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The microbial composition of sour porridge at different fermentation times was
analyzed through high-throughput sequencing, and a pure culture fermentation process
was established to optimize production process and improve the edible quality of
the porridge. In natural fermentation, Firmicutes and Proteobacteria were abundant
throughout the process. Specifically, Aeromonas, Acinetobacter, and Klebsiella were
dominant on fermentation days 1-5 (groups NF-1, NF-3, and NF-5), while Lactobacillus
and Acetobacter gradually became the dominant bacteria on fermentation day 7 (group
NF-7). Further, we isolated one strain of acid-producing bacteria from sour porridge,
identified as Lacticaseibacillus paracasei by 16SrRNA sequencing and annotated as
strain SZ02. Pure culture fermentation using this strain significantly increased the relative
starch and amylose contents of the porridge, while decreasing the lipid, protein, and
ash contents (P < 0.05). These findings suggest that sour porridge produced using
strain SZ02 has superior edible qualities and this strategy may be exploited for its
industrial production.

Keywords: broomcorn millet, fermentation, Lacticaseibacillus paracasei, Panicum miliaceum, peak viscosity,
sour porridge

INTRODUCTION

Fermented grain porridge offers nutritional benefits derived from the grain itself as well as from the
probiotic properties brought about by fermentation. Moreover, fermentation also degrades certain
anti-nutritional factors contained in grains, such as phytate and tannins. Therefore, fermented grain
porridge has become a popular food item worldwide. For example, Ogi in West Africa is a popular
local dish and is also the main food provided to newborns after weaning. Similarly, fermented grain
porridges such as Ben-saalga in Burkina Faso and Togwa in Tanzania play important roles in local
recipes and culture (Melini et al., 2019). Sour porridge is a traditional fermented cereal food popular
in the north-western part of inner Mongolia and the north-western part of Shanxi in China. It is
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prepared by natural fermentation of broomcorn millet (Panicum
miliaceumn) in an acidic liquid. Its popularity among local
consumers is attributed to its smooth taste, unique sour flavor,
and bright yellow color (Wang Q. et al., 2019). The natural
fermentation procedure includes cleaning the broomcorn millet
by washing and draining, adding water, and incubating the
mixture for at least 24 h. The acidic liquid is decanted, fresh water
added, and boiled for 15-20 min (Supplementary Figure 1).
A longer cycle culture time of acidic liquid enhances the flavor
of sour porridge.

The microorganisms in the acidic liquid play a key
role in the fermentation process. The microbial community
involved in the natural fermentation process is dynamic, and
its composition is determined by the four major ecological
processes: diversification, dispersal, selection, and drift (Danczak
et al, 2020). The microbial community composition is also
greatly affected by human activity, climate, humidity, and
geographical location. The microbiota of naturally fermented
sour porridge was previously analyzed using culture-independent
technologies such as polymerase chain reaction denaturing
gradient gel electrophoresis (PCR-DGGE) and high-throughput
sequencing, and Lactobacillus was identified as the dominant
genus (Wang et al., 2018). Further, Chen et al. (2002) isolated
and cultured a large number of Lactobacillus species from
naturally fermented sour porridge using culture-dependent
methods. Microorganisms can improve the edible quality of
grains by changing their physical and chemical properties.
For example, naturally fermented corn starch has a higher
gel strength and produces stronger noodles with a smoother
appearance than unfermented corn starch (Yuan et al.,, 2008).
Natural fermentation removes few proteins and lipids in the
rice flour, thereby changing the rheological properties of the
rice flour. The noodles made from fermented rice flour have
better chewiness and reduced mineral content, which provides
a whiter and brighter appearance (Lu et al, 2003). Sweet
potato starch fermented by Lactiplantibacillus plantarum has
a higher rate of water retention and expansion and increased
peak viscosity, yielding highly transparent noodles with an
elastic consistency that is not easy to break during cooking
in boiling water (Liao and Wu, 2017). Fermentation by
L. plantarum NRRL B-4496 changes the hydrophobicity of the
surface protein in pea flour, altering the emulsification and
foaming properties and conferring new processing characteristics
which have different uses in food processing (Cabuk et al,
2018). Fermentation of millet causes the destruction of the
crystalline structure of starch granules; this destruction decreases
the pasting onset temperature and enthalpy, making pasting
easier and increasing the resistant starch content (Amadou
et al., 2014; Xu et al., 2020). Despite these studies on starch
microbial fermentation, there is a gap in the understanding of
the microbiota and specific strains involved at different stages in
the fermentation of sour porridge, including the optimal time of
product maturity. Additionally, the mechanism of Lactobacillus
fermentation is not clearly known. These gaps have led to the
inconsistent quality of sour porridge products and difficulties
in guaranteeing product safety, thus restricting the industrial
production of sour porridge.

