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Abstract 13 

 14 

Fermented foods are staples in diets worldwide and are known for their health 15 

benefits. Microorganisms are the key to fermented food production as they convert 16 

raw substrates into digestible, nutritious, and health-promoting products. While 17 

microbes are essential for fermented food production, their contribution to the 18 

dietary protein profile of the final food product in terms of microbial biomass is 19 

largely unknown. We analyzed proteins from 17 fermented foods using 20 

metaproteomics to identify and quantify microbial and food-derived proteins. We 21 

found that microbial proteins contribute up to 11% of the total protein content in 22 

fermented foods and comprise as much as 60% of the total number of identified 23 

proteins. These microbial proteins included many for central functions in microbial 24 

cells, such as glycolysis enzymes, translation machinery, and chaperones, as well 25 

as proteins for specialized functions that are important for the ecological niches in 26 

food fermentation, such as carbohydrate degrading enzymes and proteases. 27 

Some of these microbial proteins, such as proteases, could impact gut physiology. 28 

These findings highlight the substantial contribution of microbial proteins to the 29 

nutritional and functional profile of fermented foods, which may have important 30 

implications for interactions with the gut microbiota and health outcomes.  31 
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Introduction 32 

 33 

Fermented foods have been an integral part of the human diet for more than 34 

10,000 years. They are consumed globally due to their enhanced shelf life, 35 

improved sensory properties, and health benefits. They include foods and 36 

beverages that are made through microbial conversion of the raw food substrate.1–37 
4 While originally fermentation processes were mainly used as a food preservation 38 

method and to improve the taste and texture of certain foods, fermented products 39 

account for up to 40% of global food consumption today.5,6 This includes different 40 

kinds of bread, meat, cheese, alcoholic beverages, yogurt, sauerkraut, kimchi, and 41 

miso. For instance, the average annual consumption of plain bread in Turkey is 42 

104 kg/person, miso in Japan is 7 kg/person, and yogurt in the Netherlands is 25 43 

L/person.5,7  44 

 45 

Beyond preservation and taste enhancement, fermentation improves the 46 

nutritional and functional profile of foods. It can enhance protein digestibility and 47 

micronutrient bioavailability in plant-based foods, particularly legumes, cereals, 48 

and pseudocereals.8 Proteins can also be hydrolyzed into bioactive peptides with 49 

antioxidant, antimicrobial, anti-diabetic, and anti-cancer properties.9,10 Fermented 50 

foods are also recognized as sources of probiotics and bioactive compounds, such 51 

as lactic acid and B vitamins, with potential benefits for gut health and immune 52 

modulation.1,4,11 While clinical studies link the consumption of fermented foods like 53 

yogurt and kimchi to reduced risks of cardiovascular disease, type 2 diabetes, and 54 

overall mortality, evidence supporting the effectiveness of most fermented foods 55 

for gastrointestinal health and disease is currently quite limited.12–14 56 

 57 

One key aspect to consider when uncovering the mechanisms underlying the 58 

beneficial health effects of fermented foods is the microbial biomass, and in 59 

particular microbial protein, consumed as part of the fermented foods. When 60 

consuming fermented foods, it is often assumed that the dietary protein is mainly 61 

from the raw substrate, and microbial proteins are not given much consideration. 62 
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The extent to which proteins in the raw food substrate are converted into microbial 63 

proteins, and the identities of those microbial proteins, are unknown. Microbial 64 

biomass generated during fermentation may significantly contribute to the total 65 

protein content ingested during fermented food consumption. The contribution of 66 

microbes to fermented foods is rarely quantified or characterized, and their 67 

nutritional and functional roles are underexplored.  68 

 69 

While various -omics approaches have been applied to study the microbiome of 70 

fermented foods, metaproteomics, the large-scale study of proteins from microbial 71 

communities, remains underutilized.15–17 Liquid chromatography–tandem mass 72 

spectrometry (LC-MS/MS) has only recently gained traction in food proteomics18, 73 

highlighting a knowledge gap about the protein composition of fermented foods, 74 

particularly the role of microbial proteins.  75 

 76 

To determine the contribution of microbial proteins to fermented foods and 77 

estimate how much of the input substrate is converted to microbial biomass, we 78 

performed metaproteomic analyses on 17 fermented and 3 non-fermented food 79 

sources, including dairy products, sourdough bread, fermented cabbage, and 80 

cacao. These fermented foods encompass a variety of dairy and plant-based foods 81 

and were selected to represent different food substrates, microbial compositions, 82 

and fermentation processes used in commonly consumed and easily accessible 83 

fermented foods worldwide, allowing us to explore how substrate and microbial 84 

ecology influence the proteomic and functional profiles of fermented foods. The 85 

non-fermented foods analyzed in the study included milk, wheat, and tofu (soy) 86 

and represent the unfermented baseline of the corresponding fermented products. 87 

Comparing these non-fermented food substrates to their fermented counterparts 88 

allows for characterization of changes in the original food substrate’s proteome as 89 

a result of microbial fermentation. We found that microbial proteins comprised a 90 

large portion of the total number of identifiable proteins in fermented foods. These 91 

microbial proteins make a substantial contribution to the total dietary protein 92 
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content of these fermented foods and may possess distinct functional properties 93 

relevant to host health. 94 

 95 

 96 

Methods 97 

 98 

Sample acquisition 99 

We selected fermented foods based on products commonly mentioned in the 100 

literature.19,20 The foods were purchased from different suppliers or donated by 101 

people who make specific fermented foods in their homes. We also purchased 102 

three different non-fermented food sources, which serve as negative controls (NC). 103 

