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Evolution in a plant matrix: 
adaptive reshaping of kefir grains 
microbiota and function during 
long-term soymilk culture
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To explore the adaptability of kefir grains in long-term subculture in soymilk, this 
study tracked the succession and functional changes of its microbial community 
over 4 months. High-throughput sequencing results showed that the microbial 
community structure was drastically reshaped, mainly manifested in the relative 
abundance of Lacticaseibacillus kefiranofaciens decreasing from 95.00 to 15.70%, 
while Lacticaseibacillus paracasei increased from 0.32 to 76.94%, becoming the 
dominant bacteria. Metagenomic analysis indicated that L. paracasei possesses 
key enzymes for metabolizing raffinose, stachyose and sucrose, which is the 
basis for its efficient utilization of soymilk oligosaccharides and its competitive 
advantage. The decrease in the abundance of L. kefiranofaciens was associated 
with a decrease in the synthesis of extracellular polysaccharides (EPS), which in turn 
caused a reduction in the diameter of kefir grains, an increase in surface viscosity 
and a partial collapse of the gel matrix structure. The pH and free amino acid 
content of fermented soymilk did not fluctuate much during the passage process, 
but the sensory acceptance, antioxidant capacity and angiotensin converting 
enzyme (ACE) inhibitory activity all showed a downward trend. This work reveals 
the adaptive evolution mechanism of kefir grains in a plant matrix environment 
and provides a theoretical basis for the optimization of soymilk fermentation 
based on limited strains.
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1 Introduction

Kefir grains are a traditional milk starter culture originating from Caucasus, Mongolia and 
East Europe (Gökırmaklı and Güzel-Seydim, 2022). These gelatinous and viscous structures 
range in size from 0.3 to 3.5 cm, resemble small cauliflower florets, and exhibit colors ranging 
from white to yellow (Gut et  al., 2019). Kefir grains consist of a natural matrix of 
exopolysaccharides (EPS), primarily kefiran and proteins within which lactic acid bacteria 
(LAB), yeasts, and acetic acid bacteria (AAB) co-exist in a symbiotic relationship (Garofalo 
et  al., 2020). LAB commonly found in kefir grains include Lactobacillus kefiranofaciens, 
Lentilactobacillus kefiri (previously known as Lactobacillus kefiri), Lactococcus lactis, 
Leuconostoc mesenteroides, Lactobacillus acidophilus, Levilactobacillus brevis (previously 
known as Lactobacillus brevis), and Lentilactobacillus parakefiri (previously known as 
Lactobacillus parakefiri) among others (Alraddadi et al., 2023; Purutoğlu et al., 2020). On the 
other hand, yeasts such as Saccharomyces cerevisiae, Kluyveromyces marxianus, Candida kefyr 

OPEN ACCESS

EDITED BY

Weiwei Dong,  
Hubei Normal University, China

REVIEWED BY

Roberta Prete,  
University of Teramo, Italy
Lina Blandon,  
National University of Colombia, Colombia

*CORRESPONDENCE

Xiaochen Huang  
 xiaochenhuang423@gmail.com

RECEIVED 19 April 2025
ACCEPTED 21 May 2025
PUBLISHED 04 June 2025

CITATION

Chen Z, Li Q, Li F, Yin L, Wang L, Ye T, Wang Y, 
Fu S, Wang W and Huang X (2025) Evolution 
in a plant matrix: adaptive reshaping of kefir 
grains microbiota and function during 
long-term soymilk culture.
Front. Microbiol. 16:1614639.
doi: 10.3389/fmicb.2025.1614639

COPYRIGHT

© 2025 Chen, Li, Li, Yin, Wang, Ye, Wang, Fu, 
Wang and Huang. This is an open-access 
article distributed under the terms of the 
Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction 
in other forums is permitted, provided the 
original author(s) and the copyright owner(s) 
are credited and that the original publication 
in this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted 
which does not comply with these terms.

TYPE Original Research
PUBLISHED 04 June 2025
DOI 10.3389/fmicb.2025.1614639

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2025.1614639&domain=pdf&date_stamp=2025-06-04
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1614639/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1614639/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1614639/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1614639/full
mailto:xiaochenhuang423@gmail.com
https://doi.org/10.3389/fmicb.2025.1614639
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2025.1614639


Chen et al. 10.3389/fmicb.2025.1614639

Frontiers in Microbiology 02 frontiersin.org

and Kazachstania unispora (Azizi et al., 2021; Zanirati et al., 2015) are 
the predominant yeast species present in kefir grains. While the 
microbial communities in kefir grains can vary significantly based on 
regional and cultivation conditions (Barãoa et al., 2019; Gul et al., 
2015), Lactobacillus kefiranofaciens is consistently reported as a 
predominant and stable species, maintaining high abundance and 
content during long-term propagation (Alraddadi et al., 2023; Wang 
et al., 2018; Zeng et al., 2022). However, the microbial succession 
observed when kefir grains are propagated in non-bovine dairy 
substrates demonstrates notable differences. For example, Wang et al. 
(2020) reported that the relative abundance of L. kefiranofaciens in 
kefir grains from the CN source decreased to 26.55% after a 2-months 
serial culture in goat milk but subsequently increased to became the 
most abundant species after 3 months of cultivation.