In this study, we analyzed the microbiota of the naturally
fermented sour porridge with the aim of characterizing the
microbial profile at different stages of fermentation and
establishing a pure culture fermentation strategy to optimize
production and improve edible quality of the product. We
used high-throughput sequencing to determine the bacterial
composition of sour porridge at different stages of natural
fermentation. Finally, a high content of acid-producing
Lactobacillus strain was isolated, sequenced, and investigated
for its effects on cooking quality and pasting properties of
the porridge. This work is intended to provide a technical
reference for the large-scale industrial production of high-quality
sour porridge.

MATERIALS AND METHODS

Preparation of Sample

Approximately 50 g of broomcorn millet was fermented by
soaking in 450 mL water and incubated at room temperature
(25-30°C) for 24 h. From this sample, 25 g of fermented
broomcorn millet and 100 mL of fermentation broth were
removed. Meanwhile, rice soup was prepared by boiling 25 g
of raw grains with 250 mL of water for 15 min. From this
sample, 25 g of raw grains and 100 mL of rice soup were added
into the acidic liquid (fermentation broth) from the previous
fermentation for further incubation. This procedure was repeated
daily, samples were collected after 1, 3, 5, and 7 days, and were
named NF-1, NF-3, NF-5, and NF-7, respectively. Each group
was analyzed in triplicate, and samples were preserved in liquid
nitrogen prior to sequence analysis.

Analysis of Microbial Composition and

Metabolism

Microbial genomic DNA was extracted from 12 samples
using a TIANamp Stool DNA Kit (TIANGEN Biotech,
catalog #DP328). The purity and concentration of extracted
genomic DNA was examined by agarose gel electrophoresis.
The hypervariable V3-V4 region of the 16S rRNA gene
was PCR amplified using the forward primer 338F (5'-
ACTCCTACGGGAGGCAGCA-3') and the reverse primer 806R
(5'-GGACTACHVGGGTWTCTAAT-3"). Amplified sequences
were purified, quantified, and sequenced on an Illumina
Novasep PE250 platform by Personal Biotechnology Co., Ltd.
(Shanghai, China). The raw data derived from the sequencing
process was processed using the DADA2 method to obtain
amplicon sequence variants (ASVs) on the QIIME2 platform, and
subsequent analysis was based on ASVs. The Chao, Shannon,
and Simpson indices were computed using the MOTHUR
software. Non-metric multidimensional scaling (NMDS) analysis
was performed with the vegan package in R. Functional bacterial
genes in sour porridge were predicted using the PICRUSt2
program. The functional genes were mapped to the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database, and the
relative abundance of genes related to metabolic pathways in
groups NF-3 and NF-7 were annotated.
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Isolation and Identification of Bacterial

Strains

Bacterial strains were isolated by plate dilution. Serial dilutions
of sour porridge samples were spread onto rice soup solid
medium plates containing 2% w/v glucose, 2% w/v agar, and
2% wi/v soybean oligopeptide (Nanjing Deju Biotechnology Co.,
Ltd., Nanjing, China) and incubated at 30°C for 48 h under
aerobic conditions. The bacterial colonies obtained from the
plates were purified using the streak plate method until pure
cultures were obtained. After purification, bacterial colonies were
inoculated into a liquid medium of rice soup containing 2%
w/v glucose and incubated at 30°C for 24 h. Screening for acid-
producing strains was performed by measuring the pH value of
the rice soup fermentation broth. The bacterial genomic DNA
was extracted using a TIANamp Stool DNA Kit. Full-length
16S rDNA of bacteria was PCR amplified using the forward
primer 27F (5-AGAGTTTGATCCTGGCTCAG-3') and the
reverse primer 1492R (5-CTACGGCTACCTTGTTACGA-3).
Amplified sequences were purified and sequenced using an ABI
3730XL automated sequencer (Personal Biotechnology Co., Ltd.,
Shanghai, China) and were identified when similarities greater
than 97% were found with the query sequence. The phylogenetic
tree of this strain was constructed using the neighbor joining
method (1,000 replicates) using the software MEGA-X.

Pure Culture Fermentation of Sour
Porridge

SZ02 were cultured in rice soup medium (2% w/v glucose
and 2% w/v soybean oligopeptide) for three generations.
A 15 mL aliquot of thus-activated strain SZ02 (approximately
2.52 x 10% CFU/mL) was incubated into 300 mL of rice soup
medium containing 2% w/v glucose at 35°C for 24 h to obtain
acidic liquid (SLF group). Raw broomcorn millet was sterilized
by ultraviolet radiation at 200-280 nm for 2 h and transferred
into the acidic liquid at 35°C for 48 h for fermentation. The
fermented and unfermented groups were designated FER and
NA, respectively.

