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Abstract

Malodorous gases such as ammonia (NH3) and hydrogen sulfide (H2S) emitted from pig
intestines and excrement have become critical environmental bottlenecks restricting the
green transformation of the swine industry. Therefore, identifying sustainable protein feed
alternatives with odor-reducing potential has become increasingly important. This study
evaluated the effects of replacing soybean meal with four distiller’s grains-derived protein
raw materials (DGPRMs), including Baijiu DDGS, Sorghum DDGS, Corn DDGS, and Cas-
sava DDGS, using an in vitro fermentation system simulating the intestinal environment of
six fattening pigs. After 24 h of fermentation, odor-related gas production, short-chain fatty
acid (SCFA) concentrations, and microbial community composition were analyzed to assess
the odor-mitigation potential of these alternative protein sources. Results demonstrated
that Baijiu distiller’s grains, sorghum distiller’s grains, and corn distiller’s grains signifi-
cantly reduced the yields of NH3 and H2S under the in vitro fermentation system (p < 0.05).
Meanwhile, they reshaped the intestinal microbial community structure by inhibiting the
growth and reproduction of odor-producing genera (e.g., Ligilactobacillus) and promoting
the enrichment of beneficial genera (e.g., Limosilactobacillus) that were significantly neg-
atively correlated with malodor indicators. Notably, among all tested DGPRMs, Baijiu
DDGS exhibited the strongest odor-reducing effect, markedly decreasing NH3, H2S, and
volatile sulfur compounds while enriching beneficial bacterial taxa associated with reduced
odor generation. These findings suggest that selected DGPRMs, particularly Baijiu DDGS,
may serve as promising alternative protein ingredients for mitigating odor emissions in
pig production systems.

Keywords: distiller’s grains; malodor reduction; fattening pig; intestinal microbiota

1. Introduction
Global swine production is crucial for ensuring meat supply and supporting agri-

cultural economic development, but intensive pig farming is frequently accompanied by
severe malodorous gas emissions, which have become a critical environmental constraint
limiting the sustainable development of the industry [1]. These malodorous pollutants are
primarily derived from the microbial fermentation of dietary proteins and sulfur-containing
amino acids in the pig intestinal tract, leading to the release of toxic and harmful volatile
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compounds such as hydrogen sulfide (H2S), ammonia (NH3), and methanethiol. Beyond
deteriorating the surrounding ecological environment, these gases can impair animal health
and production performance, and also pose potential risks to the occupational health of
breeding workers [2]. Notably, sulfides from sulfur-containing amino acid degradation and
amines from protein putrefaction are the major contributors to malodorous pollution, and
their emission intensity is closely associated with the nutritional composition of the diet [3].
Soybean meal (SBM) has long been the dominant high-quality protein source in fattening
pig diets due to its high crude protein content and balanced amino acid profile. However,
the high solubility of proteins in SBM makes them vulnerable to microbial degradation
in the intestinal tract, resulting in the excessive production of malodorous precursors and
subsequent exacerbation of odor emissions [3]. Additionally, the global shortage of protein
feed resources, coupled with the high dependence on imported soybean meal in many
regions, leads to frequent price fluctuations and increased breeding costs. Thus, the devel-
opment of unconventional protein sources as alternatives to soybean meal has become an
inevitable trend in the swine industry [4]. Distiller’s grains-based protein raw materials
(DGPRMs), such as Corn distillers dried grains with solubles (DDGS), Baijiu distiller’s
grains, and Cassava DDGS, are abundant by-products of cereal fermentation for alcohol
and liquor production. After drying and processing, DGPRMs retain considerable amounts
of crude protein, dietary fiber, and bioactive substances, and possess the advantages of wide
availability and low cost, making them promising alternatives to soybean meal in swine
feed formulation [5]. The differences in crude protein and other nutritional components
among these DGPRMs lead to variations in feed formulation when meeting nutritional
requirements, resulting in differences in the nutritional composition, odor emissions, and
microbial communities of the final feed. Previous studies have demonstrated that dietary
fiber from distiller’s grains can modulate the intestinal microbial community structure,
inhibit excessive protein fermentation, and thereby reduce malodorous gas emissions. This
not only achieves the high-value utilization of agricultural by-products but also aligns with
the concept of green and low-carbon farming.

