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A B S T R A C T   

Polysaccharides exist as one of the most abundant components in lotus leaves, which attract increasing attention 
owing to their promising health-promoting benefits. In this study, the digestive and microbial degradation 
characteristics of lotus leaf polysaccharides (LLP) were studied by using an in vitro gastrointestinal model. The 
results suggested that LLP was stable in the human upper gastrointestinal tract in vitro according to its digestive 
stabilities at different simulated digestion stages. Conversely, the indigestible LLP (LLPI) could be remarkably 
utilized by intestinal microbiota in human feces during in vitro fermentation, and its fermentability was 58.11% 
after the in vitro fermentation of 48 h. Indeed, the microbial degradation characteristics of LLPI during in vitro 
fermentation by human fecal inoculum were revealed. The results showed that the content of reducing sugars 
released from LLPI obviously increased from 0.498 to 2.176 mg/mL at the initial fermentation stage (0–6 h), and 
its molecular weight sharply decreased from 4.08 × 104 to 2.02 × 104 Da. Notably, the molar ratios of arabinose 
(Ara), galactose (Gal), and galacturonic acid (GalA) in LLPI decreased from 2.89 to 1.40, from 5.46 to 3.72, and 
from 21.24 to 18.71, respectively, suggesting that the utilization of arabinose and galactose in LLPI by intestinal 
microbiota was much faster than that of galacturonic acid at the initial fermentation stage. Additionally, LLPI 
could remarkably regulate gut microbial composition by increasing the abundances of several beneficial mi-
crobes, including Bacteroides, Bifidobacterium, Megamonas, and Collinsella, resulting in the promoted generation of 
several short-chain fatty acids, especially acetic, propionic, and butyric acids. The findings from the present study 
are beneficial to better understanding the digestive and microbial degradation characteristics of LLP, which 
indicate that LLP can be used as a potential prebiotic for the improvement of intestinal health.   

1. Introduction 

Lotus (Nelumbo nucifera Gaertn.), an aquatic plant of the family 
Nelumbonaceae, is widely cultivated as an industrial crop in eastern Asia, 
particularly in China (Chen et al., 2019a; Wang et al., 2021). Lotus is 
mainly consisted of leaf, flower, seed, and root. Among them, lotus 

leaves are usually consumed as herbal teas, diet drinks, beverages, and 
dishes, which also have a long history to be used as traditional medicines 
to prevent and treat diverse diseases, such as haematemesis, hyper-
lipidaemia, hypertension, epistaxis, and obesity (Chen et al., 2019a; 
Wang et al., 2021). Besides, lotus leaves have also attracted increasing 
attention for functional food development owing to their promising 
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health benefits, including antioxidant, hypoglycemic, immunomodula-
tory, hepatoprotective, anti-proliferative, and anti-obesity effects, as 
well as modulation of colonic microbiota (Wang et al., 2020; Wang et al., 
2021). Indeed, lots of studies have revealed that there are many bioac-
tive components existing in lotus leaves, such as polysaccharides, 
polyphenols, flavonoids, and alkaloids, which contribute to their mul-
tiple health-promoting effects (Wang et al., 2021). Particularly, poly-
saccharides have been regarded as the most abundant components in the 
tea beverages of lotus leaves, ranging from about 3.22% to 6.31% (w/w) 
(Zhang et al., 2015; Wu et al., 2021a). The purified polysaccharides from 
lotus leaves have been reported to possess relatively low molecular 
weights ranging from about 12.5 kDa to 40.3 kDa (Song et al., 2019; 
Huang et al., 2021; Wu et al., 2021a). The major constituent mono-
saccharides in polysaccharides from louts leaves include galactose, 
galacturonic acid, arabinose, rhamnose, mannose, glucose, and glucur-
onic acid, indicating that homogalacturonan (HG), rhamnogalacturonan 
I (RG I), and arabinogalactan (AG) exist in lotus leaves (Huang et al., 
2021; Wu et al., 2021a). Furthermore, these pectic polysaccharides from 
lotus leaves also possess diversely beneficial effects, such as antioxidant, 
anti-glycation, anti-cancer, anti-diabetic, and immunomodulatory ef-
fects (Huang et al., 2021; Li et al., 2021; Song et al., 2019; Wu et al., 
2021a; Zeng et al., 2017; Zhang et al., 2015). Collectively, these studies 
suggest that lotus leaf polysaccharides (LLP) possess potential applica-
tions in the functional food industry. 

The bioactivities of dietary polysaccharides are closely related to 
their digestive and microbial degradation characteristics from the 
stomach to the intestine (Guo et al., 2021). In fact, recent studies have 
demonstrated that the human gastrointestinal tract can be one of the 
most important loci for healthy performance of dietary polysaccharides 
(Xu et al., 2019; Zhang et al., 2020). Accumulating in vitro evidence has 
demonstrated that most of dietary polysaccharides are resistant to be 
digested in the human upper gastrointestinal tract owing to the lack of 
certain specific enzymes in human body, while these indigestible poly-
saccharides can enter into the colon and interact with the colonic bac-
teria (Guo et al., 2021). Generally, there are trillions of colonic bacteria 
colonizing in the human intestine, which provide the host with a range 
of beneficial functions, such as catabolism of complex dietary macro-
nutrients, preventing against pathogen infection, and maintaining the 
immune system (Song et al., 2021). Notably, a large number of carbo-
hydrate active enzymes encoded by the intestinal microbiota can 
degrade indigestible polysaccharides and their complexes into 
fermentable monosaccharides, which are in turn utilized by the intes-
tinal microbiota, further exerting beneficial effects on the host (Kor-
opatkin et al., 2012). Increasing studies have confirmed that different 
types of indigestible polysaccharides can modulate gut microbial 
composition by promoting the proliferation of beneficial intestinal mi-
crobes and reducing harmful intestinal bacteria, thereby improving the 
intestinal health (Kong et al., 2021; Li et al., 2020; Wu et al., 2021b; Wu 
et al., 2021c; Wu et al., 2021d). Moreover, the major metabolites of 
dietary polysaccharides utilized by specific intestinal microorganisms 
are short-chain fatty acids (SCFAs), which are the main energy sources 
for colonocytes and can also help prevent metabolic disorders, inflam-
matory bowel diseases, and related diseases (Fan and Pedersen, 2021). 
Therefore, the human intestinal microbiota can benefit from the 
fermentation and degradation of dietary polysaccharides. Nevertheless, 
the digestive characteristic and microbial degradation of LLP in the 
human gastrointestinal tract in vitro as well as related modulation effect 
on gut microbial composition have not yet been investigated. 