Preparation of Rice Flour

Fermented broomcorn millet was deacidified by multiple rinses
in distilled water and unfermented broomcorn millet was cleaned
by washing and draining, oven-dried at 35°C for 24 h, ground
into flour using a blender, and then passed through a 100-mesh
stainless steel sieve (0.150 mm).

Determination of Chemical Composition,
pH, and Titratable Acidity

Total starch, crude protein, crude lipid, ash, and the apparent
amylose content (AAC) of broomcorn millet was determined
according to the methods described by Park et al. (2020). The pH
of the supernatant was determined using a pH Meter (Shanghai
Lei Magnetic Instrument Co., Ltd., Shanghai, China). Titratable
acidity (TA) was determined by titrating with 0.1 mol/L NaOH
and expressed as °T.

Analysis of Pasting Properties

The method of preparation to analyze the pasting properties
involved adding 3 g broomcorn millet flour and 25 mL distilled
water into the RVA test tank and stirring until there is no
agglomeration. The machine speed used was 960 r/min in the
first 10 s, and then it was changed to 160 r/min. The test heating
program included the following steps: it was held at 50°C for
1 min, raised at 12°C/min to 95°C, held at 95°C for 3.5 min, then
cooled to 50°C at 12°C/min, and held again at 50°C for 2 min.
The pasting properties of broomcorn millet flour were measured
using a Rapid Visco Analyzer (Newport Scientific, Inc. Australia)
according to the AACC Method 76-21 (2000).

Determination of Cooking Quality

Cooking quality of broomcorn millet was determined by
analysis of four parameters: iodine blue value (IBV), water
absorption rate (WAR), volume expansion ratio (VER), and dry
matter of rice soup (DMRS). The specific experimental process
refers to Li (2006).

Determination of IBV

Rice flour (1 g) was dissolved in 25 mL distilled water in an 80°C
water bath for 20 min. The sample was mixed and centrifuged at
6,100 g for at least 5 min at 4°C, and the pellet was discarded. To
1 mL of supernatant, 0.5 mL of 0.1 M HCI and 0.5 mL of 0.2%
w/v iodine were added, and the volume of the mixture was made
up to 10 mL with distilled water. The absorbance was measured at
620 nm in a spectrophotometer (Shanghai Hujing Medical Device
Co., Ltd.) after standing for 15 min.

Determination of WAR and VER

Ten grams of broomcorn millet was cleaned by washing and
draining, and the dried broomcorn millet was placed individually
on a wire cage of known weight, rinsed five times with distilled
water, and then placed in a beaker. Next, 120 mL distilled water
(50°C) was added, and the mixture was placed in a boiling water
bath for 10 min. The water was removed, and the remaining
mixture was drained and weighed and the volume of grains was
measured after placing on the gauze for 30 min.

Determination of DMRS

Rice soup produced from cooking raw rice (10 g) was filtered
and brought to a final volume of 100 mL with distilled water.
The sample were centrifuged at 6600 g for at least 10 min at
4°C. After centrifugation, 10 mL of the mixture was removed and
placed in an aluminum box of known weight, dried at 100°C for
6 h, and weighed.

Calculation of WAR, VER, and DMRS
The following formulae were used to calculate WAR, VER, and
DMRS: A

WAR(%) = 5 % 100%

C
VER (%) =  x 100%

E 100
DMRS(mg/g) = o X 10
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between NF-5 and NF-7 is 87; the total shared richness is 3; and the total richness of all the groups is 419.

FIGURE 1 | Analysis of amplicon sequence variants (ASVs) shared by different groups. Numbers below groups indicate the number of ASVs within each sector. The
number of species in NF-1 is 15; the number of species in NF-3 is 287; the number of species in NF-5 is 278; the number of species in NF-7 is 142; the number of
species shared between NF-1 and NF-3 is 3; the number of species shared between NF-1 and NF-5 is 3; the number of species shared between NF-1 and NF-7 is
5; the number of species shared between NF-3 and NF-5 is 212; the number of species shared between NF-3 and NF-7 is 79; the number of species shared
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of the relative abundances of different biomarker based on LEfSe analysis and related taxonomic information at different levels.

FIGURE 2 | Analysis of sour porridge biomarker by LEfSe analysis based on each taxonomy level. (A) Histogram of LDA values (log 10) higher than 3; (B) heatmap
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where: A, weight of cooked rice, g; B, weight of raw rice, g; C,
volume of cooked rice, mL; D, volume of raw rice, mL; and E,
weight of solubilized dry matter, mg.