The selected foods are described in Table 1 and Supplemental Table 1. We 104 

analyzed three technical replicates of each of the fermented and non-fermented 105 

foods listed in Table 1 for this study. 106 

 107 

Table 1. Fermented food selection and brand. The left column shows the selected 108 

fermented food, and the right column indicates the brand (if purchased) or Homemade. 109 

NC: Negative, non-fermented control 110 

Food source Brand or Homemade 

Dairy yogurt Siggi’s 

Dairy sour cream Daisy 

Cottage cheese Good culture 

Plant-based yogurt So delicious 

Plant-based sour cream Forager project 

Miso paste Miso Master Ⓡ 

Tempeh Lightlife 

Plain yeast bread The essential baking company 
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Sourdough bread purchased EuroClassic 

Sourdough starter  Homemade 

Sourdough bread  Homemade 

Fermented Cabbage  Homemade 

French Brie Cheese Boar’s head 

Soy sauce  Kikkoman 

Cacao NavitasOrganics 

Kefir day 1 fermented Homemade 

Kefir day 2 fermented Homemade 

Tofu (NC) House Foods 

Wheat flour (NC) White Lilly 

Cow milk (NC) Simple Truth Organic 

 111 

DNA extraction 112 

We extracted DNA from each food sample using the DNeasyⓇ PowerSoilⓇ Pro kit 113 

(Qiagen GmbH, Germany) following the manufacturer's instructions with small 114 

changes. 250 mg of each sample was loaded into the provided PowerBead tubes 115 

and 800 μL of CD1 solution was added. Cell lysis and homogenization was done 116 

using the BEAD RUPTOR ELITE (OMNI INTERNATIONAL) at 6 m/s, 00:45 min 117 

run, 00:30 min dwell, 3 cycles. For cow milk and tofu, this step was repeated 2 118 

times, and for cacao, fermented cabbage, and wheat flour, this step was repeated 119 

3 times. The samples were centrifuged at 15,000 x g for 1 min, and 200 µL of 120 

solution CD2 was added to the supernatant and mixed. Samples were centrifuged 121 

again, and 600 µL of solution CD3 was mixed with the supernatant. 650 µL of 122 

lysate was added to an MB spin column, the column was centrifuged at 15,000 x 123 

g, and the flow-through was discarded. This step was repeated until all the lysate 124 

Page 6 of 35Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

6/
20

26
 8

:4
7:

21
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5FO05039A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo05039a


had been applied to the column. The column was placed into a new collection tube, 125 

and 500 µL of solution EA was added, followed by centrifugation. The flow-through 126 

was discarded, 500 µL of C5 solution was added, and the column was centrifuged 127 

again. After that, the column was placed into a new collection tube and centrifuged 128 

for 2 min. Then, the column was placed into a 1.5 mL elution tube, and 100 µL of 129 

solution C6 was added to the center of the filter membrane. After centrifugation for 130 

1 min, the eluted DNA was ready for downstream processing. The DNA quantity 131 

and quality were measured using the DeNovixⓇ DS-11 FX + 132 

Spectrophotometer/Fluorometer (DeNovix Inc.). Extracted DNA was stored at -133 

20°C.  134 

 135 

Library Preparation and Sequencing Methods 136 

Sequencing was done by CosmosID (CosmosID Inc.). DNA libraries were 137 

prepared using the Watchmaker DNA Library Prep Kit (7K0019-1K) and 138 

compatible Twist Universal Adapter System. Genomic DNA was fragmented using 139 

a mastermix of Watchmaker Frag/AT Buffer and Frag/AT Enzyme Mix. Twist 140 

Universal Adapters (10X) and Twist HT Unique Dual Indexes (2X) were added to 141 

each sample, followed by 7 cycles of PCR to construct the DNA libraries. The final 142 

DNA libraries were purified using AMPure magnetic 143 

beads (Beckman Coulter) and eluted in nuclease-free water. Following elution, the 144 

libraries were quantified using the Qubit™ fluorometer dsDNA HS Assay Kit. 145 

Libraries were then circularized using the Element Adept library compatibility 146 

workflow and sequenced on the Element AVITI platform using the AVITI 2x150 147 

Cloudbreak sequencing kit. 148 

 149 

Post sequencing data analysis 150 

We analyzed the quality of the sequencing reads using FastQC version 0.12.121, 151 

and determined the base quality scores, GC content, and adapter contamination. 152 

