acid content (Online 366 

Resource 2). 367 

Discussion 368 

This study investigated the variations of bioactive compounds and antioxidant activity during 369 

the natural fermentation of Dendrobium EPJ. Additionally, the study examined the variations in 370 

bacterial relative abundances at different fermentation stages of Dendrobium EPJ using high-371 

throughput 16S rRNA gene sequencing and combined it with the KEGG database for functional 372 
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predictions of the bacterial community. 373 

Using high-throughput 16S rRNA sequencing data as the foundation, clustering analyses and 374 

taxonomic annotations are performed to classify microbial community types and their distinctions. 375 

Functional gene compositions are predicted via mapping from OTUs to genes or proteins. These 376 

inferred functional genes are then categorized according to the KEGG database, mapped to specific 377 

pathways, and subjected to functional enrichment analysis to identify actively or notably altered 378 

metabolic routes. Such findings serve as the basis for explaining the correlations between the diversity 379 

of microbial communities and variations in environmental factors. 380 

In the early stage of fermentation of Dendrobium EPJ fermentation, there is a consistent 381 

reduction in the overall phenol content. This phenomenon can be linked to the dissolved oxygen 382 

level in the fermentation medium and the microbial-driven breakdown of phenolic compounds, 383 

leading to their conversion into alternative substances. Both the DPPH scavenging and ABTS 384 

scavenging rates showed a pattern of initially decreasing and then increasing. This relationship 385 

was demonstrated by Kumar (2013) and Henriquez (2004), who examined the connection between 386 

the scavenging rates of DPPH and ABTS and the presence of phenols. However, the trends of the 387 

DPPH scavenging rate and ABTS scavenging rate in this study differed from those of total 388 

phenols. This suggests that the changes in the DPPH scavenging rate and ABTS scavenging rate of 389 

Dendrobium EPJ were independent of total phenols, which aligns with the findings of Zhang 390 

(2020). 391 

Moreover, Dendrobium EPJ demonstrated a pattern of initial increase followed by a decrease 392 

in both total antioxidant capacity and SOD activity, indicating a potential close relationship 393 

between the two. The concentration of amino acids in Dendrobium EPJ exhibited an initial 394 
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increase followed by a subsequent decrease. As stated by Liu (2021), the free amino acids present 395 

in the fermentation broth originate from the degradation of proteins by proteases produced by 396 

microorganisms. The observed decrease in amino acids in Dendrobium EPJ can be attributed to 397 

the initial rapid increase in amino acids resulting from the breakdown of proteins by proteases 398 

produced by microorganisms. As the fermentation process advanced and the microorganisms in 399 

Dendrobium EPJ proliferated, an increased demand for amino acids resulted in a continual 400 

reduction in the amino acid content. 401 

However, during the later stages of fermentation, Dendrobium EPJ showed oscillating trends 402 

in most antioxidant capacity indicators and active substances. These parameters encompass the 403 

DPPH radical scavenging rate, ABTS radical scavenging rate, total antioxidant capacity, and SOD 404 

activity, which is consistent with the results reported by Wu et al. (2017). The observed 405 

phenomenon is likely attributable to the diverse bacterial colony and the rapid fluctuations in 406 

bacterial community composition during the late stage of Dendrobium EPJ fermentation. These 407 

factors contribute to challenges regulating the various antioxidant capacity indicators and active 408 

substances, highlighting the inherent difficulty in consistently producing Dendrobium EPJ 409 

products with extended fermentation cycles using natural fermentation methods. 410 

The traditional EPJ fermentation process is a complex natural fermentation method that 411 

encompasses a variety of microorganisms (Alves et al. 2010). In the early stage of Dendrobium 412 

EPJ natural fermentation, unclassified Enterobacteriaceae consistently emerged as the 413 

predominant group of organisms. Enterobacteriaceae, which are frequently present in the gut 414 

flora, are prevalent human pathogens associated with a range of illnesses such as cystitis, 415 

pyelonephritis, septicemia, pneumonia, peritonitis, and meningitis (Nordmann et al. 2011). In 416 
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addition to Enterobacteriaceae, Sporolactobacillus was the second most prevalent group in the 417 