In recent years, the growing popularity of plant-based diets has 
led to the exploration of soymilk as a novel substrate for kefir 
fermentation (Baú et al., 2015; Egea et al., 2023; Liu and Lin, 2000; Luo 
et al., 2023), serving as a substitute for cow milk due to its advantages 
such as high protein content and low cholesterol. However, compared 
to cow milk, soymilk exhibits significant differences in its nutritional 
composition and physicochemical properties. The primary 
oligosaccharides in soymilk are sucrose, stachyose and raffinose, with 
almost no lactose (Baú et al., 2015), whereas lactose is the predominant 
carbohydrate in cow milk. This disparity may influence succession of 
microbial communities within kefir grains during long-term 
propagation in soymilk, which in turn, could affect the fermentation 
characteristics and overall quality of the resulting soymilk-based kefir.

Therefore, elucidating the succession of microbial communities in 
kefir grains during soymilk propagation and its influence on fermentation 
characteristics is crucial for the development of high-quality soymilk-
based kefir products. This study aims to employ high-throughput 
sequencing technology to analyze the composition and structural 
dynamics of kefir microbial communities during propagation in soymilk. 
At the same time, combined with physical and chemical indicators and 
sensory evaluation, the specific effects of microbial succession on 
fermentation characteristics were explored, aiming to lay a theoretical 
foundation for the industrial production of soymilk-based kefir.

2 Materials and methods

2.1 Soymilk preparation

Soybeans (100 g) were screened, rinsed thoroughly with distilled 
water, and then soaked in distilled water at ambient temperature water 
for 8 h to facilitate hydration. The hydrated beans were then ground 
with distilled water at ratio of 1:7 (w/v). The resulting slurry was 
distributed into 250 mL Erlenmeyer flasks at a volume of 100 mL per 
flask and sterilized at 121°C for 20 min (Ketnawa and Ogawa, 2021). 
After cooling down to room temperature, the sterilized slurry was 
stored at 4°C pending subsequent experiments.

2.2 Passage and sampling of kefir grains in 
soymilk

Kefir grains were inoculated into 100 mL of sterile soymilk at 
an inoculation rate of 5% (v/v) and cultivated at 25°C under static 

conditions for 48 h. Following activation, the kefir grains were 
aseptically collected using a sterile stainless steel filter mesh and 
repeatedly washed with sterile deionized water to remove any 
residual soymilk from the grain surface. The washed kefir grains 
were subsequently transferred to fresh sterile soymilk medium at 
an inoculation rate of 5% (v/v) and incubated statically at 25°C, 
with the medium replaced every 48 h over a continuous subculture 
period of 4 months. Approximately 1 g of kefir grains samples were 
collected at 0 months (m0), 1 month (m1), 2 months (m2), and 
4 months (m4) of subculture and stored at −80°C for 
metagenomic analysis.

2.3 Metagenomic technology analysis

Total microbial DNA was extracted from samples using the 
cetyltrimethylammonium bromide (CTAB) method with minor 
modification (Porebski et al., 1997). Approximately 0.5 g of kefir 
grains was frozen in liquid nitrogen and ground thoroughly to a 
fine powder using a pre-chilled sterile mortar and pestle. The 
powdered sample was transferred into a 2.0 mL microcentrifuge 
tube, and 800 μL of preheated CTAB extraction buffer was added. 
The mixture was incubated at 65°C for 30 min with occasional 
gentle mixing.

The lysate was sequentially extracted with equal volumes of 
phenol (pH 8.0): chloroform: isoamyl alcohol (25: 24: 1, v/v/v) and 
chloroform: isoamyl alcohol (24: 1, v/v), each followed by 
centrifugation at 12,000 rpm for 10 min. The aqueous phase was 
transferred to a new tube, mixed with an equal volume of cold 
isopropanol, and incubated at −20°C for 1 h to precipitate DNA.

Following centrifugation at 12,000 rpm for 10 min, the DNA 
pellet was washed twice with 75% ethanol, air-dried, and dissolved 
in sterile ddH₂O. To remove RNA, 1 μL of RNase A (10 mg/mL) 
was added and incubated at 37°C for 15 min.

The DNA was detected by 1% agarose gel electrophoresis (90 V, 
30 min) stained with GelRed (Biotium, USA) and visualized under 
UV light. The DNA concentration and purity were determined with a 
NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, 
USA) at 260 and 280 nm and it was quantified using a Qubit® 2.0 
Fluorometer (Thermo Scientific). The extracted microbial 
metagenomic DNA was randomly fragmented into short segments, 
and insert fragment libraries of appropriate lengths were constructed. 
Paired-end (PE) sequencing was performed on these sequences. 
Shotgun metagenomic sequencing was conducted by Shenzhen 
Microeco Technology Group Co., Ltd.