We then merged forward and reverse reads using the reformat.sh function in 153 

BBTools version 39.01 using the default overlap and mismatch parameters.22 154 

Adapters and low-quality sequences were trimmed, and contaminant phiX174 155 
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sequences were removed using Trim Galore version 0.6.10.23 We used phyloflash 156 

version 3.4.2 to map reads to 16S rRNA gene sequences and determine which 157 

taxa were present in the samples.24 158 

 159 

Sample preparation and protein extraction 160 

We lyophilized all liquid food samples, including cow milk, soy sauce, and kefir, to 161 

concentrate them. We weighed 150 mg of wet sample (such as yogurt) and 100 162 

mg of dry sample (such as bread) into 2 mL Lysing Matrix E (MP Biomedicals™) 163 

tubes and added 1 mL of SDS-lysis buffer (5% w/v) in 50 mM TEAB, pH 7.5. We 164 

lysed samples using a BEAD RUPTOR ELITE (OMNI INTERNATIONAL) at the 165 

following settings: 6.45 m/s, 00:45 min run, 01:00 min dwell, 5 cycles. 166 

Subsequently, the samples were heated for 10 min at 95°C and then centrifuged 167 

for 5 min at 21,000 x g, and the supernatant was retained.  168 

 169 

To extract proteins and prepare peptides, we followed the Suspension Trapping 170 

(S-Trap) sample preparation method for bottom-up proteomics analysis.25 We 171 

mixed 6.4 µL of 500 mM DTT with the entire lysate and incubated for 10 min at 172 

95°C. Then, we added 12.7 µL of 500mM IAA solution and incubated in a 173 

centrifuge tube shaker at room temperature (RT) and 600 rpm for 1 min. The 174 

lysates were then further incubated in the dark for 30 min. After the incubation, 16 175 

µL of 12%-phosphoric acid solution and 6 times the sample volume of 176 

binding/wash buffer (100mM TEAB in 90% MetOH) was added.  177 

 178 

For the next steps, the flow-through was discarded after every centrifugation step. 179 

1200 µL of sample was loaded on the S-TRAP-mini-80 column (PROTIFITM) and 180 

centrifuged at 4,000 x g for 30 sec. The column was washed with 400 µL of 181 

wash/binding buffer and centrifuged at 4,000 x g for 30 sec. This step was repeated 182 

3 times in total. Without adding more buffer, the column was centrifuged one more 183 

time at 4,000 x g for 30 sec. The column was then placed in a new 2 mL sample 184 

tube, and proteins were digested by adding 0.8 µg MS-grade trypsin (Thermo 185 

Scientific PierceTM, Rockford, IL, USA), solubilized in 40 µL digestion/elution buffer 186 
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1 (50 mM TEAB in HPLC water) to the column, and incubating it overnight at 37°C 187 

in a wet chamber. The next day, peptides were eluted off the column by first adding 188 

80 µL of elution buffer 1 to the column, incubating for 10 min at 37°C, and 189 

centrifuging at 4,000 x g for 1 min. Then 80 µL of elution buffer 2 (0.2% formic acid 190 

in HPLC water) was added and centrifuged at 4,000 x g for 1 min. Finally,  80 µL 191 

of elution buffer 3 (50% acetonitrile and 0.2% formic acid in HPLC water) was 192 

added and centrifuged at 4,000 x g for 1 min. Acetonitrile from eluted peptides was 193 

removed using a vacuum centrifuge, and the peptides were resuspended in ~ 30 194 

µL elution buffer 2. Peptide concentrations were determined using the Micro 195 

BCATM Protein Assay Kit (Thermo Scientific) according to the manufacturer's 196 

instructions.  197 

 198 

LC-MS/MS analysis 199 

We analyzed peptides from food samples using 1D-LC-MS/MS as previously 200 

described.26,27 We loaded 1 μg of peptides onto a 5 mm, 300 μm ID C18 556 201 

Acclaim® PepMap100 pre-column (Thermo Fisher Scientific) with loading solvent 202 

A (2% acetonitrile, 0.05% TFA) using an UltiMate™ 3000 RSLCnano Liquid 203 

Chromatograph (Thermo 558 Fisher Scientific). An EASY-Spray analytical column 204 

heated to 60°C (PepMap RSLC C18, 2 μm material, 75 cm × 75 μm, Thermo Fisher 205 

Scientific) was used to separate the peptides. A 140 min gradient at a flow rate of 206 

300 nl/min was used for peptide separation of which the first 102 minutes of the 207 

gradient went from 95% eluent A (0.1% formic acid) to 31% eluent B (0.1% formic 208 

acid, 80% acetonitrile), then 18 min from 31 to 50% B, and 20 min at 99% B. One 209 

to two 100% acetonitrile wash runs were performed between each sample to 210 

minimize carryover. The eluted peptides were ionized using an Easy-Spray source 211 

and analyzed in an Exploris 480 hybrid quadrupole-Orbitrap mass spectrometer 212 

(Thermo Fisher Scientific) with the following parameters: m/z 445.12003 lock 213 

mass, normalized collision energy 24, 25 s dynamic exclusion, and exclusion of 214 

ions of +1 charge state. Full MS scans were acquired for 380 to 1600 m/z at a 215 

resolution of 60,000 and a maximum IT time of 200 ms.  Data-dependent MS2 was 216 
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performed for the 15 most abundant ions at a resolution of 15,00 and maximum IT 217 

of 100 ms.  218 

 219 

Database construction and protein identification  220 

For each of the fermented foods, we constructed non-redundant protein sequence 221 

databases following the previously described principles.28 These databases 222 

comprised annotated protein sequences from the Proteomes section of UniProt 223 

corresponding to the bacterial and eukaryotic ingredients present in each food 224 