The intestinal microbial community serves as a key driver regulating dietary nutrient
metabolism and malodorous gas production, and its diversity and composition directly
affect the production efficiency of metabolites such as short-chain fatty acids (SCFAs) and
malodorous compounds [3]. For instance, Lactobacillus can promote nutrient digestion
and absorption while reducing the accumulation of putrefactive metabolites, whereas
Megasphaera is closely associated with the production of sulfur-containing malodorous
gases [6]. Despite the growing interest in DGPRMs as soybean meal alternatives, most
existing studies have focused on growth performance and single odorant reduction. Li et al.
found that adding 2–4% of Mao-tai distillers’ grains to the basal diet improved amino acid
metabolism and reduced the abundance of sulfate-reducing bacteria producing hydrogen
sulfide in the gut, without affecting growth performance in weaned piglets [7]. However,
systematic investigations remain limited, with limited systematic investigations into the
nutritional differences among DGPRMs from different sources, their in vitro fermentation
odor-emission characteristics, and the underlying regulatory mechanisms linking microbial
community shifts to metabolic changes. Furthermore, the suitability and feasibility of
different DGPRMs as soybean meal substitutes remain unclear.

To address these research gaps, the present study selected soybean meal and four
DGPRMs from different sources (Cassava DDGS, Baijiu DDGS, Corn DDGS, and Sorghum
DDGS). The nutritional profiles (conventional nutrients and amino acids) of these raw
materials were first determined. Subsequently, an in vitro fermentation model simulating
the intestinal environment of six fattening pigs was established to compare the differences
in malodorous gas and SCFA production among groups. Additionally, 16S rRNA gene
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sequencing was employed to characterize the microbial community structure, and the
correlations between microbial taxa and metabolites were analyzed. The objectives of this
study were to clarify the feasibility of DGPRMs as soybean meal alternatives, screen the
optimal substitute, and provide theoretical and technical support for the source reduction in
malodorous emissions in the intestinal environment, efficient utilization of unconventional
protein resources, and the construction of green swine production systems.

2. Materials and Methods
2.1. Experimental Raw Materials

The feed raw materials used in this experiment were all purchased from feed enter-
prises, including Soybean meal (SBM) which was purchased from Zhejiang Kesheng Feed
Co., Ltd. (Hangzhou, China); Cassava distillers dried grains with solubles (Cassava DDGS)
was obtained from Zhejiang Jindi Agricultural Technology Co., Ltd. (Jinhua, China); Baijiu
distillers dried grains with solubles (Baijiu DDGS) was purchased from Qinglian Food Co.,
Ltd. (Jiaxing, China); Corn distillers dried grains with solubles (Corn DDGS) and Sorghum
distillers dried grains with solubles (Sorghum DDGS) were supplied by Zhejiang Xinxin
Feed Co., Ltd. (Shaoxing, China). Before preparing the fermentation medium, all feed
materials were dried, ground, and passed through a 30-mesh sieve.

All chemical reagents used in the experiment were provided by Shanghai Sangon
Biotech Co., Ltd. (Shanghai, China), including sodium chloride (purity ≥ 99.5%), calcium
chloride hexahydrate (purity ≥ 99.0%), magnesium sulfate heptahydrate (purity ≥ 99.0%),
dipotassium hydrogen phosphate (purity ≥ 99.0%), potassium dihydrogen phosphate
(purity ≥ 99.0%), ready-to-use phosphate-buffered saline (PBS) tablets, metaphosphoric
acid, and crotonic acid.

2.2. Nutritional Composition Analysis of Substrates

Prior to in vitro fermentation, the chemical composition of soybean meal (SBM) and the
four distiller’s grains-derived protein raw materials (DGPRMs), including Cassava DDGS,
Baijiu DDGS, Corn DDGS, and Sorghum DDGS, was determined. Moisture, dry matter
(DM), crude protein (CP), crude fat (EE), crude fiber (CF), ash, calcium (Ca), phosphorus (P),
and amino acid profiles were analyzed according to standard procedures. The nutritional
composition of the substrates is presented in Table 1.

Table 1. Chemical composition of soybean meal and DGPRMs (% DM basis).