Raw sequencing data underwent quality control (via 
Trimmomatic) and host DNA removal (via Bowtie2) using the 
KneadData software, with FastQC employed to validate the 
rationality and efficacy of quality control. Taxonomic annotation of 
reads was performed using the Greedy mode of Kraken2. 
Subsequently, valid sequencing data were subjected to de novo 
assembly and redundancy removal to generate non-redundant 
contigs. Gene and protein prediction was then conducted based on 
the non-redundant contigs. Protein sequences were clustered to 
obtain a non-redundant protein sequence set, with the abundance 
of each protein sequence corresponding to its associated gene 
sequence. Transcripts Per Kilobase of exon model per Million 
mapped reads (TPM) was applied to quantify abundance. Functional 
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and taxonomic annotation of each non-redundant protein sequence 
was achieved through alignment against the KEGG, NCBI, and NR 
databases. Finally, the correspondence between microbial 
community taxonomy and functional profiles was summarized 
based on the annotation results. Bioinformatics analysis and 
visualization were performed using the Microeco BioCloud 
Platform.1

2.4 Morphological transformations of kefir 
grains during sequential subculturing

2.4.1 Macroscopic morphology
Kefir grains (m0, m1, m2, and m4) were aseptically separated 

from fermented soymilk using sterile stainless steel filter mesh. Grains 
were washed with sterile distilled water and transferred into autoclaved 
luminum weighing dishes in which sterilized paper towels were placed 
to remove excess water. Images of the kefir grains were captured with 
a Huawei smartphone (Huawei Technologies Co., Ltd., Shenzhen, 
China). From each group, ten kefir grains were randomly selected for 
diameter measurement using a vernier caliper (Shanghai Measuring 
and Cutting Tools Co., Ltd., Shanghai, China), and the average 
diameter was subsequently calculated.

2.4.2 Microscopic morphology
The microscopic morphology of kefir grains was examined using 

scanning electron microscopy (SEM) following a modified protocol 
described by Gao et  al. (2012). Briefly, kefir grains were rinsed 
repeatedly with sterile deionized water and transferred to 2.5 mL 
microcentrifuge tubes. The samples were fixed by immersion in 2.5% 
glutaraldehyde at 4°C for 4 h. Following fixation, samples were washed 
three times with 0.1 M phosphate buffer (pH 7.4). Gradient 
dehydration was then performed by sequential immersion in a graded 
series of ethanol solutions (40, 50, 60, 70, 80, and 90% ethanol in 
water, v/v) for 15 min each, followed by two 15-min washes with 
absolute ethanol. Residual ethanol was replaced with isoamyl acetate 
through two 15-min incubations. Any remaining isoamyl acetate on 
the grain surfaces was removed by rinsing with 0.1 M phosphate 
buffer (pH 7.4). The treated samples were flash- frozen at −80°C and 
lyophilized in a vacuum freeze-dryer until completely dry. The dried 
grains were sputter-coated with gold and imaged using a Schottky field 
emission SEM (SU8200, Hitachi High-Tech, Japan) to characterize 
their surface microstructure.

2.5 Fermentation dynamics of kefir grains 
during sequential subculturing

2.5.1 pH of fermented soymilk
Kefir grains (1 g) from each of the four sampling time points were 

inoculated into sterile soymilk medium and cultured continuously for 
24 h. The pH of the resulting fermented soymilk was then measured 
using a calibrated pH meter (PHS-3C, INESA Electronics (Group) 
Co., Ltd., Shanghai, China).

1 https://www.bioincloud.tech/

2.5.2 Sensory evaluation of fermented soymilk
A trained sensory evaluation panel consisting of 30 participants 

(15 males and 15 females) was assembled. Panelists assessed sensory 
attributes, including color, aroma, taste, and texture, using a 100-point 
hedonic scale. Detailed evaluation criteria are presented in Table 1.

2.6 Determination of amino nitrogen 
content

To quantify amino nitrogen content, a 10 mL aliquot of fermented 
soymilk was accurately transferred to a 100 mL volumetric flask and 
dilute to the volume with distilled water. A 25.0 mL aliquot of the 
diluted solution was then transferred to a 100 mL beaker and titrated 
with a standardized 0.05 M NaOH solution to a pH of 8.2, maintaining 
this pH for 1 min. Subsequently, 10 mL of formaldehyde solution 
(37% w/v) was added, the mixture was thoroughly agitated for 1 min, 
and the solution was titrated again with standardized 0.05 M NaOH 
solution to a pH of 9.2. The volume of NaOH consumed (V1) was 
recorded. A blank titration was performed concurrently, using 25 mL 
of distilled water in place of the sample, and the volume of NaOH 

TABLE 1 Sensory evaluation standards for fermented soymilk.

Item Evaluation criteria Score range 
(points)

Color (20 points)

Uniform color, milky white 

with a glossy appearance
15 ~ 20

Fairly uniform color, pale 

milky yellow
10 ~ 14

Uneven color or 

discoloration
0 ~ 9

Aroma (15 points)

Pleasant aroma of lactic acid 

fermentation, no off odor
10 ~ 15

Faint fermentation aroma or 

slight off odor
5 ~ 9

No fermentation aroma, 

strong bean smell, off odor
0 ~ 4

Taste (35 points)

Smooth texture, balanced 

sour–sweet taste, lingering 

aftertaste

25 ~ 35

Average taste, slightly 

unbalanced sour–sweet ratio, 

still acceptable

15 ~ 24

Rough taste, too sour or too 

sweet, difficult to swallow
0 ~ 14

Texture (30 points)

Smooth surface, smooth, 

viscous texture, no whey 

separation

20 ~ 30

Small holes on the surface, 

slightly thinner texture, 

minor whey separation

10 ~ 19

Curd-like surface, thin 

texture, significant whey 

separation

0 ~ 9
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consumed (V2) was recorded. The amino nitrogen content (X) in 
100 mL of fermented soymilk sample was then calculated using 
Equation 1.