Dendrobium EPJ samples. Sporolactobacillus is a Gram-positive bacterium classified within the 418 

lactic acid bacteria group (Axelsson 2004). Sporolactobacillus is believed to offer various health 419 

advantages, including ameliorating lactose malabsorption (Jiang et al. 1996), lowering blood 420 

cholesterol levels (du Toit et al. 1998), preventing antibiotic-associated diarrhea and traveller's 421 

diarrhea (Salazar-Lindo et al. 2004), boosting the immune system (Gill 1998), and providing 422 

protection against pathogen invasion and infection (Asahara et al. 2004). Consequently, in the 423 

practical manufacturing process of Dendrobium EPJ, Sporolactobacillus can be introduced as the 424 

predominant strain to effectively suppress the proliferation of detrimental bacteria, while 425 

concurrently enhancing the production of flavor compounds and nutrients in Dendrobium EPJ. 426 

In the later stages of Dendrobium EPJ fermentation, the dominance of Enterobacteriaceae 427 

and Sporolactobacillus waned as other bacteria, including the potentially pathogenic 428 

Pseudomonas, began to proliferate (Idigo et al. 2022). Moreover, Tamang (2016) demonstrated 429 

that fermented foods often exhibit elevated levels of pathogenic bacteria during fermentation, 430 

potentially resulting in health issues such as pneumonia and food poisoning. In the previously 431 

discussed metabolic pathways of microorganisms in Dendrobium EPJ fermentation at Pathway 432 

Level 1 (top 50 in abundance), there was an observation that human disease-related metabolic 433 

pathways exhibited higher abundance in the late fermentation period (Feju_3/Feju_4) compared to 434 

the early fermentation period (Feju_1/Feju_2). This may suggest the active expression of 435 

pathogenic genes during the later stages. This indicates that extended natural fermentation is 436 

challenging to control and may pose potential risks. 437 

Nevertheless, a limitation of this study is that 16S rRNA gene sequencing is capable of 438 
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identifying bacteria only at the genus level and lacks the ability to differentiate further at the 439 

species level. Various species belonging to the same genus may exhibit significant differences in 440 

their structure and function, which cannot be differentiated solely through 16S rRNA gene 441 

sequencing (Jovel et al. 2016). For example, not all Enterobacteriaceae species are considered 442 

opportunistic pathogens. Our findings did not allow for the precise identification of the species. 443 

Moreover, it has been noted that 16S rRNA gene sequencing might not be able to identify 444 

certain low abundance bacteria present in the samples (Wagner et al. 2016). The failure to detect 445 

and identify all bacterial species hinders our comprehension of microbial diversity and constrains 446 

our ability to make functional inferences. Future research endeavors should integrate whole-447 

genome sequencing or other omics methodologies to enhance the understanding of the taxonomic 448 

compositions and functional capacities of bacteria during the process of Dendrobium Jiaosu 449 

fermentation at an increased level of detail (Franzosa et al. 2014). 450 

In summary, although 16S rRNA gene sequencing has offered valuable insights into the 451 

dynamics of microbial communities, the technique is inherently limited in its ability to 452 

differentiate bacteria at the species level and to comprehensively capture both structural and 453 

functional information. Therefore, it is important to consider our findings in light of these 454 

limitations, and further research with improved phylogenetic and functional profiling is necessary. 455 

The bacterial dynamics during Dendrobium EPJ fermentation are complex and unpredictable, 456 

leading to substantial fluctuations in antioxidant capacity, active substances, and the proliferation 457 

of pathogenic bacteria over time. Different bacterial species may display varied dynamics as a 458 

result of factors such as osmotic pressure, acidity, and interactions among different 459 

microorganisms. Hence, an in-depth investigation of the microbial transformation process during 460 
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the fermentation of Dendrobium EPJ will be a crucial focus for future research. 461 

Conclusion 462 

This study explored the fermentation dynamics of Dendrobium Jiaosu, focusing on bioactive 463 

compounds, antioxidant activity, and microbial communities. Key findings include fluctuating 464 

antioxidant indices peaking around days 20-25, shifting microbial populations from 465 

Enterobacteriaceae to genera like Pseudomonas, and positive correlations between superoxide 466 

dismutase activity and sugars and phenolic compounds. Metabolic pathway analysis revealed 467 

heightened pathways related to carbohydrates, amino acids, lipid metabolism, and aerobic 468 

respiration in later fermentation stages. These insights inform the optimization of fermentation 469 

processes for enhancing the quality and functionality of Dendrobium Jiaosu. 470 
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Figure captions 677 