Statistical Analysis

All experimental data are presented as means =+ standard
deviation (SD). Significant differences between different groups
are evaluated by one-way analysis of variance (ANOVA). Linear
discriminant analysis (LDA) effect size (LEfSe) analysis was
used to find the difference species (Biomarker) between each
group; the specific operation was as follows: firstly, biomarker
with significant difference in abundance between each group
was evaluated through Kruskal-Wallis test and Wilcoxon rank-
sum test, and then according to LDA score to evaluate the
impact of the species on the difference between groups. LEfSe
analysis performed using the Python LEfSe package/R package.
Abundance of biomarker was determined from heatmaps based
on each taxonomy level using R package.

RESULTS

ASV Clustering and Annotation

The high-quality sequence obtained by the DADA2 method from
QIIME2 were deduplicated to obtain ASVs. We identified 419
ASVs throughout the fermentation stage. The lowest number of
ASVs was found in NF-1 group Only 15, 287 ASVs were found in
the NF-3 group, 278 ASVs were found in the NF-5 group, and 142
ASVs were found in the NF-7 group. NF-1, NF-3, NF-5, and NF-7
had 11, 75, 58, and 54 unique ASVs, respectively. In addition, 3
ASVs were detected in all groups (Figure 1).

LEfSe analysis was used to obtain insights into biomarker
based on each taxonomy level at different fermentation stages.
LDA scores (log 10 value, greater than 3) revealed that the
relative abundance of 52 biomarkers increased significantly
throughout the fermentation stage; these included 11 biomarkers
in group NF-1, 16 biomarkers in group NF-3, 12 biomarkers in
group NF-5, and 13 biomarkers in group NF-7 (Figures 2A,B).
Aeromonas was significantly enriched in group NF-1. Klebsiella,
Acinetobacter, and Pseudomonas were significantly enriched
in group NF-3. The relative abundance of Enterobacter and
Kluyvera were markedly increased in group NF-5. Furthermore,
a significant increase in Acetobacter and Lactobacillus relative
abundance were observed in group NF-7.

Table 1 shows the alpha diversity indices of each group.
The Chao 1 estimator of group NF-3 was significantly higher

TABLE 1 | Sour porridge microbiota diversity indices.

Sample Chao Shannon Simpson

NF-1 64.80 + 14,734 1.833 £0.43° 0.444 £ 0.172¢
NF-3 709.98 + 17.652 5.14 £ 0.05% 0.925 + 0.0042
NF-5 663.34 + 30.29° 4.95 4+ 0.032 0.907 £ 0.0012
NF-7 337.51 + 12.84° 3.24 £ 0.17° 0.698 + 0.031°

Means within a column followed by different letters are significantly different
(P < 0.05).

(P > 0.05) than that of the other groups. The Shannon and
Simpson estimators of group NF-3 and group NF-5 were
significantly higher than those of the other two groups (P < 0.05),
while there were no significant differences between groups
NEF-3 and NF-5 (P > 0.05). Cell numbers typically increased,
followed by a decrease as the fermentation progressed, and the
maximum diversity was found in group NF-3. The beta diversity
of the microorganisms in sour porridge, determined by NMDS
analysis, showed that groups NF-3 and NF-5 are similar in
microbial composition and well separated from the other two
groups (Figure 3).

Metabolic Pathways of Microbiota in
Sour Porridge

The functional profiles of the microbial composition at different
fermentation stages were analyzed using PICRUSt2 based on the
KEGG database. The microbiota in group NF-7 exhibited higher
relative abundance of pathways related to metabolism of various
substances than those in group NF-3 (P < 0.05). However,
the relative abundance of carbohydrate metabolic pathways in
group NF-7 was slightly lower than that in group NF-3, but
the difference was insignificant (P > 0.05) (Figure 4). A further
25 pathways related to carbohydrate, lipid, and amino acid
metabolism showed significant differences in relative abundance
between groups NF-7 and NF-3 (Figure 5). The abundance of six
pathways related to lipid metabolism and seven pathways related
to amino acid metabolism was significantly higher in group NF-
7 than in group NF-3 (P < 0.001). The abundance of pathways
related to essential amino acid metabolism and biosynthesis,
linoleic acid metabolism, lipoic acid metabolism, and fatty
acid biosynthesis, which may contribute to the production
of various amino acids and short-chain fatty acids in the
porridge, was significantly increased in group NF-7. The relative
abundances of 12 pathways related to carbohydrate metabolism
significantly differed between groups NF-7 and NF-3, with six
downregulated and six upregulated pathways. Pentose phosphate
pathway, glycolysis/gluconeogenesis and fructose and mannose
metabolism were significantly enriched in group NF-7. However,
the abundance of pathways related to galactose, starch, and
sucrose metabolism was significantly decreased in group NF-7.