 ( ) ( )= − × × ×1 2mg / L V V M 14.007 1,000 / Volume of sampleX  (1)

In this calculation, the molarity of NaOH solution is 0.05 M, and 
the atomic weight of nitrogen is 14.007 g/moL.

2.7 Determination of antioxidant and 
angiotensin-converting enzyme (ACE) 
activity

2.7.1 2,2′-Azino-bis 
(3-ethylbenzothiazoline-6-sulphonic acid) assay 
(ABTS assay)

2,2′-Azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) radical 
cation (ABTS+•) was generated by reacting a 7 mM ABTS stock 
solution with 2.45 mM potassium persulphate. This mixture was 
incubated in the dark at room temperature for 12 ~ 16 h before use 
(Chen et al., 2015).

The resulting ABTS•+ solution was then diluted with ethanol to 
achieve reached an absorbance of 0.70 ± 0.02 at 734 nm (Re et al., 
1999). For the assay, 0.2 mL of sample (or distilled water for the 
control) was added to 2 mL of diluted ABTS•+ solution and incubated 
at 25°C for 30 min. The absorbance of each sample at 734 nm was 
subsequently measured using an ultraviolet–visible spectrophotometer 
(D-7PC, Runqee (Shanghai) Instruments Technology Co., Ltd., 
Shanghai, China). The ABTS•+ radical scavenging activity of the, 
expressed as the percentage inhibition (I%), was calculated using 
Equation 2.

 
( ) = − × blank sample blank% A A / A 100I

 (2)

In this equation, Asample and Ablank represent the absorbance of the 
reaction mixture with the test sample and the distilled water control, 
respectively.

2.7.2 2,2-Diphenyl-1-picrylhydrazyl assay (DPPH 
assay)

A 0.5 mL aliquot of a 60 μM solution of DPPH in ethanol was 
mixed with 3.0 mL of sample (or distilled water for the control), 
homogenized by vortexing and incubated for 30 min in the dark at 
room temperature. Subsequently, the absorbance at 517 nm was 
recorded (Aspri et al., 2018). The DPPH radical scavenging activity of 
the test sample was calculated using Equation 2, employing the same 
method as described for the ABTS Assay.

2.7.3 Ferric-reducing antioxidant power assay 
(FRAP assay)

The ferric-reducing antioxidant power (FRAP) assay was 
performed following the protocol described by Chen et al. (2015). 
Briefly, 0.1 mL of either standard or sample solutions was mixed with 
2.45 mL of freshly prepared ferric-2,4,6-tripyridyl-s-triazine (ferric-
TPTZ) reagent that prepared by mixing 300 mM acetate buffer 

(pH3.6), 10 mM TPTZ in 40 mM HCl and 20 mM FeCl3 at a 
volumetric ratio of 10:1:1. The resulting mixtures were incubated at 
37°C for 10 min before measuring their absorbance at 593 nm. FRAP 
values were expressed as Trolox equivalents units of μg/mL.

2.7.4 Angiotensin-converting enzyme (ACE) 
inhibitory activity

ACE inhibitory activity was determined according to the 
method described by Li et  al. (2018). Briefly, 10 μL of ACE 
solution (0.25 U/mL, from rabbit lung) and 10 μL of sample or 
Tis-HCl buffer (used as the blank) were added to the wells of a 
96-well microplate. The reaction was initiated by the addition of 
150 μL of preheated (37°C, 5 min) substrate peptide FAPGG 
(1 mmol/L in 50 mmol/L Tris–HCl containing 0.3 mol/L NaCl, 
pH 7.5). The microplate was rapidly placed in the microplate 
reader, and the absorbance at 340 nm was recorded (A1). After a 
30 min incubation, the absorbance was measured again at 340 nm 
(A2). The blank initial absorbance was recorded as A01, and the 
absorbance after the reaction was recorded as A02. The ACE 
inhibition rate was calculated based on the changes in absorbance, 
where Ainhibitor = A1-A2 and Acontrol = A01-A02. The percentage of 
ACE inhibition was then calculated using Equation 3.

 ( ) ( )= − ×inhibitor controlACE inhibition activity % 1 A / A 100% (3)

2.8 Data analysis

All experiments were conducted in triplicate and Tukey’s test was 
applied for statistical analysis. Statistical significance was determined 
at p < 0.05.

3 Results and discussion

3.1 Microbial composition of kefir grains

Metagenomic sequencing and quality filtering (Q score ≥30) 
yielded 280,526,001 high-quality reads. Taxonomic profiling identified 
9 biological domains. Bacteria dominated the community composition 
(99.83%), followed by Heunggongvirae (0.11%) and Fungi (0.06%). 
All other taxa were present at negligible levels, each accounting for less 
than 0.01% of the total community (as shown in Figure 1).

The principal component analysis (PCA) showed that PC1 and 
PC2 explained 87 and 9.85% of the variance, respectively, totaling 
96.85% (Figure 2A). This indicates these two coordinates capture the 
vast majority of the variation in microbial community composition 
across samples. Therefore, these two principal coordinates were used 
as the basis for subsequent analyses (Long et al., 2022). The distinct 
clustering of the four groups clearly suggests significant differences in 
microbial community structure among the four kefir grains. A total of 
529, 647, 596 and 499 species were identified in the m0, m1, m2, and 
m4 kefir grains, respectively (Figure 2B). Of these, 219 species were 
common to all four groups, representing 41.40% (m0), 33.85% (m1), 
36.74% (m2) and 43.89% (m4) of the species richness in each 
respective community. Furthermore, the m0, m1, m2 and m4 
communities contained 140, 159, 126 and 108 unique strains, 
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respectively, which accounted for 26.47, 24.11, 21.14 and 21.64% of 
the species richness within each group.