source. The database for each food source is unique, and the species to include 225 

in the database were selected based on the current literature, the ingredients list 226 

of the food, and our taxonomic analysis of the metagenomic data. The database 227 

composition for each food source is detailed in Supplemental Table 2. In order to 228 

remove redundant sequences, the protein sequences of each strain/species were 229 

clustered using cd-hit (Version 4.7) with an identity threshold of 95%.29  230 

 231 

We searched the MS2 spectra against the respective food-source-specific 232 

database using the PEAKS® X + software and quantified proteins using area under 233 

the curve30–32 with the following settings: Precursor correction: Min charge=1, Max 234 

charge=10; Precursor mass error tolerance=10 ppm using monoisotopic mass; 235 

Fragment ion error tolerance=0.05 Da; Enzyme=trypsin, semispecific; maximum 236 

missed cleavages=2; Maximum allowed variable PTMs per peptide=3, including 237 

Carbamidomethylation, Oxidation (M) and Deamidation (NQ). Advanced options: 238 

DeNovo Sequencing, FDR decoy-fusion, Identification of unspecified PTMs with 239 

PEAKS PTM, and Identification of more mutations with PEAKS SPIDER. For the 240 

downstream analysis, protein tables were filtered for an FDR of 5%, Proteins -241 

10lgP ≥ 15, and ≥ 2 unique peptides without significant peptides, and a DeNovo 242 

only score of 50% was used. The raw data are provided in Supplemental Table 4. 243 

 244 

Data processing, statistical analysis, and data visualization  245 

We used total sum scaling to (1) normalize the relative abundances of proteins 246 

within each sample33 and to (2) normalize at the organism level to estimate the 247 
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relative abundances of proteins within each organism in a sample. We calculated 248 

the abundance of each microbial species using its proteinaceous biomass.34 We 249 

did this by summing up the peptide spectra of all proteins with at least 2 protein 250 

unique peptides assigned to each given species. GraphPad Prism (Version 251 

10.2.3), Microsoft Excel, and ggplot235 in R (version 2024.12.1)36 were used for 252 

data processing and visualization. The pheatmap package in R was used to make 253 

the heatmap.37  254 
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Results 255 

 256 

Microbial proteins comprise a substantial portion of the total protein content 257 

in fermented foods 258 

We used metaproteomics to analyze the protein content of 17 different fermented 259 

foods and 3 non-fermented foods (Fig.1). The total number of identified proteins in 260 

each food source ranged from 680 total proteins in dairy sour cream to beyond 261 

3,000 total proteins in homemade sourdough bread (Fig.1A). The number of 262 

identified microbial proteins ranged from 119 proteins in Miso to over 1,000 263 

different proteins in Brie cheese. The relative abundance of all microbial proteins 264 

out of the total detected proteins ranged from 0.6% in cacao to more than 11% in 265 

plain yeast bread (Fig. 1B).  266 

 267 

The number of microbial proteins identified in a fermented food depends on at least 268 

two factors. First, the overall abundance of microbial protein in the food, because 269 

detection of proteins by metaproteomics only works if their relative abundance in 270 

the sample is above the detection limit. If the fermenting microorganisms did not 271 

grow to an abundance where they make up a relevant amount of the protein in the 272 

food, their proteins are hard to detect. Hence, the measured relative abundance of 273 

detected proteins is directly related to the abundance of a microbial species in the 274 

food. Second, the number of different microbial taxa present in the food, because 275 

each taxon contributes additional differentiable proteins to the food. This means 276 

that if the fermenting microbial community has more microbial taxa, more microbial 277 

proteins may be detected. Some fermented foods, such as soy sauce and cocoa, 278 

had little to no microbial proteins detected, likely due to a low abundance of 279 

microorganisms and thus microbial proteins in these food types. 280 

 281 

The proportion and diversity of microbial proteins were much higher than the food 282 

substrate proteins in 5 out of the 16 fermented foods analyzed. In Brie cheese, for 283 

example, out of the 1,573 different proteins present, 1,023 of these (65%) were 284 

microbial proteins. This pattern was observed in almost all dairy products, 285 
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especially in dairy yogurt, dairy sour cream, and dairy cottage cheese, with the 286 

exception of kefir, in which microbial proteins only made up 23-27% of the total 287 

number of proteins. In plant-based dairy alternative fermented foods, the number 288 

of microbial proteins ranged from 16% of all proteins in plant-based sour cream to 289 

43% in plant-based yogurt. In the bread samples, microbial proteins contributed 290 

17-19% to the overall protein number. The proportion of microbial proteins by 291 

number was lower in miso (9%) and fermented cabbage (2%). In contrast, 32-57% 292 

of the overall number of proteins in tempeh and soy sauce were of microbial origin.  293 

 294 

Looking at total protein biomass regardless of protein identity, the percentage of 295 

each sample that could be attributed to microbial protein biomass varied between 296 

different fermented foods, with 0.5-2.5% in dairy products, 0.8-2% in plant-based 297 

dairy alternatives, 0.5-1.2% in soy based products, 5% in cabbage, and 5-11% in 298 

bread products. These results show that microbial proteins contribute a large 299 

proportion of the protein, by both number of different proteins and abundance 300 

relative to non-microbial proteins, to the overall protein content of fermented foods. 301 