Fig. 1 Anti-oxidant activity in the fermentation of the Dendrobium EPJ (A) DPPH radical 678 

scavenging rate, (B) ABTS radical scavenging rate, (C) total antioxidant capacity (T-AOC) and 679 

(D) superoxide dismutase (SOD) activity. Each bar represents the mean of three independent 680 



32 

replicates (n = 3), and error bars indicate the standard deviation. Different lowercase letters above 681 

the bars denote significant differences among fermentation time points (one-way ANOVA 682 

followed by Tukey’s HSD test, P < 0.05) 683 

Fig. 2 Bioactive substances in the fermentation of the Dendrobium EPJ (A) Amino acids content, 684 

(B) plant flavonoids content, (C) total phenols content and (D) total sugar content. Each bar 685 

represents the mean of three independent replicates (n = 3), and error bars indicate the standard 686 

deviation. Different lowercase letters above the bars denote significant differences among 687 

fermentation time points (one-way ANOVA followed by Tukey’s HSD test, P < 0.05) 688 

Fig. 3 Pearson correlation analysis between antioxidant activity and bioactive substances during 689 

fermentation (n = 11 time points). The colour scale indicates the direction and strength of the 690 

correlation coefficient, and asterisks indicate statistically significant correlations (*P < 0.05) 691 

Fig. 4 Rarefaction curve of Dendrobium EPJ samples at the Sobs level (A) and the Shannon index 692 

(B) 693 

Fig. 5 Genus-level relative abundances (A) and heatmap (B) of bacterial species in four 694 

Dendrobium EPJ samples 695 

Fig. 6 Correlation analysis of bacterial communities with antioxidant activity and bioactive 696 

substances. The horizontal axis depicts the antioxidant activity indices and bioactive substances, 697 

while the vertical axis identifies the genera. The colour red shows a positive correlation, whereas 698 

the colour blue signifies a negative correlation. The upper dendrogram illustrates the hierarchical 699 

clustering of the antioxidant capacity indices and bioactive substances, while the left dendrogram 700 

depicts the hierarchical clustering of the genera. The lengths of the branches show the distance 701 

between them, with those that are more similar being clustered closer together 702 
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Fig. 7 Heatmap of the KEGG annotations at pathway level 2 (A) and the abundance statistics of 703 

the MetaCyc pathways (Top 50) (B) 704 
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Fig. 1 Anti-oxidant activity in the fermentation of the Dendrobium EPJ (A) DPPH radical 707 

scavenging rate, (B) ABTS radical scavenging rate, (C) total antioxidant capacity (T-AOC) and 708 

(D) superoxide dismutase (SOD) activity. Each bar represents the mean of three independent 709 

replicates (n = 3), and error bars indicate the standard deviation. Different lowercase letters above 710 

the bars denote significant differences among fermentation time points (one-way ANOVA 711 

followed by Tukey’s HSD test, P < 0.05) 712 
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 714 

Fig. 2 Bioactive substances in the fermentation of the Dendrobium EPJ (A) Amino acids content, 715 

(B) plant flavonoids content, (C) total phenols content and (D) total sugar content. Each bar 716 

represents the mean of three independent replicates (n = 3), and error bars indicate the standard 717 

deviation. Different lowercase letters above the bars denote significant differences among 718 

fermentation time points (one-way ANOVA followed by Tukey’s HSD test, P < 0.05) 719 
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 725 

Fig. 3 Pearson correlation analysis between antioxidant activity and bioactive substances during 726 

fermentation (n = 11 time points). The colour scale indicates the direction and strength of the 727 

correlation coefficient, and asterisks indicate statistically significant correlations (*P < 0.05) 728 
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 729 

Fig. 4 Rarefaction curve of Dendrobium EPJ samples at the Sobs level (A) and the Shannon index 730 

(B) 731 
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 732 

Fig. 5 Genus-level relative abundances (A) and heatmap (B) of bacterial species in four 733 

Dendrobium EPJ samples 734 
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 735 