A heatmap depicting the distribution and relative abundances of 
the 20 most abundant species across the four kefir grain communities 
is presented in Figure 2C. Although these top 20 species were common 
to all communities, their relative abundances differed significantly 
among the four kefir grains (indicated by asterisks). Figure  2D 
illustrates the changing proportion of dominant species relative to the 
total microbial community at each sampling time. As shown in 
Figure  2D, the dominant microbial community structure in kefir 
grains underwent substantial shifts with increasing subculture in 
soymilk. Prior to subculture (m0), L. kefiranofaciens was the 
overwhelmingly dominant species in the kefir grains, exhibiting a 
relative abundance of 95.00%, followed by L. kefiri (2.78%), 
L. plantarum (0.38%) and Lacticaseibacillus paracasei (0.32%). 
Consistent with our findings, previous studies have reported that 
L. kefiranofaciens typically accounts for over 80% of the total relative 
abundance in kefir grains, even across different sources (Alraddadi 
et al., 2023; Blasche et al., 2021; Wang et al., 2020; Wang et al., 2018; 
Zeng et al., 2022). Moreover, compared to other microbial species, 
L. kefiranofaciens exhibits strong resilience to changes in cultivation 
conditions, including substrate composition, drying processes, and 
non-sterile environments (Wang et al., 2018). For example, Blasche 
et  al. (2021) demonstrated that L. kefiranofaciens maintains its 
dominance during continuous passage of kefir grains in cow milk by 
regulating kefir grain proliferation through metabolic activity and 
promoting adhesion via its synthesized polysaccharide matrix. 
However, contrasting with its stable dominance during animal milk-
based fermentation, our study observed a decline in the relative 
abundance of L. kefiranofaciens to 62.04% after 1 month (m1) of serial 
passage in soymilk, accompanied by an increase in L. paracasei to 
22.91%. After 2 months (m2), L. kefiranofaciens further decreased to 
10.88%, while L. paracasei increased to 51.82%. By 4 months (m4), 
L. kefiranofaciens remained at 15.70%, while L. paracasei reached 
76.94%, becoming the dominant species. In agreement with this trend, 

Mantegazza et al. (2023) isolated Lactococcus lactis subsp. lactis K03, 
Leuconostoc pseudomesenteroides K05, Leuconostoc mesenteroides K09 
and L. kefiri K10, but did not detect L. kefiranofaciens after 14 
consecutive passages using daily inoculation in fresh soy drink. These 
findings suggest that plant-based substrates may adversely affect the 
persistence of L. kefiranofaciens in kefir grain microbiota. This effect 
may be attributed to the limited availability of specific nutrients or 
growth factors present in dairy substrates, to which L. kefiranofaciens 
is better adapted, thereby reducing its competitive advantage in 
non-dairy environments.

During the serial subculture in soymilk, the relative abundances 
of L. paracasei and L. casei increased steadily, while L. kefiranofaciens 
consistently declined. We hypothesize that these shifts are driven by 
the distinct sugar profile of soymilk compared to bovine milk. Cow 
milk is predominantly lactose (98% of total sugars), whereas soymilk’s 
main sugar is sucrose (50%), followed by stachyose and raffinose 
(together 50%), with minor amounts of glucose and fructose 
(Mantegazza et al., 2023; Chen et al., 2025). Figure 3A shows the 
metabolic pathways for these soymilk sugars (stachyose, raffinose, and 
sucrose), primarily involving the lactose metabolism pathway 
(MAP00052) and key enzymes like α-galactosidase (EC 3.2.1.22), 
β-fructofuranosidase (EC 3.2.1.26), α-glucosidase (EC 3.2.1.20), and 
oligo-1,6-glucosidase (EC 3.2.1.10). The changes in the species 
associated with the MAP00052 pathway during soymilk passage are 
shown in Figure 3B. Initially (m0), L. kefiranofaciens dominated this 
pathway. However, with increasing passage time, its relative abundance 
fell while that of the L. paracasei group and L. paracasei itself rose, 
becoming the predominant species linked to this pathway by 
passage m4.

Further analysis of the microbial sources of key enzymes 
(Figure 4) revealed that during serial passage, the primary microbial 
sources of α-galactosidase (EC 3.2.1.22) (Figure  4A) and 
β-fructofuranosidase (EC 3.2.1.26) (Figure  4B) shifted from 
L. kefiranofaciens to the L. paracasei group and L. paracasei. Notably, 
α-glucosidase (EC 3.2.1.20) (Figure 4C) and oligo-1,6-glucosidase (EC 
3.2.1.10) (Figure 4D) were undetectable at m0, but after one month of 
passage (m1), these enzymes were primarily derived from L. paracasei 
group and L. paracasei, whose relative abundance continued to 
increase with further passage. These findings indicate that L. paracasei 
possesses key enzymes for the metabolism of raffinose, stachyose, and 
sucrose, demonstrating a strong capacity for utilizing these 
oligosaccharides. Consequently, L. paracasei gradually outcompeted 
L. kefiranofaciens during continuous passage, ultimately becoming the 
dominant species.