  302 
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 303 
Figure 1. Microbial proteins contribute a large amount of dietary protein to 304 

fermented foods. A. Contribution of the different identified microbial proteins to the 305 

overall number of identified proteins (mean and standard deviation are shown; 3 306 

technical replicates were analyzed). The percentage above each food source indicates 307 

the proportion of identified microbial proteins relative to the total number of proteins 308 

detected. B. Relative abundance of microbial and non-microbial (food substrate) protein 309 

in different fermented food sources (n=3). Cow milk, Wheat Flour, and Tofu served as 310 

Page 14 of 35Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/2

6/
20

26
 8

:4
7:

21
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5FO05039A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo05039a


unfermented negative controls. Peptides were identified using the PEAKS software, 311 

allowing for semi-tryptic peptides. Relative proteinaceous biomass was determined as 312 

described in Kleiner et al. (2017) for each sample, and the results were averaged by 313 

food.34  314 

 315 

Fermented foods harbor distinct, food-specific microbial communities 316 

As expected, microbial community composition differed strongly between dairy 317 

and plant-based fermented foods, as well as between different dairy products such 318 

as yogurt and cheese (Fig. 2). Among all the fermented foods analyzed, brie 319 

cheese and kefir had the highest number of microbial species, while plain yeast 320 

bread and soy sauce had the lowest. While both dairy and plant yogurts contained 321 

Streptococcus thermophilus, Lacticaseibacillus paracasei, Lactobacillus 322 

delbrueckii ssp. bulgaricus and Lactobacillus acidophilus, only dairy yogurt 323 

contained Bifidobacterium animalis, and only plant yogurt contained 324 

Lacticaseibacillus rhamnosus. Dairy and plant sour creams had distinct microbial 325 

compositions, and dairy sour cream clustered with dairy cottage cheese, while 326 

plant sour cream clustered with plant and dairy yogurts. Dairy sour cream 327 

contained Lactococcus lactis strains and Leuconostoc mesenteroides, while plant 328 

sour cream contained L. acidophilus, L. delbrueckii, and S. thermophilus. 329 

 330 

Although both dairy-based fermented foods and their plant alternatives mainly 331 

contained Bacillota species, the specific taxa differed. Brie cheese and kefir had 332 

the greatest diversity of microbes compared to other dairy fermented foods and 333 

contained both bacterial and fungal phyla. Bacterial taxa in brie cheese included 334 

the Bacillota species L. lactis ssp. lactis, L. lactis ssp. cremoris, and S. 335 

thermophilus, as well as Actinobacteria species Brevibacterium linens. Fungal taxa 336 

in brie cheese included Ascomycota species Kluyveromyces lactis, Debaryomyces 337 

hansenii, Penicillium camemberti, and Geotrichum candidum. 338 

 339 

Kefir, a fermented milk product, contained the fungal species Candida glabrata, 340 

Kluyveromyces marxianus, K. lactis, and Saccharomyces cerevisiae as well as the 341 
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bacterial species L. acidophilus, Lactobacillus johnsonii, Lactobacillus helveticus, 342 

Lentilactobacillus buchneri, L. mesenteroides, L. delbrueckii, and L. lactis. Kefir 343 

fermented for 2 days, compared to 1 day of fermentation, had a higher abundance 344 

of L. johnsonii and L. helveticus and a lower abundance of C. glabrata. Legume 345 

(soy) based fermented foods like tempeh, soy, and miso were dominated by fungal 346 

species, including Rhizopus oligosporus in tempeh, Zygosaccharomyces rouxii in 347 

miso, and Aspergillus oryzae in both miso and soy sauce. Tempeh also contained 348 

the bacterial species Enterococcus faecium and Brevibacillus brevis. 349 

 350 

Fermented cereal-based foods, including plain yeast bread and sourdough bread, 351 

both contained S. cerevisiae. However, sourdough contained a greater diversity of 352 

both Ascomycota fungal species, including Wickerhamomyces anomalus, C. 353 

glabrata, Torulaspora delbrueckii, Kazachstania exigua, and Bacillota bacterial 354 

species, including Lactiplantibacillus plantarum, Amylolactobacillus amylophilus, 355 

Companilactobacillus paralimentarius, Fructilactobacillus sanfranciscensis, and B. 356 

brevis. Fermented cabbage or sauerkraut, another plant-fermented food, also 357 

contained fungal and bacterial species, including Candida tropicalis, 358 

Lactiplantibacillus pentosus, L. plantarum, and Levilactobacillus brevis. 359 

 360 

The overall microbial community composition was substrate-specific, with both 361 

dairy and plant-fermented foods dominated by Bacillota and Ascomycota species. 362 

L. delbrueckii ssp. bulgaricus, L. lactis, and L. acidophilus were specific to mainly 363 

dairy fermented products, and Lactiplantibacillus species were associated with 364 

plant substrates containing complex carbohydrates. Fungal species were mainly 365 

associated with legume and cereal-based fermented foods. 366 
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 367 
Figure 2. Microbial community composition varies by fermented food. 368 