In the present study, in order to reveal the potential digestive and 
microbial degradation characteristics of LLP, an in vitro simulated 
digestion and fecal fermentation model was applied to investigate the 
possible changes in LLP, as well as its regulation effect on the microbial 
composition. The findings from the present study will be helpful for 
understanding the digestive and microbial degradation characteristics of 
LLP, and beneficial to promoting the application of LLP as prebiotics in 
the functional food industry. 

2. Materials and methods 

2.1. Materials and chemicals 

Lotus leaves (Nelumbo nucifera cv. Elian 6) were collected from 
Meishan, Sichuan Province, China. Inulin (INU), α-amylase (1000 U/ 
mg), pancreatin (4000 U/g), and pepsin (3000 U/g) were obtained from 
Sigma-Aldrich (St. Louis, MO, USA) and Aladdin-E (Shanghai, China). 
Additionally, KCl, KH2PO4, NaHCO3, NaCl, MgCl2(H2O)6, (NH4)2CO3, 
HCl, and CaCl2(H2O)2 were obtained from Aladdin-E (Shanghai, China). 

2.2. Preparation and isolation of LLP 

Deep eutectic solvent (DES) assisted extraction was applied for the 
preparation of LLP as previously reported (Wu et al., 2021a). In brief, the 
extraction solvent was prepared by adding water into the DES (choline 
chloride: ethylene glycol = 1: 3, molar ratio) to maintain a solution ratio 
of 6: 4 (H2O: DES, v/v). Furthermore, the sample powders (10.0 g) were 
firstly treated with 100 mL of ethanol (80%, v/v) for 2 h to remove small 
substances, such as phenolics and pigments. Then, the extracted residues 
were mixed with 300 mL of the DES extraction solvent for preparation of 
polysaccharides at 90 ◦C for 2 h. Finally, both graded alcohol precipi-
tation and membrane separation were applied for the isolation of LLP in 
the extracted mixture. The extracted mixture (about 300 mL) was 
precipitated with 900 mL of ethanol (95%, v/v) to obtain crude poly-
saccharides. The crude polysaccharides were redissolved and further 
ultra-filtered (molar mass cutoff, 3.0 kDa) to remove impurities. Finally, 
LLP was obtained, and the yield was about 4.3%. 

2.3. Simulated static digestion of LLP 

An in vitro INFOGEST static digestion model with minor modifica-
tions was applied for the investigation of the digestive characteristics of 
LLP (Brodkorb et al., 2019), and the electrolyte solutions used for 
simulated salivary fluid (SSF), gastric fluid (SGF), and intestinal fluid 
(SIF) were also prepared according to the literature (Brodkorb et al., 
2019). In the oral digestion phase, 100 mL of the SSF electrolyte solution 
and α-amylase (15000 U) were added into 100 mL of LLP solution (15 
mg/mL), and digested in a water bath shaker at 37 ◦C. Then, at the 
digestion points of 15 min and 30 min, 2 mL of the digested solution was 
taken out and put into boiling water for 5 min before further analysis. 
After the oral digestion phase, 100 mL of the pre-warmed SGF electro-
lyte solution (37 ◦C) was mixed with 100 mL of the saliva digested 
sample, and the pH value was adjusted to 3.0 with 1 M HCl. Subse-
quently, the pepsin was added into the digestion mixture to achieve a 
final activity of 20 U/mL, and incubated at 37 ◦C. At the digestion points 
of 0.5 h, 1 h, and 2 h, 2 mL of the digested solution was also taken out 
and put it into boiling water for 5 min. In the intestinal digestion phase, 
100 mL of pre-warmed SIF electrolyte solution (37 ◦C) was mixed with 
100 mL of the gastric digested sample, and NaOH (1 M) was added into 
the mixture to adjust the pH to 7.0. Then, the pancreatin and bile salts 
were added into the mixture to reach final concentrations of 100 U/mL 
and 10 mM, respectively, and the mixture was incubated at 37 ◦C. At the 
digestion points of 0.5 h, 1 h, and 2 h, 2.0 mL of the digested solution 
was also taken out and put it into boiling water for 5 min. Finally, all 
digested mixtures collected at different digestion stages were sequen-
tially treated by 95% of ethanol (three volumes), ultra-filtered (molar 
mass cutoff, 3.0 kDa), and freeze dried to get digested LLP samples, 
namely LLPS, LLPG, and LLPI, respectively. 

2.4. Microbial fermentation of the indigestible LLP (LLPI) by human feces 
in vitro 

An in vitro fermentation model was applied for the investigation of 
the microbial degradation characteristics of LLPI by human fecal 
microbiota as previously reported (Wu et al., 2021d). The basic culture 
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medium (1 L) was prepared as described in the literature (Wu et al., 
2021d), which was composed of yeast extract, peptone, NaHCO3, bile 
salts, NaCl, K2HPO4, KH2PO4, CaCl2(H2O)2, MgSO4(H2O)7, hemin, 
L-cysteine, resazurin solution, tween 80, and vitamin K. Then the basic 
culture medium was sterilized for 20 min at 121 ◦C. Fresh feces were 
provided by four healthy volunteers (two male and two females, 20–25 
years old) without any treatment of antibiotics. Then, fresh feces were 
diluted to 10% (w/v) with 0.9% of saline (w/v). The human fecal inoc-
ulum (1 mL) was added into a sealed sterilized vial, and then 9 mL of the 
basic culture medium including 100 mg of LLPI (LLPI group) was added. 
At the same time, the basic culture medium adding with inulin (100 mg) 
was served as the positive control (INU group), and the negative control 
(BLANK group) only contained the human fecal inoculum and the basic 
culture medium. Finally, three groups were incubated at 37 ◦C for the 
anaerobic fermentation. Anaerobic condition was maintained 
throughout the in vitro fecal fermentation by using an anaerobic cham-
ber (BPN-300CS, Being Instrument, Shanghai, China). All fermented 
samples at different fermentation points of 6, 12, 24, and 48 h were 
collected, and were sequentially treated by ethanol, ultra-filtered (3.0 
kDa), and freeze dried to obtained fermented LLPI, namely LLPI-6h, 
LLPI-12 h, LLPI-24 h, and LLPI-48 h, respectively. 