Item SBM Sorghum DDGS Corn DDGS Baijiu DDGS Cassava DDGS

Moisture (%) 11.53 9.51 7.16 11.44 6.40
Dry matter (%) 88.47 90.49 92.84 88.56 93.60

Crude protein (%) 43.10 22.80 27.90 22.18 11.78
Crude fat (%) 2.47 7.55 7.19 5.44 2.70

Crude fiber (%) 6.80 8.50 8.40 14.90 9.20
Ash (%) 6.00 2.80 8.20 7.50 16.90

Calcium (%) 0.29 0.08 0.76 0.31 0.93
Phosphorus (%) 0.59 0.43 0.32 0.50 0.27

Lysine (%) 2.30 0.43 0.37 0.33 0.31
Methionine (%) 0.57 0.30 0.20 0.22 0.14

Cysteine (%) 0.74 0.28 0.19 0.21 0.11
Met + Cys (%) 1.30 0.58 0.39 0.42 0.26

Tryptophan (%) 2.03 0.54 0.33 0.44 0.39

Crude protein was determined using the Kjeldahl method (AOAC 990.03), crude fat
by ether extraction (AOAC 920.39), crude fiber according to AOAC 978.10, and ash content
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by combustion in a muffle furnace (AOAC 942.05). Amino acid composition was analyzed
using an automatic amino acid analyzer after acid hydrolysis. All analyses were conducted
in triplicate.

2.3. Collection of Fecal Samples

Fecal samples in this experiment were collected from the rectums of 6 crossbred
fattening pigs (Duroc × Landrace × Yorkshire) aged 120 days in April 2025. After sampling,
the feces were immediately placed in a sterile sampling box containing oxygen-absorbing
bags and ice packs (approximately 4 ◦C) and transported to the laboratory within 4 h.
Subsequently, the oxygen-unexposed part (≥3 g) from the center of the feces was taken to
prepare the inoculum.

2.4. Pretreatment of Fecal Samples

Sterile PBS buffer was prepared by dissolving one ready-to-use PBS tablet in ultrapure
water, followed by autoclaving at 121 ◦C for 15 min (Shanghai Shen’an Medical Instrument
Factory, Shanghai, China) and cooling. Then, 3 g of fresh fecal sample and 30 mL of the
above sterile PBS buffer were added to a 50 mL sterile centrifuge tube and mixed using a
vortex oscillator. The mixture was filtered through a 200-mesh stainless steel sieve to remove
large particulate impurities, and finally, 30 mL of 10% fecal suspension inoculum stock
solution was obtained. This stock solution was further diluted to the required concentration
according to experimental needs.

2.5. Fermentation Experiment
2.5.1. Preparation of Fermentation Medium

An in vitro simulated fermentation system was adopted in this study at the lab of the
Zhejiang provincial key laboratory of agricultural microbiomics in Hangzhou city in April
2025. The flow chart of the experimental design is shown in Supplementary Figure S1.
The medium formula was based on the method described by Duncan et al. [8]. The
medium contained the following components: L-cysteine (1 g/L), heme solution (0.01 g/L),
sodium chloride (0.9 g/L), calcium chloride dihydrate (0.0604 g/L), potassium dihydrogen
phosphate (0.45 g/L), dipotassium hydrogen phosphate (0.45 g/L), and magnesium sulfate
heptahydrate (0.09 g/L) as the basic salt solution. Additionally, corn flour (3 g) and the
test feed raw materials (3 g) were added as carbon and nitrogen sources. All components
were accurately weighed, dissolved in ultrapure water, and mixed to prepare the final
fermentation medium.

The in vitro fermentation system was prepared referring to the method of Chen et al. [9].
The prepared liquid fermentation medium was heated to a continuous boil on a magnetic
heating stirrer (Hangzhou Instrument Motor Co., Ltd., Hangzhou, China) to remove gases.
Then, under continuous nitrogen flushing to maintain an anaerobic environment, the
medium was dispensed into vials using a peristaltic pump (Baoding Lange Constant Flow
Pump Co., Ltd., Baoding, China), with 4.5 mL per vial. Immediately after dispensing, the
vials were capped, sealed, and labeled. All vials were finally sterilized at 115 ◦C for 30 min,
cooled, and stored for later use.