Heatmap with unsupervised ward.D2 clustering depicting the log2-transformed 369 

relative abundances of microbial taxa in different fermented foods measured using 370 

metaproteomics. The relative abundance for each strain was z-scored across all 371 
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food samples, which shows how much more or less abundant that strain is in a 372 

given food compared to its average abundance across all foods. Three technical 373 

replicates were measured and averaged for each food type. The underlying data 374 

are available in Supplemental Table 3. 375 

 376 

Distinct profiles of microbial and non-microbial proteins across various 377 

fermented foods 378 

 379 
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Figure 3. Distribution of microbial and non-microbial proteins in fermented 380 

foods. Stacked bar plots showing relative abundances and diversity of the 381 

microbial versus the food substrate-derived proteins, such as cow milk proteins, 382 

wheat proteins, and soy proteins, in different fermented foods. Distinct stacks 383 

highlight differences in the diversity and distribution of high-abundance proteins 384 

between microbial and food-substrate proteomes. Proteins comprising ≥1% of the 385 

proteome are shown individually, lower-abundance proteins are grouped as 386 

“Other,” and only proteins ≥3% relative abundance are labeled with the protein 387 

name for visual clarity. Abundances are an average across three replicates and 388 

microbial and non-microbial protein abundances were normalized separately to 389 

100% within each category. The underlying data are available in Supplemental 390 

Data Table 4. Abbreviated protein names are as follows: GAPDH (glyceraldehyde-391 

3-phosphate dehydrogenase), PEPCK (phosphoenolpyruvate carboxykinase), 392 

PDC1 (pyruvate decarboxylase 1), and FBA (fructose-1,6-bisphosphate aldolase). 393 

The underlying data are available in Supplemental Table 4. 394 

 395 

 396 

We quantified the relative abundances of microbial and food substrate derived 397 

non-microbial proteins across 14 dairy, plant, grain, and legume based fermented 398 

foods, as well as their unfermented food substrates (Figure 3). In most of the 399 

fermented food samples, the diversity of microbial proteins was greater than that 400 

of non-microbial food substrate dietary proteins. Comparison with the unfermented 401 

food counterparts revealed that microbial fermentation significantly alters the 402 

protein composition of these foods.  403 

 404 

In unfermented dairy milk alpha-S2-casein, alpha-S1-casein, and alpha-405 

lactalbumin were the most abundant non-microbial proteins. In fermented dairy 406 

products such as yogurt and cottage cheese, alpha-S1-casein, alpha-S2-casein, 407 

kappa casein, and alpha lactalbumin were the most abundant cow-derived 408 

proteins, while beta-casein and beta lactalbumin were higher in abundance in kefir 409 
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and sour cream. Brie cheese had a high abundance of alpha-S2-casein and kappa 410 

casein.  411 

 412 

Microbial proteins in dairy fermented foods varied by product type. Yogurt had a 413 

high abundance of chaperone proteins, glyceraldehyde-3-phosphate 414 

dehydrogenase (GAPDH), and enolase. Cottage cheese and sour cream had a 415 

high abundance of elongation factor Tu, DNA-binding protein HU, enolases and 416 

tagatose-1,6-diphosphate aldolase. Kefir had a high abundance of GAPDH, 417 

elongation factor Tu, and enolase. Brie cheese had a high abundance of mainly 418 

fungal proteins, including peptide hydrolase and dipeptidyl-peptidase V.  419 

 420 

Plant-based alternatives to dairy fermented foods had distinct profiles of non-421 

microbial food substrate proteins compared to their dairy counterparts, including 422 

high abundance of cocosin 1, vicillin-like antimicrobial peptides, glutelin type A1, 423 

and cupin domain containing protein. However, the microbial proteins, including 424 

GAPDH, enolase, DNA-binding proteins, chaperones, and elongation factor Tu 425 

were the most abundant microbial proteins in plant-based and dairy yogurts and 426 

sour creams.  427 

 428 

Unfermented wheat had a high abundance of seed storage proteins ( e.g., 7.14% 429 

abundance of plant lipid transfer/seed storage protein), glutenin (10% summed 430 

abundance of all subunits), and a variety of amylase and trypsin inhibitors (>20% 431 

summed relative abundance), whereas its fermented counterparts, such as yeast 432 

bread and sourdough, maintained a high abundance of seed storage proteins 433 

(14% abundance of plant lipid transfer/seed storage protein) but had a lower 434 

abundance of amylase and trypsin inhibitors (~14% summed relative abundance). 435 

Grain-based fermented foods, plain yeast bread, and sourdough had different 436 

microbial protein profiles reflective of differences in their microbial community and 437 

diversity (Figure 2). While both breads had abundant yeast-derived proteins with 438 

high abundance of GAPDH and enolase, sourdough had a much higher diversity 439 

of low-abundance bacterial proteins. 440 
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 441 