3.2 Morphological dynamics of kefir grains 
during subculture

3.2.1 Macroscopic morphology
During subculturing in soymilk, the macroscopic morphology of 

kefir grains exhibited notable significant alterations in size, color, and 
viscosity (Figure 5), transitioning from a plump, gelatinous form with 
non-adhesive surfaces to a less cohesive state. Initially, the kefir grains 
(m0) were milky white in color, exhibiting a plump, gel-like texture 
and an average diameter of 0.48 cm (Figure  5B), with no surface 
stickiness. However, with prolonged subculturing in soymilk, the 
grains gradually darkened, assuming a yellowish appearance, 

FIGURE 1

Relative taxonomic distribution of micoorganisms at the kingdom 
level in different kefir grains during subculturing (0 ~ 4 months) in 
soymilk. Samples m01 ~ m03, m11 ~ m13, m21 ~ m23, and 
m41 ~ m43 represent three replicates of kefir grains after 0, 1, 2, and 
4 months of passage in soymilk, respectively.
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accompanied by a reduction in diameter, increased surface 
adhesiveness, and enhanced friability. After 4 months, the average 
grain diameter significantly decreased to 0.35 cm (p < 0.05), and the 
grains could be  readily crushed by hand into a viscous slurry. 
Consistent with these observations, Mantegazza et al. (2023) reported 
that handcrafted kefir grains inoculated into a commercial soy 
beverage and propagated daily through serial subculturing at a 1:50 
inoculation ratio no longer visible after several days, yielding a 
homogeneous, creamy product after 2 weeks. These structural 
properties of kefir grains are largely attributed to kefiran, an 
exopolysaccharide (EPS) synthesized primarily by L. kefiranofaciens 
(Ahmed et al., 2013). Kefiran is a unique polymer composed mainly 
of glucose and galactose in nearly equal proportions (Júnior et al., 
2020). This polysaccharide not only imparts the characteristic gel-like 
texture to kefir grains but also enhances their structural integrity, 

facilitating the encapsulation of a diverse microbial community 
(Cheng et al., 2024). Therefore, the progressive disintegration of kefir 
grain structure observed during serial subculturing in soymilk may 
be  directly related to the decline in L. kefiranofaciens abundance, 
which in turn leads to reduced kefiran production and compromised 
structural stability.

3.3 Microscopic morphology

SEM observations revealed significant variations in microbial 
distribution and extracellular matrix architecture on the surface of kefir 
grains across the four successive subculturing periods in soymilk 
(Figure 6). At the initial stage (m0), the grain surface exhibited a densely 
packed network predominantly composed of long rod-shaped bacterial 

FIGURE2

(A) Principal component analysis (PCA) ordination showing differences in the microbial flora of kefir grains during subculturing (0 ~ 4 months) in 
soymilk. Community dissimilarity was evaluated using the Unifrac distance metric. Principal components PC1 and PC2 explained 87.00 and 9.85% of 
community compositional variance, respectively; (B) Scalar-Venn representation of the same microbial species in kefir grains during subculturing 
(0 ~ 4 months) in soymilk; (C) Heatmap illustrating the distributing in abundances of the 20 most abundant strains within kefir grains during 
subculturing (0 ~ 4 months) in soymilk (n = 3). The log (strain abundance) is indicated by the color scale to the upper right and ranges from blue to 
dark red. Statistical significance levels: *p < 0.05, **p < 0.01, ***p < 0.001; (D) Proportions of dominant species (% of total community) in kefir grains 
during subculturing (0 ~ 4 months) in soymilk (n = 3). m0, m1, m2, and m4 represent kefir grains subjected to serial culture in soymilk for 0, 1, 2, and 
4 months, respectively.
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cells, interspersed with embedded yeast cells. Consistent with our 
findings, Wang et al. (2018) previously reported that L. kefiranofaciens 
predominantly exhibits a long-rod morphology on the surface of kefir 
grains. Given that L. kefiranofaciens was the dominant species in kefir 
grains at the m0 stage (Figure 2D), the abundance of long-rod-shaped 
bacteria observed on the surface of m0 grains could be attributed to 
L. kefiranofaciens. The microbial consortium was enmeshed within an 
extracellular matrix rich in EPS and proteins, forming a cohesive and 
continuous biofilm-like structure. With subculturing progression, the 
matrix integrity gradually deteriorated. By the fourth month (m4), the 
microbial landscape underwent marked structural reorganization. With 
the succession of the microbial community, long rod-shaped bacteria 
were largely replaced by short rod-shaped morphotypes resulting in a 
sparsely distributed microbial network. The originally homogeneous 
matrix transitioned into a reticulated, porous architecture characterized 
by irregular void formation. Meanwhile, surface-adhered extracellular 
polymeric substances (EPS) exhibited reduced coverage and a 
fragmented spatial organization compared to the initial state (m0). This 
structural transformation aligns with microbial succession dynamics, 

where the shift in dominance from L. kefiranofaciens (a long-rod EPS 
producer) to L. paracasei [a short-rod (Sun et al., 2022)] likely disrupted 
the EPS-dependent biofilm framework. Consequently, the 
destabilization of this matrix led to its fragmentation and the emergence 
of porous structures.