2.5.2. Inoculation of Medium Vials and Extraction of Fermentation Broth

Inoculation and cultivation were carried out in a clean bench. Using a sterile syringe
(Changzhou Yuekang Medical Device Co., Ltd., Changzhou, China), 0.5 mL of 10% fecal
suspension inoculum from each pig was injected into 5 fermentation media with different
formulations, respectively. The inoculum from each pig corresponded to a complete series
of media, and proper labeling was done. After gentle mixing, all vials were placed in a 37 ◦C
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water-jacketed incubator for constant-temperature cultivation for 24 h. After cultivation,
the samples were stored at 4 ◦C for subsequent detection.

For analysis, a gas analyzer was first used to determine the total gas volume and
composition in the vials. Then, the vials were opened, and an appropriate amount of fer-
mentation broth was dispensed into 1.5 mL centrifuge tubes and centrifuged at 12,000 r/min
for 5 min. The obtained precipitate (bacterial cells) was used for subsequent bacterial DNA
extraction and 16S rRNA gene sequencing analysis (Shanghai Majorbio Bio-pharm Technol-
ogy Co., Ltd., Shanghai, China); the supernatant was transferred to gas chromatography
(GC) sampling vials, and the content of short-chain fatty acids (SCFAs) was analyzed using
a gas chromatograph (GC-2010Plus, Shimadzu, Kyoto, Japan).

2.6. Sample Detection
2.6.1. Analysis of Gases in Vials After Fermentation

After the fermented vials were cooled to room temperature, the concentrations of total
mixed gases (TME), carbon disulfide (CS2), dimethyl sulfide (DMS), dimethyl disulfide
(DMDS), ethylene (EB), methyl mercaptan (CH3SH), ammonia (NH3), hydrogen sulfide
(H2S), and total volatile organic compounds (TVOC) were detected using an intestinal mi-
crobial gas detector (Shenzhen Shandun Technology Co., Ltd., Shenzhen, China) according
to the method of Ye et al. Prior to each analytical run, the detector was calibrated according
to the manufacturer’s instructions. During the detection process, the inlet and outlet of the
instrument were connected to the vials using rubber hoses and syringe tips to prevent the
fermentation medium from contacting the sampling needle. The gas concentration first
increased and then decreased over time, and the maximum recorded value was used as the
gas concentration generated during fermentation. The next sample was detected when the
gas value dropped to zero. Six biological replicates were analyzed for each treatment. De-
tailed information regarding instrument validation, including detection accuracy, stability,
repeatability, and detection limits, has been reported in our previous studies [3,10,11].

2.6.2. Determination of Short-Chain Fatty Acids After Fermentation

The concentrations of acetate, propionate, butyrate, isobutyrate, valerate, and isovaler-
ate were determined according to the method of Pi et al. [12]. Crotonic acid was used as
the internal standard for quantification. Standard curves were established using a series of
gradient concentrations of SCFA standards prepared in a crotonic acid/metaphosphoric
acid solution. Three replicates were analyzed for each concentration level.

After thawing at 4 ◦C, 500 µL of fermentation broth was mixed with 100 µL of crotonic
acid/metaphosphoric acid solution, vortexed, and acidified at −40 ◦C for 24 h. The samples
were then centrifuged at 12,000 r/min for 5 min at 4 ◦C, and the supernatants were filtered
through a 0.22 µm membrane filter prior to analysis. SCFAs were quantified using a gas
chromatograph (GC-2010 Plus, Shimadzu, Kyoto, Japan) equipped with a flame ionization
detector (FID) and a DB-FFAP capillary column (30 m × 0.32 mm × 0.50 µm; Agilent
Technologies, Santa Clara, CA, USA). The oven temperature program was as follows: 80 ◦C
for 1 min, increased to 190 ◦C at 10 ◦C/min and held for 0.5 min, followed by an increase
to 240 ◦C at 40 ◦C/min and held for 5 min. The injector and detector temperatures were
both maintained at 240 ◦C. Nitrogen was used as the carrier gas at 20 mL/min, with
hydrogen and air supplied at 40 and 400 mL/min, respectively. The analytical procedure
was performed as described by Pi et al. [12].

Notably, lactic acid was not quantified in the present study; only acetate, propionate,
isobutyrate, butyrate, isovalerate, and valerate were detected as target short-chain fatty
acids associated with protein fermentation.
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2.6.3. Detection of Nutritional Components

In this in vitro simulated fermentation experiment, the conventional nutritional
components and protein amino acid composition of soybean meal and four distiller’s
grains-derived protein raw materials were systematically analyzed. Crude protein con-
tent was determined by the Kjeldahl method in accordance with the national standard
(GB/T 6432-2018) [13]. Crude fiber content was measured by the filtration method accord-
ing to (GB/T 6434-2006) [14]. In addition, the amino acid content of distiller’s grains-
derived protein raw materials was determined in accordance with the national standard
(GB/T 18246-2000) [15].