Similarly, unfermented soy-based tofu had a high abundance of seed storage 442 

proteins, including glycinin and beta-conglycinin, while fermented soy based 443 

products, including tempeh and miso, had reduced abundance of these seed 444 

storage proteins and increased abundances of protease inhibitors, including the 445 

kunitz trypsin inhibitor and the BBI serine inhibitor (Supplemental Data Table 4). In 446 

terms of microbial proteins, soy-based fermented food products had a high 447 

abundance of microbial carbohydrate degradation enzymes and proteases. 448 

Tempeh had a high abundance of microbial phosphoenolpyruvate carboxykinase 449 

(PEPCK), elongation factor 1-A, ATP synthase, and malate dehydrogenase. Miso 450 

had a high abundance of microbial glucan-1,4-alpha-glucosidase, alpha amylase, 451 

aspergillopepsin-1, and neutral protease 2.  452 

 453 

Overall, these results indicate significant shifts in protein composition between 454 

fermented foods and their unfermented counterparts. Unfermented food substrate 455 

proteins, such as caseins, glutelins, vicilins, and glycinin, are reduced in relative 456 

abundance as they are degraded by microbes and used to produce new microbial 457 

proteins. 458 

 459 

Discussion 460 

 461 

While it is known that fermented foods positively impact health outcomes, the 462 

underlying factors driving these effects are not well characterized.38–40 Thus, it is 463 

crucial to characterize the distinct microbial and non-microbial components of 464 

fermented foods to better understand how they might interact with the host and the 465 

gut microbiota upon consumption. While many different fermented foods and 466 

beverages from all over the world have been investigated using different -omics 467 

approaches, including metagenomics, metatranscriptomics, and metabolomics, 468 

the metaproteomic approach remains underutilized despite the fact that proteins 469 

are key nutritional and functional components of these foods.41–43  470 

 471 
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In this study, we used metaproteomics to study fermented foods on the protein 472 

level, infer specific microbial and non-microbial proteins, and characterize their 473 

functional profiles. Our metaproteomics results show that microbial proteins 474 

comprise a substantial proportion of total protein content in fermented foods. This 475 

shows that microorganisms not only contribute to the fermentation process itself 476 

but also to the overall nutritional profile of fermented food through the conversion 477 

of substrate protein into microbial protein. These results offer avenues for 478 

investigation beyond the known probiotic effects of fermented foods, as the 479 

microbial proteins consumed as part of these foods may have direct nutritional and 480 

immune-modulatory effects. The large microbial protein diversity present in these 481 

foods also translates to a broader functional potential, including carbohydrate-482 

degrading enzymes, proteases, bioactive peptides and other compounds that can 483 

influence the host's digestion and interact with the gut microbiota in the colon.44,45 484 

 485 

As expected, the most abundant microbial proteins found in fermented foods were 486 

associated with central metabolism and core physiological functions; these 487 

proteins included glycolysis proteins, translation factors, chaperones, 488 

carbohydrate degrading enzymes, and proteases.41,42 In dairy fermented foods, 489 

which are dominated by bacteria, microbial proteins involved in protein 490 

biosynthesis, carbohydrate metabolism, and energy production were most 491 

abundant. In contrast, in plant-based fermented foods that were mostly fermented 492 

by fungi, such as miso, soy sauce, and tempeh, carbohydrate-degrading enzymes 493 

(CAZymes) and proteases were more abundant.46  494 

 495 

The presence of microbial enzymes such as CAZymes and proteases is 496 

noteworthy as it points to substrate-specific adaptations that can impact gut health. 497 

CAZymes are crucial for the breakdown of carbohydrates and can support the 498 

breakdown of dietary fiber, increasing the accessibility of fermentable 499 

carbohydrates to the gut microbiota.47–49 This indicates that fungi found in 500 

fermented foods, such as A. oryzae (soy sauce and miso) and R. oligosporus 501 

(tempeh), may play a role in carbohydrate accessibility to other microbes in the 502 
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gut, potentially promoting short-chain fatty acid (SCFA) production, gut barrier 503 

integrity, and anti-inflammatory effects. Microbial proteases, found in brie cheese, 504 

soy sauce, miso, and tempeh, can act on substrates such as soy proteins to 505 

generate bioactive peptides that can affect health, including impacting 506 

angiotensin‐converting enzyme (ACE) activity, nutrient processing a nd 507 

absorption, and modulating immune and gut barrier responses.50–52 Hence, 508 

microbial proteins in fermented foods can contribute functional molecules that, 509 

beyond basic nutrition, can interact with the gut microbiota and impact host 510 

physiology. While our results did not focus on profiling the functional activity of 511 

these health-relevant microbial proteins, future studies should investigate their 512 

activities and how they might interact with the host and other gut microbes. 513 

 514 

In addition to increasing microbial protein biomass in fermented foods, microbial 515 

fermentation also altered the nutritional landscape of foods by modifying the 516 

abundance of functional and health-relevant food substrate proteins through 517 

metabolic conversion. These changes include degrading and altering the 518 

abundances of anti-nutritional protease inhibitors, such as alpha-amylase/trypsin 519 

inhibitors in wheat, Kunitz trypsin and BBI inhibitors in soy, as well as of potential 520 

food allergens and immunogenic proteins, including glutelin, vicillin, and casein 521 

proteins.8,53,54 These findings have important implications in the context of previous 522 

studies showing that the detection and in vitro IgE reactivity of known food 523 

allergens is altered post microbial fermentation and highlight the potential for 524 

engineering the fermentation process to enhance microbial proteolytic activity 525 

against anti-nutritional factors or allergenic food proteins.53–55  526 

 527 

Furthermore, the observation that different food types are dominated by different 528 