2.5. Determination of variations in physicochemical characteristics of 
lotus leaf polysaccharides during in vitro digestion and fermentation by 
human feces 

2.5.1. Determination of reducing sugar contents (CR), chemical 
compositions, and fermentabilities 

The reducing sugars released from LLP were measured by the 3,5- 
dinitrosalicylic acid method as previously reported (Wu et al., 2021d). 
The m-hydroxydiphenyl and phenol-sulfuric acid methods were applied 
for the measurement of total uronic acids and total polysaccharides in 
LLP at different digested and fermented stages in vitro (Wu et al., 2021d), 
respectively. Furthermore, the fermentabilities (%) of LLPI at different 
fermented stages were calculated according to the contents of total 
sugars and reducing sugars (Wu et al., 2021d). 

2.5.2. Measurement of molecular weights, monosaccharide compositions, 
and free monosaccharides released 

Molecular weights of LLP at different digested and fermented stages 
in vitro were detected by using size exclusion chromatography. Both 18- 
angle laser light scattering detection and refractive index detection 
(Wyatt Technology Co., Santa Barbara, CA, USA) were used as formerly 
described (Wu et al., 2022). Additionally, the Shodex OHpak SB-806 M 
HQ (300 mm × 8.0 mm, i.d.) column was used. The monosaccharide 
compositions of LLP at different digested and fermented stages, as well 
as free monosaccharides released from LLPI at different fermented 
stages were determined by Ultimate U3000 LC system (Thermo Fisher 
Scientific, Waltham, MA, USA). A phenomenex gemini C18 110 A col-
umn (150 mm × 4.6 mm, 5 μm) was utilized for the separation of 
monosaccharides as previously reported (Yuan et al., 2019). Addition-
ally, the mobile phase composed of a mixture of phosphate buffer so-
lution (0.1 M, pH = 6.7) and acetonitrile (83: 17, v/v) was used. 

2.5.3. Spectral analysis 
The fourier transform infrared spectra (FT-IR) of LLP at different 

digested and fermented stages in vitro were recorded in the frequency 
range of 4000 - 500 cm− 1 by a Nicolet iS 10 FT-IR (Thermo Fisher Sci-
entific, Waltham, MA, USA) (Wu et al., 2022). Additionally, the esteri-
fication degree (DE) values of LLP at different digested and fermented 
stages were also calculated through the FT-IR absorption bands around 
1744 cm− 1 and 1611 cm− 1 by a previously reported method (Wu et al., 
2022). 

2.5.4. Measurement of pH values and short-chain fatty acids (SCFAs) 
The pH values of the fermented broths of LLPI, INULIN, and BLANK 

groups at different fermented points of 0, 6, 12, 24, and 48 h were 
detected immediately by a pH meter (RMD-H800, Remond Auto, 
Shanghai, China). In addition, the SCFAs produced in the LLPI, INULIN, 
and BLANK groups at different fermented points of 0, 6, 12, 24, and 48 h 
were also measured by an Agilent GC system (Agilent Technologies, 
Santa Clara, CA, USA). A HP-INNOWAX column (30 m × 0.25 mm ×
0.25 μm) was applied for the separation of SCFAs as previously reported 
(Wu et al., 2021d). SCFA standards, including acetic, propionic, 
i-butyric, n-butyric, i-valeric, and n-valeric acids, were used to establish 
the calibration curves. 

2.6. Analysis of the microbial composition 

After the in vitro fermentation by human feces for 48 h, the extrac-
tion, PCR amplification, purification, and sequencing of the bacterial 16 
S rRNA genes of the fermented mixture were performed as previously 
reported (Wu et al., 2021b; Wu et al., 2021d). Besides, the gene 
sequencing data were also processed and analyzed as previously re-
ported (Wu et al., 2021b; Wu et al., 2021d). 

2.7. Statistical analysis 

All data were expressed as means ± standard deviation. One-way 
analysis of variance (ANOVA) plus post hoc Duncan’s test (SPSS soft-
ware, version 24.0, IBM, Armonk, NY, USA) was applied for the evalu-
ation of statistical significance. P value less than 0.05 was defined as 
statistical significance. 

3. Results and discussion 

3.1. Digestive characteristics of LLP in vitro 

3.1.1. Digestive characteristics of CR, molecular weights, and chemical 
compositions 

Generally, the α-1,4-glycosidic linkages of soluble starch and some 
other α-polysaccharides can be degraded by α-amylase which exists in 
the upper gastrointestinal tract, resulting in the increase of reducing 
sugar contents (Wu et al., 2021d). Thus, the reducing sugars released 
from of LLP at different digested stages in the upper gastrointestinal 
tract in vitro were studied to reveal its digestive characteristics. The 
variation in CR is presented in Table 1. Results showed that there were 
no significant variations in CR of LLP after different digested stages, 
indicating that LLP was stable after the in vitro digestion. Additionally, as 
shown in Fig. 1A, a single polysaccharide fraction could be found in LLP, 

Table 1 
Reducing sugar contents (CR) of polysaccharides from lotus leaves during in vitro 
digestion and fermentation by human feces.  