2.7. DNA Extraction and 16S rRNA Gene Sequencing of Fecal and Fermented Samples

Fermentation broth was subjected to centrifugation at 12,000 r/min for 5 min to harvest
pellets. Bacterial genomic DNA was isolated from the pellets using the DNeasy PowerSoil
Pro Kit (Qiagen, Germantown, MD, USA). The integrity of the extracted DNA was assessed
by 1% agarose gel electrophoresis, while its concentration was measured with a NanoDrop
2000 spectrophotometer (Thermo Scientific, Wilmington, MA, USA). Primers 338F (ACTC-
CTACGGGAGGCAGCAG) and 806R (GGACTACHVGGGTWTCTAAT) were employed to
amplify the V3–V4 hypervariable region of the 16S rRNA gene. The PCR amplicons were
sequenced on an Illumina MiSeq system (Illumina, San Diego, CA, USA). Following quality
control, denoised and refined sequences were obtained using the DADA2 plugin integrated
in QIIME2, and these sequences were further clustered into amplicon sequence variants
(ASVs) [16]. Each sample was rarefied to a sequencing depth of 54,000 reads. Species-level
taxonomic assignment of ASVs was carried out using the naive Bayes classifier in QIIME2
(v2024.10.10), with reference to the Silva 16S rRNA database (v138). Raw sequencing data
have been deposited in the NCBI Sequence Read Archive (SRA) with accession number
PRJNA1417358.

2.8. Data Statistics and Analysis

Microbial community data analysis included: Chao index and Shannon index (calcu-
lated on the QIIME 2 platform) to evaluate the alpha diversity of the microbial community.
Since the diversity indices did not meet the assumptions of normality, inter-group com-
parisons were performed using the non-parametric Kruskal–Wallis rank-sum test. Beta
diversity was analyzed at the genus level based on Bray–Curtis distances. Beta diversity
was analyzed at the genus level based on Bray–Curtis distances and visualized using
principal coordinate analysis (PCoA). Meanwhile, the relative abundance of bacterial taxa
at the phylum and genus levels was statistically compared, and LEfSe analysis (LDA thresh-
old > 3.5) was used to identify bacterial taxa showing significant differences among groups.
Finally, Spearman’s correlation coefficient was used to evaluate the correlation between
bacterial genera and fermentation gas parameters in each group. The above analyses and
visualizations were completed on the Majorbio Cloud Platform.

Other fermentation parameters were statistically analyzed using SPSS 23 software
(IBM Corp., Armonk, NY, USA). All data were first tested for normality using the
Shapiro–Wilk test and for homogeneity of variance using Levene’s test. Variables meeting
the assumptions of parametric analysis were analyzed using one-way analysis of variance
(ANOVA), followed by Tukey’s multiple comparison test to control for multiple compar-
isons among treatments. The donor pig was considered the biological replicate in the
statistical analysis. Results are presented as mean ± standard error of the mean (SEM).
Differences were considered statistically significant at p < 0.05.
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3. Results
3.1. Analysis of Conventional Nutrients and Amino Acid Profiles of Soybean Meal and Five
Alternative Protein Raw Materials

The nutritional composition of soybean meal and DGPRMs is presented in Table 1.
Soybean meal contained the highest crude protein content (43.10%), whereas the crude
protein contents of DGPRMs ranged from 11.78% to 27.90%. Compared with soybean meal,
all DGPRMs exhibited lower lysine- and sulfur-containing amino acid concentrations. In
contrast, DGPRMs generally contained higher crude fiber and crude fat contents. Among
the DGPRMs, Corn DDGS showed the highest crude protein content (27.90%), whereas
Cassava DDGS contained the lowest crude protein content (11.78%). Baijiu DDGS exhibited
the highest crude fiber content (14.90%).