microbial taxa suggests that fermented foods carry a substrate-specific core 529 

functional microbiome. The identified taxa in the dairy products and plant-based 530 

products in this study aligned with findings of previous studies that used DNA-531 

based approaches to profile microbes. Dairy fermented foods such as brie, kefir, 532 

and yogurt contained bacterial species including Lactococcus lactis, 533 
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Streptococcus thermophilus, Lacticaseibacillus paracasei, and Lactobacillus 534 

delbrueckii, often alongside fungi like Kluyveromyces lactis and Candida glabrata, 535 

while plant-based fermented foods such as tempeh, miso, soy sauce, sourdough, 536 

and sauerkraut were enriched in Lactiplantibacillus species adapted to complex 537 

carbohydrate substrates and fungi like Rhizopus oligosporus, Aspergillus oryzae, 538 

and Zygosaccharomyces rouxii.56,57 539 

 540 

The sourdough microbiome has been extensively studied, revealing that 541 

sourdough contains a large diversity of microorganisms, especially yeasts.58–60 We 542 

included the strains identified in those previous studies in the protein database for 543 

this study, and our results based on proteinaceous biomass differed slightly. We 544 

found that S. cerevisiae was the dominant fungus, followed by C. glabrata, K. 545 

exigua, T. delbrueckii, and W. anomalus, in line with previous studies.61–63 546 

However, the most abundant lactobacillus bacteria in our sourdough were L. 547 

plantarum (9.7%), followed by F. sanfranciscensis (1.7%), while other studies have 548 

reported the reverse trend in the abundance patterns of these two bacteria using 549 

a 16S rRNA gene and ITS amplicon sequencing approach.58 This difference 550 

between our results and prior studies is likely due to the fact that metaproteomics 551 

measures the proteinaceous mass contribution of a species to a community, while 552 

DNA sequencing-based approaches provide insights into gene copy numbers 553 

contributed by species. This suggests that using proteinaceous biomass instead 554 

of DNA-based measures may be more representative of the quantitative profile of 555 

the microbial community in fermented foods, as well as its contribution to the 556 

nutritional and functional profile of the food.34  557 

 558 

A limitation of this study is that fermented foods, especially the homemade kind, 559 

can lack a standardized manufacturing process, which can introduce variability 560 

based on ingredients, microbial inocula, and fermentation conditions used. This 561 

inherent variability, in addition to the fact that we only used one product or 562 

homemade batch per fermented food type, limits our ability to make generalizing 563 

statements about the microbial community composition in specific fermented 564 
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foods. However, we do think that the trends we found when comparing microbial 565 

community composition across different fermented foods provide qualitative 566 

insights into overall differences in microbial community composition between 567 

fermented food types. Future studies could investigate variability in the microbial 568 

proteome of specific fermented food types using multiple products or homemade 569 

batches of the same fermented food type. 570 

Overall, this study underscores the importance of considering microbial proteins 571 

as a key component of the nutritional and functional value of fermented foods. 572 

While the direct effects of some fungal and bacterial proteins and enzymes on 573 

human health remain speculative due to digestive degradation, their influence on 574 

the immunogenicity or functionality of other proteins warrants further investigation 575 

beyond the scope of this study. Our use of metaproteomics has laid the 576 

groundwork for such future research into the potential health-promoting effects of 577 

microbial proteins in fermented food products. 578 

 579 

Data availability 580 

 581 

The mass spectrometry proteomics data have been deposited to the 582 

ProteomeXchange Consortium via the PRIDE partner repository with the dataset 583 

identifier PXD070912 [reviewer username: reviewer_pxd070912@ebi.ac.uk; 584 

reviewer password: bwdXYjWqNeTb].64 The metagenomic raw reads were 585 

submitted to NCBI SRA under the bioproject identifier PRJNA1365831. 586 

 587 

Supplementary materials 588 

 589 
Supplemental Table 1: Table containing details of each of the commercially 590 

obtained fermented foods, including source, label specified food substrate and 591 

microbes. 592 
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Supplemental Table 2: Table listing each of the microbial and non-microbial 593 

species used to construct the protein database that was used in the proteomics 594 

analysis. 595 

Supplemental Table 3: Table containing the relative abundance of the proteomic 596 

biomass of each microbial species in the fermented foods analyzed. 597 

Supplemental Table 4: Table containing the raw protein abundances identified in 598 

each of the three replicates of the fermented foods analyzed in the proteomic 599 

analysis. 600 
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Data availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 
Consortium via the PRIDE partner repository with the dataset identifier PXD070912 
[reviewer username: reviewer_pxd070912@ebi.ac.uk; reviewer password: 
bwdXYjWqNeTb].61 The metagenomic raw reads were submitted to NCBI SRA under 
the bioproject identifier PRJNA1365831.

Supplementary materials

Supplemental Table 1: Table containing details of each of the commercially obtained 
fermented foods, including source, label specified food substrate and microbes.
Supplemental Table 2: Table listing each of the microbial and non-microbial species 
used to construct the protein database that was used in the proteomics analysis.
Supplemental Table 3: Table containing the relative abundance of the proteomic 
biomass of each microbial species in the fermented foods analyzed.
Supplemental Table 4: Table containing the raw protein abundances identified in each 
of the three replicates of the fermented foods analyzed in the proteomic analysis.
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