Analysis of Microbial Composition of

Sour Porridge

The composition of sour porridge microbiota at different
fermentation periods was analyzed at the phylum and genus
levels. Firmicutes and Proteobacteria were the most abundant
phyla in all groups. The different groups showed a statistically
significant difference in microbial profile at the phylum level
(P < 0.05) (Figures 6A-D). Proteobacteria (99.63%) was the
most abundant phylum on the first day of fermentation (group
NF-1). Firmicutes (20.84-34.83%) and Proteobacteria (64.85-
78.87%) were the dominant phyla on days 3-7. The abundance
of Firmicutes gradually increased as the fermentation progressed,
then significantly decreased to 20.84% (P < 0.05) on day 7 (group
NE-7). The genus-level microbial profile of sour porridge during
different fermentation stages revealed that Aeromonas (99.31%)
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FIGURE 3 | NMDS ordination. NMDS plots demonstrate that sour porridge in different fermentation periods are harboring different bacterial composition.
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microbiota. Comparison of the functional pathways of microbes in the NF-3 group and NF-7 group at KEGG level 2. *P < 0.05; **P < 0.01; ***P < 0.001.

FIGURE 4 | Relative abundance of metabolic pathways at KEGG level 2. Abundance and differences in the predicted functional metagenomes of the sour porridge
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was the dominant genus in group NF-1 (Figures 6E-H), but its
abundance gradually decreased as the fermentation progressed
and dropped significantly to 0.08% (P < 0.05) in group NF-7.
Acinetobacter, Klebsiella, and Exiguobacterium were detected in
group NF-3, accounting for 16.39, 33.15, and 7.95% of the total
microbiota, respectively, and as the fermentation progressed,
the abundance decreased gradually, dropping to 1.33, 5.25, and
0.56%, respectively, in group NF-7 (P < 0.05). Lactococcus
was found in group NF-3, accounting for 22.70% of the total
bacteria; its abundance markedly increased to 28.38% in group
NE-5 (P < 0.05) but decreased significantly to 4.68% in group
NF-7 (P < 0.05). Notably, the abundance of Lactobacillus
(0-0.03%) and Acetobacter (0%) was extremely low on days
1-5, but increased markedly to 15.51 and 67.85%, respectively,
on day 7 (P < 0.05). This increase may be due to the
gradually decrease in sour porridge pH caused by organic acids
produced during fermentation (Supplementary Figure 2), which
favors the growth of acid-resistant Lactobacillus and Acetobacter
genus (Yang et al., 2020). However, Lactococcus exhibits poorer
acid resistance than Lacticaseibacillus, which causes Lactococcus
to gradually lose its competitive edge (Savoie et al., 2007).
Additionally, Lactobacillus may produce bacteriocin, organic

acids, and antimicrobial substances to suppress the growth
of pathogenic microorganisms (Guan et al,, 2020). Since the
above-mentioned bacteria are not acid-tolerant, Additionally,
the bacteriocin produced by lactic acid bacteria may inhibit
the growth of the bacteria; this might be responsible for the
changes in the relative abundance of Acinetobacter, Klebsiella,
and Exiguobacterium.

Isolation and Identification of Rapid
Acid-Producing Strains

We isolated 40 strains with Gram-positive and catalase-negative
properties in rice soup solid medium plate containing 2% w/v
glucose, 2% w/v agar, and 2% w/v soybean oligopeptide. Seven
strains acidified the medium to pH 4.35 or lower. Strains SZ01,
SZ02, and SZ03 produce relatively large quantities of acid,
evidenced by the low pH and quantitatively determined by
titration of the fermentation liquid (Supplementary Table 1).
SZ02 was selected for pure culture fermentation experiments
following comprehensively consideration of the pH and TA of
rice soup. Full-length 16S rRNA gene sequencing identified SZ02
strain as a unique strain of Lacticaseibacillus paracasei (accession
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FIGURE 6 | Distribution of sour porridge microbiota composition of different fermentation periods at the phylum (A) NF-1; (B) NF-3; (C) NF-5; and (D) NF-7, and
genus (E) NF-1; (F) NF-3; (G) NF-5; and (H) NF-7 level. The proportions of each phylum in NF-1, NF-3, NF-5, and NF-7 groups are as follows: Firmicutes:

0.35 £ 0.43, 31.01 £ 1.79, 34.83 & 0.30, and 20.84 + 0.65%; Proteobacteria: 99.63 + 0.42, 68.72 £+ 1.79, 64.85 + 0.28, and 78.87 + 0.65%; others:

0.02 £ 0.01, 0.27 £ 0.01, 0.32 + 0.05, and 0.29 + 0.02%. The proportions of each genus in NF-1, NF-3, NF-5, and NF-7 groups are as follows: NF-1 group:
Aeromonas: 99.31 £ 0.38%; other: 0.69 £ 0.38%. NF-3 group: Aeromonas: 1.10 £ 0.03%; Acinetobacter: 16.39 £ 0.68%; Exiguobacterium: 7.95 £+ 0.75%;
Klebsiella: 33.15 + 0.72%; Lactococcus: 22.70 £ 1.75%; Lactobacillus: 0.02 + 0.03%; other: 18.69 + 0.36%. NF-5 group: Aeromonas: 0.74 + 0.05%;
Acinetobacter: 13.35 £ 0.16%; Exiguobacterium: 6.16 + 0.19%: Klebsiella: 32.19 + 0.41%; Lactococcus: 28.38 + 0.28%; Lactobacillus: 0.03 £ 0.03%: other:
19.15 £ 0.24%. NF-7 group: Aeromonas: 0.08 + 0.03%; Acinetobacter: 1.33 £ 0.21%; Exiguobacterium: 0.56 + 0.07%; Klebsiella: 5.25 + 0.52%: Lactococcus:
4.68 £ 0.25%; Lactobacillus: 15.51 £ 0.87%; Acetobacter: 67.85 £ 0.04%; other: 4.74 £+ 0.21%.

number: MW404454); its relationship to other species is shown components during fermentation. AAC increased from 15.61 to

in the phylogenetic tree (Figure 7). 17.84% after fermentation (P < 0.05).
Analysis of pH, Titratable Acidity, and Analysis of the Pasting Properties of
Chemical Composition Broomcorn Millet

Acidic liquid was prepared by inoculating strain SZ02 into rice ~After fermentation, the pasting properties of broomcorn millet
soup, and raw rice was added for further fermentation. The flour changed significantly, with an increase in pasting viscosity
initial pH and TA of rice soup was 6.55 and 4.61°T, which (PV) and breakdown viscosity (BD), and a decrease in final
changed to 3.94 and 13.85°T (P < 0.05) after 24 h inoculation, ~ Viscosity (FV) and setback viscosity (SB) (P < 0.05) (Figure 8
then to 3.22 and 46.96°T (P < 0.05) after 48 h (Table 2). ~and Table3).

Crude protein and crude fat content of broomcorn millet i . .

decreased from 8.17 and 2.27 to 7.23 and 1.46%, respectively Analysis of the COOklng Properties of

(P < 0.05). The protein in broomcorn millet is the only Broomcorn Millet

nitrogen source for the growth and reproduction of lactic acid  The WAR and VER of broomcorn millet increased significantly
bacteria, and the protein content gradually decreased with time from 20632 and 247.67 to 246.57 and 286.66% after

(Li et al, 2019). The ash content decreased from 0.30 to fermentation, respectively (P < 0.05) (Table 4).
0.21 (P < 0.05), and fermentation destroyed the structure of

broomcorn millet, releasing minerals into the acid liquid and

leading to a decrease in ash content. Interestingly, the content DISCUSSION

of starch increased from 69.24 to 70.41% after fermentation

(P < 0.05), suggesting that the consumption of starch in the This study investigated the microbial profile during different
broomcorn millet was significantly lower than that of other stages of fermentation of sour porridge and explored the utility
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FIGURE 7 | Phylogenetic relationship of SZ02 with related species based on partial 16S rDNA gene sequence analysis. The phylogenetic tree was constructed using
the neighbor-joining method (MEGA-X). The numbers at the nodes are bootstrap confidence levels (percentage) from 1,000 replicates. The scale bar represents 0.05
substitutions per nucleotide position. Reference sequences were obtained from the GenBank nucleotide sequence database.

Lactobacillus harbinensis BM-LB13908 (LTDY01000135.1)

TABLE 2 | pH, titratable acidity, and chemical composition of sour porridge.

Sample Acid liquid Broomcorn millet

pH TA (°T) Crude protein Crude fat Total starch Ash Amylose
NA 6.55 £ 0.012 4.61+£0.118 8.17 £ 0.22°8 2.27 £0.182 69.24 + 0.12° 0.30 + 0.022 15.61 + 0.36°
SLF 3.94 + 0.05° 13.85 +0.23°
FER 3.22 +£0.02° 46.96 + 1.39° 7.23 +0.10° 1.46 + 0.04° 70.41 + 0.052 0.21 + 0.04P 17.84 £0.172

Means within a column followed by different letters are significantly different (P < 0.05).

of pure culture fermentation for improving the edible quality
of sour porridge.