3.4 Changes in the fermentation 
characteristics of kefir grains during 
subculturing

3.4.1 pH
Changes in pH during soymilk fermentation with the four 

different kefir grain communities are presented in Figure 7. The pH of 
unfermented control soymilk (CK) was 6.65. Following 24 h of 
fermentation, all fermented samples exhibited significant acidification 
(p < 0.05), with final pH values of 4.39 (m0), 4.33 (m1), 4.31 (m2), and 
4.30 (m3). Although pH values exhibited a gradual decreasing trend 
with increasing subculture generations, no statistically significant 

FIGURE 3

(A) Metabolic pathways of major soybean oligosaccharides (stachyose, raffinose, and sucrose) in soymilk, with enzymatic catalysis by α-galactosidase 
(EC 3.2.1.22), β-fructofuranosidase (EC 3.2.1.26), α-glucosidase (EC 3.2.1.20), and oligo-1,6-glucosidase (EC 3.2.1.10). (B) Succession of related 
microbial taxa in the MAP00052 lactose metabolism pathway of kefir grains during subculturing (0 ~ 4 months) in soymilk. m0, m1, m2, and m4 
represent kefir grains subjected to serial culture in soymilk for 0, 1, 2, and 4 months, respectively.
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FIGURE 4

Microbial source succession of key carbohydrate-active enzymes of kefir grains during subculturing (0 ~ 4 months) in soymilk. (A) α-galactosidase (EC 
3.2.1.22), (B) β-fructofuranosidase (EC 3.2.1.26), (C) α-glucosidase (EC 3.2.1.20), and (D) oligo-1,6-glucosidase (EC 3.2.1.10). m0, m1, m2, and m4 
represent kefir grains subjected to serial culture in soymilk for 0, 1, 2, and 4 months, respectively.
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differences (p > 0.05) were detected among the fermented samples. pH 
is a crucial factor influencing the stability, aroma, flavor, and texture 
of fermented soymilk products (dos Santos et al., 2019). An optimal 
pH range of 4.2 ~ 4.5 is generally recommended for fermented 
soymilk to promote desirable gel formation, enhance resistance to 
spoilage, and impart a mildly acidic, refreshing taste characteristic of 

this product (Tavşanlı et al., 2024). The pH values of all four samples 
fell within this optimal range.

3.4.2 Sensory evaluation
Significant alterations in the sensory characteristics of fermented 

soymilk were observed during the four-month successive subculturing 

FIGURE 5

Changes in the macroscopic morphology (A) and diameter (B) of kefir grains from four subculture time in soymilk. m0, m1, m2, and m4 represent kefir 
grains subjected to serial culture in soymilk for 0, 1, 2, and 4 months, respectively. The same lowercase letter denotes no significant difference between 
groups (p > 0.05), while different lowercase letters indicate a significant difference (p < 0.05).

FIGURE 6

Changes in microscopic morphology of kefir grains from four subculture time in soymilk (magnification: 3000×). m0, m1, m2, and m4 represent kefir 
grains subjected to serial culture in soymilk for 0, 1, 2, and 4 months, respectively. The white scale bar (−) represents 5 μm.
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of kefir grains in soymilk (Figure 8). The initial fermentation (m0) 
yielded a product with a uniform milky-white appearance and a 
characteristic fermented aroma. This product exhibited desirable 
textural properties, characterized by a smooth mouthfeel, creamy 
consistency, and a complete absence of whey separation. However, 
progressive deterioration of sensory quality was detected with 
increasing subculture duration. In later generations, the fermented 
soymilk exhibited compromised color homogeneity, a diminished 
aromatic profile, increased whey exudation, and textural defects such 
as graininess and reduced viscosity. L. kefiranofaciens, which are 
dominant in traditional kefir grains, play a critical role in maintaining 
microbial homeostasis and suppressing the growth of undesirable 
bacteria (Blasche et al., 2021). However, during successive subculturing 
of kefir grains in soymilk, the relative abundance of L. kefiranofaciens 
declined sharply, while L. paracasei gradually became dominant. This 
shift in the microbial community structure weakened the regulatory 
capacity of the original kefir microbiota. Consequently, there was a 
notable increase in the relative abundance of environmental and 
opportunistic bacteria, including Stenotrophomonas maltophilia, 
Pseudomonas putida, Pseudomonas fulva, Enterococcus casseliflavus 
and Enterococcus durans (Figure 2). The resulting increase in microbial 
complexity disrupted the cooperative interactions among key 
fermentative strains, ultimately contributing to the deterioration of the 
sensory quality of the fermented soymilk.

3.5 Amino nitrogen content

The amino-peptide nitrogen content in soymilk fermented with 
the four kefir grain communities is presented in Figure 9. Statistical 

analysis revealed no significant differences (p  > 0.05) in amino-
peptide nitrogen levels among the four fermented soymilk samples. 
This consistent pattern across different kefir cultures suggests that the 
proteolytic activity leading to amino-peptide generation remains 
relatively stable, irrespective of the specific kefir grain community, 
under the conditions tested. L. paracasei is known for its relatively 
strong proteolytic activity (Du et  al., 2024), during successive 
subculturing of kefir grains in soymilk, the abundance of traditional 
kefir dominant strains such as L. kefiranofaciens and L. kefiri 

FIGURE 7

pH of soymilk fermented with the four different kefir grains. m0, m1, 
m2, and m4 represent kefir grains subjected to serial culture in 
soymilk for 0, 1, 2, and 4 months, respectively. The same lowercase 
letter denotes no significant difference between groups (p > 0.05), 
while different lowercase letters indicate a significant difference 
(p < 0.05).