Digestion and fermentation processes Time (h) CR (mg/mL) 

Salivary digestion 0.25 0.112 ± 0.004 a 

0.5 0.114 ± 0.006 a 

Gastric juice digestion 0.5 0.107 ± 0.006 a 

1 0.104 ± 0.005 a 

2 0.105 ± 0.004 a 

4 0.104 ± 0.005 a 

Small intestinal juice digestion 0.5 0.094 ± 0.003 a 

1 0.096 ± 0.003 a 

2 0.092 ± 0.006 a 

4 0.097 ± 0.004 a 

Fecal microbial fermentation 0 0.498 ± 0.022 d 

6 2.176 ± 0.028 a 

12 2.115 ± 0.080 a 

24 1.571 ± 0.064 b 

48 1.378 ± 0.037 c 

Values represent mean ± standard deviation, and different superscript lower-
case letters (a-d) indicate significance (p < 0.05) in each row. Statistical sig-
nificances were carried out by ANOVA and Duncan’s test. 
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LLPS, LLPG, and LLPI, and their SEC profiles and retention time were 
identical. In agreement with this, the molecular weights of LLP, LLPS, 
LLPG, and LLPI were almost the same, which were determined to be 
4.09 × 104, 4.11 × 104, 4.06 × 104, and 4.08 × 104 Da, respectively, 
further confirming that LLP could not be digested in the upper gastro-
intestinal tract in vitro. The digestive characteristics of LLP’s molecular 
weight was similar to the results of several previous studies, such as 
polysaccharides extracted from tamarind seed, Fuzhuan brick tea, and 
Flammulina velutipes (Chen et al., 2018b; Li et al., 2020; Su et al., 2019). 
Moreover, total polysaccharides and total uronic acids existing in LLP 
were detected to be 82.35% and 39.44%, respectively, which were in 
agreement with previously reported results (Li et al., 2021; Song et al., 
2019; Wu et al., 2021a). After the in vitro digestion, total 

polysaccharides and uronic acids in LLP were basically unchanged 
(Table 2), which retained 79.91% - 81.29%, and 38.95% - 39.65%, 
respectively. Consequently, it was inferred that LLP was overall resistant 
to the simulated salivary, gastric, and small intestinal fluids. 

3.1.2. Digestive characteristics of monosaccharide compositions and FT-IR 
spectra 

The digestive characteristics of monosaccharide compositions and 
FT-IR spectra of LLP at different digested stages in vitro were also 
measured. As shown in Fig. 2A, the monosaccharide compositions of LLP 
at different digested stages in the upper gastrointestinal tract in vitro 
were nearly the same and consisted of galacturonic acid (GalA), galac-
tose (Gal), arabinose (Ara), rhamnose (Rha), glucuronic acid (GlcA), 

Fig. 1. Dynamic change in SEC chromatograms of 
LLP during in vitro digestion (A) and fermentation by 
human feces (B) 
LLP, polysaccharides isolated from loquat leaves; 
LLPS, LLPG, and LLPI indicate LLP digested at 
different stages, including salivary, saliva-gastric, and 
saliva-gastrointestinal digestion stages, respectively; 
LLP-6, LLP-12, LLP-24, and LLP-48 indicate human 
fecal fermentation of indigestible LLPI for 6, 12, 24, 
and 48 h, respectively.   

Table 2 
Changes in fermentability and chemical composition of polysaccharides from lotus leaves during in vitro digestion and fermentation by human feces.   

In vitro digestion of LLP In vitro fermentation of LLPI 

LLP LLPS LLPG LLPI LLPI-6 LLPI-12 LLPI-24 LLPI-48 

Fermentability (%) - - - - 20.75 ± 1.36 d 30.23 ± 1.47 c 36.54 ± 1.85 b 58.11 ± 2.55 a 

Total polysaccharides (%) 82.35 ± 1.48 a 79.91 ± 1.85 a 81.29 ± 2.38 a 80.10 ± 2.46 a 79.39 ± 1.47 ab 77.46 ± 2.12 bc 74.63 ± 0.89 cd 74.18 ± 1.17 d 

Total uronic acids (%) 39.44 ± 1.27 a 39.65 ± 1.44 a 38.95 ± 1.42 a 39.03 ± 1.26 a 35.77 ± 0.80 b 34.84 ± 1.94 b 29.93 ± 1.50 c 28.23 ± 1.63 c 

Degree of esterification (%) 28.68 ± 0.64 a 28.80 ± 0.36 a 27.75 ± 0.49 a 27.78 ± 1.39 a 2.29 ± 0.15 b 2.44 ± 0.23 b 2.73 ± 0.12 b 2.92 ± 0.32 b 

Sample codes were the same as in Fig. 1. 
Values represent mean ± standard deviation, and different superscript lowercase letters (a-d) indicated significance (p < 0.05) in each row; Statistical significances 
were carried out by ANOVA and Duncan’s test. 
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mannose (Man), and glucose (Glc). Also, the molar ratios of mono-
saccharides of LLP at different digested stages in vitro were almost the 
same, indicating that LLP was indigestible under the in vitro digestion 
conditions. GalA, Gal, Ara, and Rha existed as the main mono-
saccharides in all samples, suggesting that a high amount of homo-
galacturonan (HG) and arabinogalactan (AG) as well as a few of 
rhamnogalacturonan I (RG I) existed in LLP and its digested samples 

(Wu et al., 2021a). Moreover, the FT-IR spectra of LLP at different 
digested stages in vitro were also investigated to further reveal its 
digestive characteristics. As shown in Fig. 2B, the FT-IR spectra of LLP at 
different digested stages in the upper gastrointestinal tract in vitro were 
similar, indicating that the primarily chemical structure of LLP was 
overall stable. Additionally, the typical signals of acidic polysaccharides, 
including 3432, 2952, 1744, 1611, 1429, 1240, and 890 cm− 1, were 

Fig. 2. Dynamic changes in constituent mono-
saccharides (A), FT-IR spectra (B), and free mono-
saccharides released (C) of LLP during in vitro 
digestion and fermentation by human fecesSample 
codes were the same as in Fig. 1. PMP, 1-phenyl-3- 
methyl-5-pyrazolone; Man, mannose; Rha, rham-
nose; GlcA, glucuronic acid; GalA, galacturonic acid; 
Glc, glucose; Gal, galactose; Xyl, xylose; Ara, 
arabinose.   
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found in LLP and its digested samples (Li et al., 2021; Wu et al., 2021a). 
In addition, as shown in Table 1, the DE values of LLP, LLPS, LLPG, and 
LLPI were similar, which ranged from 27.75% to 28.80%. In summary, 
all abovementioned results indicated that LLP was stable at different 
digested stages in the upper gastrointestinal tract in vitro, and could 
arrive to the large intestine without any degradation for further 
fermentation by colonic bacteria. 