The microbial profile analysis revealed that the relative
abundance of bacteria that secrete toxic substances and
cause various infections and diseases markedly reduced in
the post-fermentation stage (group NF-7) of broomcorn
millet. Acinetobacter and Pseudomonas are pathogens with
high antimicrobial resistance and cause inflammation and a
variety of diseases (Fishbain and Peleg, 2010; Ruiz-Roldan
et al.,, 2020). Klebsiella and Enterobacter belong to the family
Enterobacteriaceae and are the most common foodborne
pathogens (Fasugba et al., 2015) that can infect the urinary tract,

blood, and the gastrointestinal tract (Davin-Regli et al., 2019;
Bitew and Tsige, 2020; Wu et al., 2020). The aforementioned
pathogenic bacteria were significantly decreased in group NF-
7, while non-disease-causing Lacticaseibacillus, considered the
main contributor to flavor, mouthfeel, and health benefits of
sour porridge, and the less harmful Acetobacter, were significantly
enriched at the same time. This result was consistent with
previous reports that Lactobacillus and Acetobacter are the
dominant bacteria in sour porridge (Wang et al, 2018).
Notably, the present study demonstrates that it takes at least
a week or even longer for enrichment of Lactobacillus in
sour porridge.
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TABLE 3 | Pasting properties of broomcorn millet.

Sample PV v BD FV SB
NA 1776.00 + 25.98° 881.00 + 16.702 895.00 + 28.62° 3079.33 + 52.042 2198.33 + 35.532
FER 1878.67 + 26.50% 886.00 + 24.252 992.67 + 19.862 1806.33 + 33.86° 920.33 + 10.50°

Means within a column followed by different letters are significantly different (P < O.

TABLE 4 | Cooking properties of broomcorn millet.

Sample DMRS (mg/g) 1BV VER (%) WAR (%)

206.32 + 3.09°
246.57 + 1.942

247 .67 + 3.31°
286.66 + 5.172

0.321 4 0.004°
0.461 4+ 0.0072

18.26 + 0.25°
20.10 +0.222

NA
FER

Means within a column followed by different letters are significantly different
(P < 0.05).

The microorganisms in group NF-7 are predicted to
metabolize amino acids, lipids, and other metabolites of
broomcorn millet at a faster rate than those in group NF-3. The
unique flavor and nutritional value of sour porridge are attributed
to the beneficial metabolites produced by microbial metabolic
activities, including organic acids, amino acids, short-chain fatty
acids, and small molecular substances. Remarkably, pathways of
the xenobiotics biodegradation and metabolism were higher in
group NF-7 than in group NF-3 (P < 0.05). Compared to group
NE-3, the potential of group NF-7 microorganisms to metabolize
monosaccharides, such as fructose and mannose was significantly
increased, and the abundance of Embden-Meyerhof-Parnas
(EMP) and pentose phosphate (HMP) pathways also increased
significantly. It should be noted that the ability to metabolize

05).

starch and sucrose in group NF-7 was dramatically lower than
that of group NF-3. This implies that the microorganisms group
NE-7 utilize the starch breakdown products from group NF-3.
In the pure fermentation experiment, We found a significant
increase in AAC, consistent with previous report (Yi et al,
2017). Studies have found that the enzymes or acids produced by
fermentation primarily act in the amorphous region containing
the branch point of amylopectin, which leads to the breakage of
the branching point of amylopectin and increases the amylose
content (Blazek and Gilbert, 2010; Gope et al., 2016; Ratnaningsih
etal., 2020). In addition, some long branch-chains of amylopectin
can bind with iodine to increase the ACC (Luo et al., 2020), but
this phenomenon will be limited when it forms complexes with
lipids (Valdez-Arana et al., 2020; Kim et al., 2020).