FIGURE 8

Sensory evaluation scores of soymilk fermented with the four 
different kefir grains. m0, m1, m2, and m4 represent kefir grains 
subjected to serial culture in soymilk for 0, 1, 2, and 4 months, 
respectively.

FIGURE 9

Amino-peptide nitrogen content in soymilk fermented with the four 
different kefir grains. m0, m1, m2, and m4 represent kefir grains 
subjected to serial culture in soymilk for 0, 1, 2, and 4 months, 
respectively. The same lowercase letter denotes no significant 
difference between groups (p > 0.05), while different lowercase 
letters indicate a significant difference (p < 0.05).
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decreased, which may have led to a loss of some key proteolytic 
functions. However, the enrichment of L. paracasei appears to have 
compensated for this shift, maintaining the overall protein degradation 
capacity of the fermentation system.

3.6 Antioxidant activity and ACE inhibitory 
activity

The antioxidant capacities of the four fermented soymilk samples 
were systematically evaluated using the ABTS radical scavenging 
assay, the DPPH radical scavenging assay, and the ferric reducing 
antioxidant power (FRAP) assay (Figure  10). Statistical analysis 
revealed significant time-dependent decreases in both ABTS radical 
scavenging capacity and ferric reducing power with prolonged 
subculture duration. Following 4 months of successive subculturing, 
the ABTS radical scavenging activity decreased significantly from 82.4 
to 61.5% (p < 0.05), while the FRAP value decreased significantly from 
948.63 μg Trolox/mL to 781.3 μg Trolox/mL (p < 0.05). In contrast, 
the DPPH radical scavenging activity showed only a slight decline 
from 48.47 to 47.28%, with no statistically significant difference 
observed during the experimental period (p > 0.05).

The ACE inhibitory activity of soymilk fermented with the four 
distinct kefir grain communities is illustrated in Figure 11. The results 
demonstrated that kefir grain-fermented soymilk exhibited potent ACE 
inhibitory activity at the start of the experiment (m0: 65.7%), and 
remained relatively stable throughout most of the successive subculturing. 
However, a statistically significant decrease in ACE inhibitory activity was 
observed after 4 months of subculturing (m4: 54.9%, p < 0.05), indicating 
a gradual loss of functional potential with prolonged subculture.

In the early passages, L. kefiranofaciens and L. kefiri were 
dominant and likely contributed to the synthesis of bioactive 
compounds including antioxidant peptides (Silva et al., 2024) and 
exopolysaccharides (Jeong et  al., 2017). However, due to the 
limited adaptability of these core kefir microbes to the soymilk 
environment, their abundance decreased over time. Although 
L. paracasei became more dominant and partially compensated for 
protein hydrolysis, it may not have produced the same potency of 
bioactive peptides as the original community. Moreover, the 
increased presence of non-beneficial or opportunistic species, such 
as S. maltophilia, P. putida, P. fulva, E. casseliflavus and E. durans 
may have disrupted the cooperative metabolic networks essential 
for bioactivity generation. As a result, despite stable levels of amino 
nitrogen, the antioxidant activity and ACE inhibitory activity of 
the fermented soymilk was significantly compromised.

4 Conclusion

Successive subculturing of kefir grains in soymilk for 
4 months resulted in notable alterations in the microbial 
community composition. The relative abundance of 
L. kefiranofaciens decreased significantly from 95.00 to 15.70%, 
while L. paracasei increased from 0.32 to 76.94%. The 
predominance of L. paracasei is attributed to its possession of key 
enzymes involved in the metabolism of raffinose, stachyose, and 
sucrose, facilitating efficient utilization of these oligosaccharides. 
The decline in L. kefiranofaciens, a major producer of 
polysaccharides essential for maintaining the structural integrity 

FIGURE 10

Antioxidant activity of soymilk fermented with the four different kefir 
grains. (A) ABTS, (B) DPPH, (C) FRAP. m0, m1, m2, and m4 represent 
kefir grains subjected to serial culture in soymilk for 0, 1, 2, and 
4 months, respectively. The same lowercase letter denotes no 
significant difference between groups (p > 0.05), while different 
lowercase letters indicate a significant difference (p < 0.05).
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of kefir grains, led to reduced polysaccharide content, resulting 
in smaller grain diameter, increased surface viscosity, and partial 
disintegration of the gel-like structure. Concurrently, although 
the pH and free amino acid content of the fermented soymilk 
remained relatively stable, sensory evaluation scores decreased, 
along with a reduction in antioxidant activity and ACE 
inhibitory activity.

These results indicate that soymilk is a viable substrate for kefir 
grains fermentation, supporting both microbial growth and bioactive 
compound production. However, prolonged subculturing negatively 
impacts the stability and functionality of the grains. Therefore, 
we recommend limiting continuous propagation of kefir grains in 
soymilk to a maximum of 1 month. Regular renewal of kefir grains is 
essential to maintain grain integrity and ensure consistent product 
quality during long-term production.
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