3.2. Microbial degradation characteristics of the indigestible LLP (LLPI) 
by human fecal microbiota 

3.2.1. Dynamic changes in chemical compositions and fermentabilities 
The fermentabilities and chemical compositions of LLPI during the 

fermentation by human fecal inoculum are summarized in Table 2. The 
fermentabilities of LLPI-6h, LLPI-12 h, LLPI-24 h, and LLPI-48 h were 
measured to be 20.75%, 30.23%, 46.54%, and 58.11%, respectively, 
suggesting that the fermentation rate of LLPI was relatively fast at the 
initial fermentation stage (0–12 h). Besides, total polysaccharides and 
total uronic acids in LLPI remarkably decreased from 80.10% to 74.18% 
and from 39.03% to 28.23%, respectively, after the in vitro fermentation 
for 48 h. The results indicated that LLPI was utilized by colonic bacteria 
after the in vitro fecal fermentation. Generally, dietary polysaccharides 
can be degraded by different carbohydrate active enzymes produced by 
colonic microbes, such as Bacteroides thetaiotaomicron and Bacteroides 
caccae (Koropatkin et al., 2012). 

3.2.2. Dynamic changes in CR, free monosaccharides released, and 
molecular weights 

The indigestible polysaccharides are easily broken down and utilized 
by intestinal microbiota to generate reducing sugars, which can be in 
turn utilized by gut bacteria (Wu et al., 2021d). Consequently, for 
evaluating the relationship between the depolymerization of poly-
saccharides and the growth of colonic bacteria during the fermentation, 
the reducing sugars released from LLPI were detected. As shown in 
Table 1, the CR in the fermented broth of LLPI significantly increased 
from 0.498 mg/mL to 2.115 mg/mL at the initial fermentation stage 
(0–12 h), and then remarkably declined from 2.115 mg/mL to 1.571 
mg/mL with the fermentation time increased (12–24 h). These results 
indicated that the degradation of LLPI by intestinal microbiota was 
predominant at the initial fermentation stage (0–12 h), and then the 
utilization of reducing sugars by intestinal microbiota was faster than 
the production of reducing sugars with the increasing fermentation time, 
thereby resulting in the decease of reducing sugar contents (Kong et al., 
2021; Wu et al., 2021b; Wu et al., 2021d). Moreover, free sugars 
released from LLPI during in vitro fermentation were also analyzed, and 
results are shown in Fig. 2C. After the in vitro fermentation for 6 h, six 
monosaccharides, including Man, Rha, GalA, Glc, Gal, and Ara, were 
detected in the fermented broth of LLPI, suggesting that LLPI was 
degraded by intestinal microbiota. This result might be owing to some 
intestinal microbiota, such as Bacteroides, Firmicutes, and Bifidobacte-
rium, which could degrade certain glycans (Chen et al., 2019b). In 
addition, the responses of several monosaccharides gradually decreased 

with the increasing fermentation time, indicating that the intestinal 
microbiota consumed free monosaccharides. 

Furthermore, the change in molecular weights of LLPI was also 
determined to reveal its microbial degradation characteristics by intes-
tinal microbiota during in vitro fermentation. As shown in Fig. 1B, the 
SEC profiles of LLPI at different fermented stages in vitro obviously 
shifted to right with the increase of retention time. More specifically, the 
SEC profile of LLPI notably shifted to right at the initial fermentation 
stage, indicating that LLPI was obviously degraded by intestinal 
microbiota during the fermentation process. In fact, the molecular 
weight of LLPI after the in vitro fermentation sharply decreased from 
4.08 × 104 Da to 1.37 × 104 Da. More specifically, the molecular weights 
of LLPI-6h, LLPI-12 h, LLPI-24 h, and LLPI-48 were detected to be 2.02 
× 104 Da, 1.77 × 104 Da, 1.67 × 104 Da, and 1.37 × 104 Da, respec-
tively, suggesting that LLPI might be quickly degraded by intestinal 
microbiota into small fragments at the initial fermentation stage. 
Additionally, taken together with the result of reducing sugars (Table 1), 
it could indicate that the decrease of molecular weight of LLPI at 
different fermented stages in vitro may be primarily due to the break-
down of its glycosidic linkages (Wu et al., 2021b). 

3.2.3. Dynamic changes in monosaccharide compositions and FT-IR spectra 
Dietary polysaccharides can be degraded by intestinal microbiota, 

such as Bacteroides thetaiotaomicron and Bacteroides caccae (Koropatkin 
et al., 2012), resulting in the change of monosaccharide compositions 
(Guo et al., 2021). Hence, in the present study, the dynamic change in 
monosaccharide compositions of LLPI during in vitro fermentation by 
human feces was determined to further reveal its microbial degradation 
characteristics. As shown in Fig. 2A, the types of constituent mono-
saccharides of LLPI and its fermented samples were identical, composing 
of GalA, Gal, Ara, Rha, Man, Glc, and GlcA. Conversely, the molar ratios 
of monosaccharides in LLPI at different fermented stages in vitro 
remarkably changed (Table 3). More specifically, the molar ratios of Gal 
and Ara in LLPI notably decreased from 5.46 to 3.72 and from 2.89 to 
1.40, respectively, after the in vitro fermentation for 6 h, indicating that 
the AG existing in LLPI might be quickly utilized by intestinal microbiota 
at the initial fermentation stage (Ding et al., 2019). Besides, the molar 
ratio of GalA also remarkably declined with the increasing fermentation 
time, while the molar ratio of Rha gradually increased, suggesting that 
the HG existing in LLPI might be also quickly utilized by intestinal 
microbiota during in vitro fermentation. Taken together with the result 
of free monosaccharides released (Fig. 2C), it could be presumed that the 
AG existing in LLPI might be more easily to be utilized by colonic bac-
teria than that of the backbones of HG and RG I. 