Fig. 6 Correlation analysis of bacterial communities with antioxidant activity and bioactive 736 

substances. The horizontal axis depicts the antioxidant activity indices and bioactive substances, 737 

while the vertical axis identifies the genera. The colour red shows a positive correlation, whereas 738 

the colour blue signifies a negative correlation. The upper dendrogram illustrates the hierarchical 739 

clustering of the antioxidant capacity indices and bioactive substances, while the left dendrogram 740 



40 

depicts the hierarchical clustering of the genera. The lengths of the branches show the distance 741 

between them, with those that are more similar being clustered closer together 742 
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 743 

Fig. 7 Heatmap of the KEGG annotations at pathway level 2 (A) and the abundance statistics of 744 
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Sequencing ReadsA

FEJU_1 FEJU_2 FEJU_3 FEJU_4

GLYCOLYSIS: glycolysis I (from glucose 6-phosphate)
PWY-5484: glycolysis II (from fructose 6-phosphate)
PWY4FS-8: phosphatidylglycerol biosynthesis II (non-plastidic)
PWY4FS-7: phosphatidylglycerol biosynthesis I (plastidic)
PWY-6609: adenine and adenosine salvage III
PWY-7228: superpathway of guanosine nucleotides de novo biosynthesis I
COMPLETE-ARO-PWY: superpathway of aromatic amino acid biosynthesis
PWY-6125: superpathway of guanosine nucleotides de novo biosynthesis II
PWY-841: superpathway of purine nucleotides de novo biosynthesis I
CALVIN-PWY: Calvin-Benson-Bassham cycle
PWY-5695: urate biosynthesis/inosine 5'-phosphate degradation
PWY-5686: UMP biosynthesis
PWY0-162: superpathway of pyrimidine ribonucleotides de novo biosynthesis
HEMESYN2-PWY: heme biosynthesis II (anaerobic)
ANAGLYCOLYSIS-PWY: glycolysis III (from glucose)
SER-GLYSYN-PWY:superpathway of L-serine and glycine biosynthesis I
PWY-5097: L-lysine biosynthesis VI
PHOSLIPSYN-PWY: superpathway of phospholipid biosynthesis I (bacteria)
PWY-7219: adenosine ribonucleotides de novo biosynthesis
PWY-6277: superpathway of 5-aminoimidazole ribonucleotide biosynthesis
PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis II
PWY-6121: 5-aminoimidazole ribonucleotide biosynthesis I
PWY-2942: L-lysine biosynthesis III
PWY-6126: superpathway of adenosine nucleotides de novo biosynthesis II
PWY0-862-(5Z)-dodec-5-enoate biosynthesis
THRESYN-PWY: superpathway of L-threonine biosynthesis
PENTOSE-P-PWY: pentose phosphate pathway
PWY-5989-stearate biosynthesis II (bacteria and plants)
PWY-6282: palmitoleate biosynthesis I (from (5Z)-dodec-5-enoate)
PWY-7208: superpathway of pyrimidine nucleobases salvage
PWY-5667: CDP-diacylglycerol biosynthesis I
PWY0-1319: CDP-diacylglycerol biosynthesis II
PWY-7229: superpathway of adenosine nucleotides de novo biosynthesis I
PWY-7664: oleate biosynthesis IV (anaerobic)
PWY-5103: L-isoleucine biosynthesis III
PWY-3001: superpathway of L-isoleucine biosynthesis I
PWY0-1586: peptidoglycan maturation (meso-diaminopimelate containing)
PWYG-321: mycolate biosynthesis
BRANCHED-CHAIN-AA-SYN-PWY: superpathway of branched amino acid biosynthesis
PWY-7222: guanosine deoxyribonucleotides de novo biosynthesis II
PWY-7220: adenosine deoxyribonucleotides de novo biosynthesis II
VALSYN-PWY: L-valine biosynthesis
ILEUSYN-PWY-L-isoleucine biosynthesis I (from threonine)
PWY-5973-cis-vaccenate biosynthesis
FASYN-ELONG-PWY: fatty acid elongation -- saturated
PWY-5101: L-isoleucine biosynthesis II
PWY-7111: pyruvate fermentation to isobutanol (engineered)
NONOXIPENT-PWY: pentose phosphate pathway (non-oxidative branch)
PWY-7663: gondoate biosynthesis (anaerobic)
PWY-3781: aerobic respiration I (cytochrome c)
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the MetaCyc pathways (Top 50) (B) 745 
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