The pasting properties of starch-based foods affects their
edible quality and are closely related to the average chain length
of amylose and amylopectin, amylose/amylopectin ratio; protein
and lipid content of starch granules; and average molecular
weight (Lin et al., 2012; Ai et al,, 2013; Majzoobi et al., 2014).
Fermentation affects the pasting characteristics of rice flour
or starch from different sources (Putri et al., 2012; Li et al.,
2015; Surojanametakul et al, 2019). The pasting properties
of broomcorn millet (PV, BD, FV, and SB) were significantly
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changed following fermentation. PV is the maximum viscosity
of rice flour during heating, which affects the final quality
of starch-based food (Thomas and Atwell, 1999). The PV is
associated with the swelling power of starch and is affected by
amylose chain length and amylopectin chain length distribution.
Amylopectin short chains promote the expansion of starch,
and amylose acts as a diluent. However, when the amylose
and amylopectin long chains form a complex with lipid, they
seriously affect the water absorption and expansion of starch
granules (Tester and Morrison, 1990; Wang R. et al., 2019). In
addition, the protein adheres to starch and affects the water
absorption and swelling of starch granules (Sandhu et al., 2018)
and PV of wheat starch increases after protein removal (Li
et al., 2016). The increase in PV observed in this study may be
due to the increase of short-chain amylopectin content and the
degradation of proteins and lipids in broomcorn millet related
to starch granules losing their bonding with water molecules.
BD, which reflects the thermal stability of starch granules,
also increased significantly after fermentation, indicating that
fermentation weakens the interaction between proteins, lipids,
and starch in broomcorn millet. Starch granules are more
likely to swell and rupture under shearing and heating stress
(Zhang et al, 2019; Zhu et al, 2020), releasing polysome
and amylose and increasing the viscosity. When starch pastes
start to cool down there is rearrangement of the solubilized
starch molecules, especially solubilized amylose, which results
in increased FV. This process is called retrogradation, which
induces adverse effects on starch-based food nutritional values
and sensory qualities. Many studies have demonstrated that
the amylose content is positively correlated with SB (Li et al,,
2020; Soleimanpour et al., 2020). In our experiments, we found
that amylose content increased after fermentation, but the SB
value decreased significantly (P < 0.05). We suggest this may
be due to the organic acids and protein residues produced by
fermentation hindering the rearrangement of starch molecules
(Park et al, 2020). In addition, fermentation may reduce
molecular weights of starch, and produce more amylose and
amylopectin molecules with a lower degree of polymerization.
This may hinder the formation of hydrogen bonds among starch
molecules, thereby inhibiting short-term retrogradation of starch
(Zuo et al., 2017).

Water absorption rate reflects the hydration ability of
broomcorn millet and affects the VER (Shen et al, 2019).
The improvement in WAR and VER following fermentation
may be due to the destruction of some hydrophobic amino
acid groups and the increase of short-chain amylopectin after
fermentation. Starch forms starch-lipid complexes during the
pasting process (Castellanos-Gallo et al, 2019), and these
complexes inhibit the starch granule swelling in water (Wang
H. et al, 2019). The stability of the complex is affected by the
length and saturation level of lipid chains (Chen et al., 2018).
Fermentation produces short-chain fatty acids and amylose,
reducing the interaction between amylose chain and fatty acid
chain as well as the complex stability, thereby promoting starch
granule swelling in water. In addition, the surface of fermented
broomcorn millet starch granules have more holes and cracks
compared with unfermented broomcorn millet (Supplementary

Figures 3A,B), which may be explained by the degradation
of starch granules induced by organic acids and/or amylase
produced by lactic acid bacteria (Majzoobi and Beparva, 2014;
Li et al, 2015). Huber and BeMiller (1997) confirmed that
there are many small pores on the surface of starch granules,
which are large enough to allow organic acids and enzymes
to enter the interior of the granules and create additional
holes and cracks. This may promote the water absorption
and volume expansion of broomcorn millet. With the increase
of VER, amylose content and the abundance macromolecular
substances are easier to overflow by heating (Elkhalifa et al,
2017), which leads to a significant increase in DMRS (from
18.26 to 20.10) and IBV (form 0.321 to 0.461) of the fermented
broomcorn millet (P < 0.05). Previous studies showed that
high DMRS and IBV values indicates a high palatability of
porridge (Zhan et al., 2007; He and Chen, 2009). Altogether,
this study shows that sour porridge made from the fermented
broomcorn millet has a better taste and edible quality compared
with unfermented millet.

CONCLUSION

The microbial composition and diversity of sour porridge
at different fermentation periods are significantly different.
Aeromonas, Acinetobacter, and Klebsiella were the dominant
genus in the pre-fermentation stage and Lactobacillus and
Acetobacter were the main dominant bacteria in the post-
fermentation stage. Metabolic function prediction revealed that
group NF-7 microorganisms had increased metabolism of amino
acids, lipids, and monosaccharides, while their metabolism of
starch and sucrose was weaker compared with group NF-3.

Since the microbiota in natural fermentation is dependent
on the environment, it is prone to unfavorable conditions
leading to inconsistent product quality. Therefore, a controlled
fermentation experiments using Lacticaseibacillus paracasei
strain SZ02 was performed to determine its efficiency and
edibility compared with unfermented culture. Fermentation
of the pure culture increased the water absorption and
volume expansion rate of broomcorn millet, and promoted the
dissolution of solids and amylose, thereby improving the edible
quality of sour porridge. In addition, fermentation increased
the PV, reduced the SB of the broomcorn millet, and inhibited
the negative effects of starch aging behaviors on the edible
quality of sour porridge. This suggests Lacticaseibacillus paracasei
strain SZ02 has the potential to be the primary organism in the
industrialized production of sour porridge.
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