Furthermore, the change in FT-IR spectra of LLPI at different fer-
mented stages in vitro was also studied to reveal its microbial degrada-
tion characteristics. As shown in Fig. 2B, the typical signals of acidic 
polysaccharides, including 3432, 2952, 1744, 1611, 1429, 1240, and 
890 cm− 1, were also found in LLPI and its fermented samples (Li et al., 
2021; Wu et al., 2021a). Indeed, the FT-IR spectra of LLPI and its fer-
mented samples (LLPI-6, LLPI-12, LLPI-24, and LLPI-48) at different 
fermentation stages in vitro were also similar, suggesting that the 

Table 3 
Changes in constituent monosaccharides of polysaccharides from lotus leaves during in vitro digestion and fermentation by human feces.   

In vitro digestion of LLP In vitro fermentation of LLPI 

LLP LLP-S LLP-G LLP-I LLPI-6 LLPI-12 LLPI-24 LLPI-48 

Constituent monosaccharides and molar ratios 
Man 1.14 1.12 1.09 1.16 1.20 1.23 2.79 3.13 
Rha 1.59 1.65 1.56 1.55 2.13 2.14 4.70 5.15 
GlcA 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
GalA 20.02 20.27 21.34 21.24 18.71 18.13 17.49 17.00 
Glc 0.92 0.94 0.89 0.88 0.81 0.85 0.94 1.16 
Gal 5.29 5.37 5.48 5.46 3.72 3.38 3.65 3.24 
Ara 2.85 2.84 2.86 2.89 1.40 1.57 1.65 1.81 

Sample codes were the same as in Fig. 1. 
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primary structure of LLPI was still relatively stable. Conversely, the in-
tensity of the signal at 1744 cm− 1 obviously decreased, indicating that 
the esterified groups of LLPI were degraded. The DE values of LLPI 
obviously decreased from 27.78% to 2.92% after the in vitro fermenta-
tion for 48 h. This result might be due to that some intestinal microbiota 
could produce certain enzymes to degrade the esterified groups of LLPI 
(Koropatkin et al., 2012). 

3.2.4. Dynamic changes in pH values and SCFAs 
The change in pH values can reflect the fermentation degree of di-

etary polysaccharides during in vitro fermentation (Day et al., 2012). As 
shown in Table 4, the pH values in the experimental group (LLPI), 
negative control group (BLANK), and positive control group (INU) 
obviously changed after the in vitro fermentation. More specifically, the 
pH values of the negative control group slightly decreased from 8.95 to 
7.86 at the end of the fermentation stage. However, a rapid and signif-
icant decrease in pH values was observed in the experimental group, 
which declined from 8.21 to 4.94. Besides, the pH values of the positive 
control group also declined notably from 9.11 to 5.19. After the in vitro 
fermentation for 48 h, the pH values of the experimental group and the 
positive control group were obviously lower than that of the negative 
control group, indicating that the addition of LLPI and inulin in the 
fermentation medium could generate lots of acidic metabolites (Kong 
et al., 2021). Indeed, studies have shown that a weakly acidic environ-
ment can improve the proliferation of beneficial microbes in the intes-
tine and inhibit the growth of harmful microbes (Slavin, 2013). 
Therefore, LLPI may have a physiological role in promoting intestinal 
health. 

The major metabolites of dietary polysaccharides utilized by intes-
tinal microbiota during in vitro fermentation are short-chain fatty acids 
(SCFAs), which play key roles in the intestinal health (Nicholson et al., 
2012). So, in the present study, the change in SCFAs produced by colonic 

microbiota during in vitro fermentation was measured. Six different 
SCFAs, including acetic, propionic, n-butyric, i-butyric, n-valeric, and 
i-valeric acids, were determined. The contents of SCFAs produced at 
different fermented stages in the BLANK, LLPI, and INU groups are 
summarized in Table 4. In the experimental group (LLPI), the concen-
tration of total SCFAs increased significantly (p < 0.05) to 15.206 
mmol/L at the end stage of fermentation process, which was obviously 
higher than that of the negative control group (BLANK, 10.702 mmol/L) 
and the positive control group (INU, 14.096 mmol/L) group. Usually, 
acetic acid is the major SCFA in the intestine, which is absorbed by the 
colonic epithelium and transported to target tissues and organs, such as 
brain, heart, and nerve tissues, as the energy (Koh et al., 2016). After the 
in vitro fermentation, the concentrations of acetic acid in the BLANK, 
INU, and LLPI groups reached 6.731, 8.667, and 9.940 mmol/L, 
respectively. Additionally, propionic acid can relieve the intestinal im-
mune stress and plays an important role in the homeostasis of the in-
testinal environment (van der Beek et al., 2017). In the present study, 
the concentrations of propionic acid in the BLANK, INU, and LLPI groups 
reached 1.723, 2.356, and 2.534 mmol/L, respectively. Moreover, 
butyric acid is an energy source for intestinal epithelial cells with 
anti-inflammatory and anti-cancer effects (Canani et al., 2011). The 
concentrations of i-butyric acid in the BLANK, INU, and LLPI groups at 
the end stage of fermentation process were 0.367, 0.781, and 0.662 
mmol/L, respectively, while the concentrations of n-butyric acid were 
0.857, 0.809, and 0.985 mmol/L, respectively. The high level of 
n-butyric acid detected in the experimental group (LLPI group) was 
probably owing to the enhancement of Firmicutes (Fu et al., 2019). The 
butyric, propionic, and acetic acids were the major metabolites of LLPI 
after the in vitro fermentation, and their levels produced were close to 
those of the INU group and higher than those of the BLANK group. These 
results indicated that LLPI could be utilized as a potential prebiotic by 
promoting the generation of SCFAs. 

Table 4 
Changes in pH values and contents of short-chain fatty acids produced at different time points of fermentation.  

Groups Time 
(h) 

pH Short-chain fatty acids (mmol/L) 

Acetic acid Propionic acid i-Butyric acid n-Butyric acid i-Valeric acid n-Valeric acid Total 

BLANK 0 8.95 ± 0.01 
a, B 

ND ND ND ND ND ND ND 

6 8.73 ± 0.02 
b, A 

5.189 ± 0.004 
d, B 

ND ND ND ND ND 5.189 ± 0.004 c, 

C 

12 8.60 ± 0.02 
c, A 

6.095 ± 0.094 
c, C 

1.502 ± 0.113 a, 

B 
0.286 ± 0.016 
b, B 

0.687 ± 0.025 c, 

B 
0.488 ± 0.026 
a, A 

0.786 ± 0.054 
b, B 

9.877 ± 0.064 b, 

C 

24 8.14 ± 0.02 
d, A 

6.453 ± 0.045 
b, C 

1.698 ± 0.065 a, 

A 
0.280 ± 0.005 
b, B 

0.784 ± 0.002 b, 

B 
0.524 ± 0.024 
a, A 

0.867 ± 0.059 
b, B 

10.605 ± 0.019 
a, B 

48 7.86 ± 0.02 
e, A 

6.731 ± 0.027 
a, C 

1.723 ± 0.002 a, 

B 
0.367 ± 0.022 
a, B 

0.857 ± 0.029 a, 

B 
0.275 ± 0.003 
b, C 

1.020 ± 0.007 
a, B 

10.702 ± 0.033 
a, C 

INU 0 9.11 ± 0.03 
a, A 

ND ND ND ND ND ND ND 

6 7.46 ± 0.04 
b, B 

6.266 ± 0.156 
c, A 

1.701 ± 0.078 c, 

A 
0.291 ± 0.006 
d, A 

0.802 ± 0.016 
bc, A 

0.371 ± 0.040 
a, A 

1.226 ± 0.083 
a, A 

10.657 ± 0.024 
d, A 

12 6.82 ± 0.01 
c, B 

7.267 ± 0.030 
b, B 

1.621 ± 0.007 c, 

AB 
0.368 ± 0.004 c, 

A 
0.775 ± 0.009 c, 

AB 
0.344 ± 0.009 
a, B 

1.233 ± 0.016 
a, A 

11.606 ± 0.021 
c, A 

24 5.88 ± 0.04 
d, B 

7.973 ± 0.015 
b, B 

1.845 ± 0.027 b, 

A 
0.429 ± 0.015 
b, A 

0.844 ± 0.014 a, 

A 
0.312 ± 0.006 
a, B 

1.216 ± 0.125 
a, A 

12.619 ± 0.171 
b, A 

48 5.19 ± 0.02 
e, B 

8.667 ± 0.031 
a, B 

2.356 ± 0.044 a, 

A 
0.781 ± 0.037 
a, A 

0.809 ± 0.002 b, 

B 
0.349 ± 0.010 
a, B 

1.134 ± 0.029 
a, A 

14.096 ± 0.141 
a, B 

LLPI 0 8.21 ± 0.02 
a, C 

ND ND ND ND ND ND ND 

6 7.16 ± 0.06 
b, C 

6.447 ± 0.042 
d, A 

1.716 ± 0.010 b, 

A 
0.251 ± 0.014 
b, B 

0.746 ± 0.020 b, 

B 
0.246 ± 0.003 
b, B 

0.683 ± 0.023 
a, B 

10.088 ± 0.028 
d, B 

12 6.23 ± 0.03 
c, C 

7.845 ± 0.070 
c, A 

1.731 ± 0.032 b, 

A 
0.246 ± 0.017 
b, B 

0.744 ± 0.022 b, 

A 
0.257 ± 0.037 
b, C 

0.675 ± 0.004 
a, C 

11.499 ± 0.031 
c, B 

24 5.47 ± 0.04 
d, C 

8.540 ± 0.404 
b, A 

1.805 ± 0.039 b, 

A 
0.244 ± 0.012 
b, B 

0.759 ± 0.003 b, 

B 
0.241 ± 0.008 
b, C 

0.677 ± 0.026 
a, B 

12.265 ± 0.321 
b, A 

48 4.94 ± 0.01 
e, C 

9.940 ± 0.099 
a, A 

2.534 ± 0.202 a, 

A 
0.662 ± 0.263 
a, A 

0.985 ± 0.027 a, 

A 
0.379 ± 0.005 
a, A 

0.706 ± 0.021 
a, C 

15.206 ± 0.377 
a, A 

Sample codes were the same as in Fig. 3. Values represent mean ± standard deviation, and different capital letters (A-C) showed significant differences among different 
groups (p < 0.05) at the same time point, while lowercase letters (a-e) represented significant differences among different time (p < 0.05) in the same group; Statistical 
significances were carried out by ANOVA and Duncan’s test. ND: not detected. 
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3.3. Effect of the indigestible LLP (LLPI) on gut microbial composition 

In the present study, the modulation effect of LLPI on gut microbial 
composition was studied by the 16 S rRNA gene pyrosequencing. 
Generally, the α-diversity is applied for the determination of the abun-
dance of species and diversity in the community ecology (Chen et al., 
2019b). As Fig. 3A displayed, the flat rarefaction curves were observed, 
indicating that the suitable sequencing data was collected in the present 
study. In addition, the Shannon indexes reached the plateau with the 
increasing read number, indicating that the data could represent most of 
the microbial information (Fig. 3B). Furthermore, the principal coordi-
nate analysis (PCoA) was performed to reveal the β-diversity of tested 
samples. As shown in Fig. 3C, there was a distinct separation among the 
three groups, suggesting that the microbial community structure was 
different among the three groups. 

The microbial compositions of three groups were analyzed at the 
phylum level in Fig. 4A, and the dominant compositions of LLPI and INU 
groups were Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria. 
However, Fusobacteria which existed as the main bacteria in the BLANK 
group (34.76%) was almost inhibited in the LLPI and INU groups. It has 
been reported that Fusobacteria is generally considered as a conditional 
pathogen (Xu et al., 2020). Besides, the relative abundances of Firmicutes 
in both LLPI and INU groups were increased by 31.99% and 4.78%, 
respectively. Usually, several Firmicutes in the colon can generate SCFAs 
by fermenting dietary polysaccharides, thereby exerting a beneficial 
effect on the host. The acidic condition might be beneficial for the 
proliferation of butyrate-producing Firmicutes (Li et al., 2020). In addi-
tion, the relative abundance of Bacteroidetes in the LLPI group also 
obviously increased. Generally, dietary polysaccharides can be degraded 
by Bacteroidetes, such as Bacteroides thetaiotaomicron and B. caccae, 
which can generate lots of carbohydrate active enzymes (Koropatkin 
et al., 2012). Moreover, the relative abundance of Actinobacteria also 
notably increased in the LLPI group and INU group, which might be 
mainly attributed to the increase of Bifidobacterium. Generally, Bifido-
bacterium is identified as one of the important probiotics in the human 
gut, which can protect from enteropathogenic infection in the host 
through production of acetate (Fukuda et al., 2011). Furthermore, the 
relative abundance of Proteobacteria remarkably increased in the INU 
group but obviously decreased in the LLPI group. Generally, the prolif-
eration of Proteobacteria can induce the imbalance of intestinal micro-
biota and low-grade inflammation, while it always exists in the feces of 
healthy human (Huang et al., 2020). Nevertheless, the abundances of 
Fusobacteria and Proteobacteria in the LLPI group (16.99%) were obvi-
ously lower than that of the INU group (68.56%) and the BLANK group 
(73.34%). Results indicated that the supplement of LLPI could modulate 
gut microbial composition by promoting the proliferation of beneficial 
microbiota. 

At the genus level, Fig. 4B displays the intestinal bacteria distribu-
tions in different groups. The negative control group (BLANK) was 
mainly consisted of Fusobacterium, uncultured_bacterium_f_Enterobacter-
iaceae, Escherichia-Shigella, Bacteroides, Bilophila, and Phascolarctobacte-
rium, which was similar to a previous study (Wu et al., 2021b). 
Compared with the negative control group, the abundances of some 
beneficial microbiota, such as Bacteroides, Bifidobacterium, Megamonas, 
and Collinsella in the LLPI group remarkably increased. Bacteroides is 
considered as one of the important gut microbiota to hydrolyze indi-
gestible carbohydrates, and the increase of Bacteroides is beneficial for 
the prevention of obesity (Chen et al., 2018a; Chen et al., 2021). Besides, 
studies indicated that the proliferation of Megamonas could suppress the 
growth of harmful bacteria by competing energy intake (Gong et al., 
2019). Conversely, in the LLPI group, the abundances of some harmful 
microbes, including Fusobacterium and uncultured_bacterium_f_Enter-
obacteriaceae, obviously decreased. It has been reported that Fusobacte-
rium may be closely associated with the gastric oncogenesis (Han et al., 
2020). In addition, the abundances of Fusobacterium and Escherichia--
Shigella in the LLPI group (10.59%) also notably decreased, compared 

Fig. 3. Rarefaction curves (A), Shannon indexes (B), and principal coordinate 
analysis (C) of gut microbiota of the samples after the in vitro fermentation 
BLANK, the blank control (no additional carbon source supplement); INU, the 
positive control (INU supplement); LLPI, the experimental group 
(LLPI supplement). 
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Fig. 4. The relative abundance of bacterial community at the phylum level (A) and at the genus level (B) as well as the heat map analysis of the relative abundance of 
bacterial community at the genus level (C) 
Sample codes were the same as in Fig. 3. 
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with the negative control group (44.98%). Furthermore, the INU group 
exhibited a higher abundance of Phascolarctobacterium and Bifidobacte-
rium than that of the negative control group. It is reported that the 
enhancement of generation of SCFAs may be owing to the proliferation 
of Bifidobacterium. Besides, Phascolarctobacterium is also beneficial for 
anti-obesity effect (Chen et al., 2019b; Han et al., 2020). Meanwhile, the 
abundances of Fusobacterium and Escherichia-Shigella in the INU group 
(25.65%) were also lower than that of the negative control group 
(44.98%). 

The heat map analysis is displayed in Fig. 4C. The results showed that 
the relative abundances of Lactobacillus, Megamonas, Faecalibacterium, 
Veillonella, Dialister, Collinsella, Bacteroides, and Prevotella_9 were obvi-
ously promoted in the LLPI group when compared with the negative 
control group, while the relative abundance of Morganella, Lachnospira, 
Aeromonas, Bilophila, Enterococcus, Subdoligranulum, and Fusobacterium 
notably decreased. As shown in Fig. 5, Coriobacteriales, Bacteroidales, 
Faecalitalea, and Selenomonadales were in absolute dominance in LLPI 
group when compared with the negative control group. These results 
indicated that the supplement of LLPI could notably change gut micro-
bial composition. 

4. Conclusion 

In conclusion, this study revealed that LLP was indigestible in the 
upper gastrointestinal tract in vitro, and could be fermented by the in-
testinal bacteria in the large intestine. The microbial degradation 
characteristics of the indigestible LLP (LLPI) were revealed. Notably, the 
AG fraction existed in LLPI might be more easily to be utilized by colonic 
bacteria than that of the backbones of HG and RG I at the initial stage of 
in vitro fermentation. Furthermore, LLPI could regulate gut microbial 
composition after the in vitro fermentation by promoting the prolifera-
tion of some beneficial microbes, such as genera Bacteroides, Bifido-
bacterium, Megamonas, and Collinsella, resulting in the generation of 
beneficial SCFAs. Results from this study are beneficial to understanding 
the potential digestive and microbial degradation characteristics of LLP, 
and LLP can be used as a potential prebiotic for promoting intestinal 
health. 
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