3.2. Malodorous Gas Production from In Vitro Fermentation of Soybean Meal- and Distiller’s
Grains-Based Protein Raw Materials

Compared with soybean meal, distiller’s grains-based protein raw materials sig-
nificantly affected malodorous gas production during in vitro fermentation (Supplemen-
tary Table S1 and Figure 1). Soybean meal showed the highest concentrations across
all detected gases, including ammonia (NH3, 35.01 ± 33.44 ppm), hydrogen sulfide
(H2S, 14.97 ± 13.73 ppm), methyl mercaptan (CH3SH, 15.38 ± 15.09 ppm), trimethy-
lamine (TMA, 0.83 ± 0.64 ppm), ethylbenzene (EB, 1.35 ± 0.99 ppm), dimethyl disulfide
(DMDS, 0.68 ± 0.49 ppm), dimethyl sulfide (DMS, 0.05 ± 0.04 ppm), carbon disulfide
(CS2, 0.16 ± 0.12 ppm), and total volatile organic compounds (TVOC, 5.11 ± 3.85 ppm)
(Supplementary Table S1). Among the distiller’s grains-based protein raw materials, Baijiu
DDGS, Corn DDGS, and Sorghum DDGS showed significantly lower concentrations of
NH3 and H2S compared with soybean meal (p < 0.05), whereas Cassava DDGS exhibited
comparable levels of NH3 and H2S to soybean meal (Supplementary Table S1).

For other gas components, including CH3SH, TMA, DMDS, DMS, EB, CS2, and TVOC,
all DGPRM groups generally showed lower concentrations than in soybean meal, with
varying degrees of reduction among different substrates (Supplementary Table S1). As
shown in Figure 1, a clear separation in gas emission profiles was observed between soybean
meal and DGPRM groups. Soybean meal consistently exhibited higher gas production
across most indicators, while Baijiu, corn, and Sorghum DDGS formed a cluster with
relatively lower emission levels. Cassava DDGS showed an intermediate pattern, closer to
soybean meal for several gas components.
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Figure 1. Gas production results of microbial communities in each fermentation group. (A) TVOC,
total volatile organic compounds; (B) H2S, hydrogen sulfide; (C) NH3, ammonia; (D) CH3SH,
methanethiol; (E) EB, styrene; (F) DMDS, dimethyl disulfide; (G) DMS, dimethyl sulfide; (H) CS2,
carbon disulfide; (I) TMA, trimethylamine. One-way analysis of variance (ANOVA); different
lowercase letters (a, b) indicate significant differences among fermentation groups (p < 0.05).

3.3. Short-Chain Fatty Acid Contents from In Vitro Fermentation of Soybean Meal- and Distiller’s
Grains-Based Protein Raw Materials

The concentrations of SCFAs after in vitro fermentation are presented in Supplemen-
tary Table S2 and Figure 2. Soybean meal exhibited the highest production levels of acetic
acid (4.15 ± 0.86 mmol/L), (1.68 ± 2.40 mmol/L), isobutyric acid (0.17 ± 0.21 mmol/L),
butyric acid (0.59 ± 0.51 mmol/L), isovaleric acid (0.29 ± 0.37 mmol/L), and va-
leric acid (0.34 ± 0.36 mmol/L). The acetic acid production in Baijiu distiller’s grains
(2.09 ± 0.60 mmol/L) and Sorghum DDGS (2.08 ± 0.57 mmol/L) was significantly lower
than Soybean meal (4.15 ± 0.86 mmol/L) (p < 0.05). However, no significant differences
were observed in the production of propionic acid, isobutyric acid, isovaleric acid, and va-
leric acid between Baijiu distiller’s grains and the latter three groups. The production levels
of various SCFAs in the Cassava, corn, and sorghum distiller’s grains groups were generally
low, with no statistically significant differences among these three groups (p > 0.05). As
shown in Figure 2, soybean meal consistently exhibited higher SCFA production across
all measured acids compared with DGPRM groups, while Baijiu DDGS showed an inter-
mediate fermentation profile. Overall, SCFA concentrations were generally higher in the
soybean meal group than in the DGPRM groups.
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Figure 2. Concentrations of SCFAs after in vitro fermentation. (A) Acetic acid; (B) propionic acid;
(C) isobutyric acid; (D) butyric acid; (E) isovaleric acid; (F) valeric acid. One-way analysis of variance
(ANOVA); different lowercase letters (a, b) indicate significant differences among fermentation groups
(p < 0.05).

3.4. Characteristics of Microbial Community Structure and Diversity

To explore the differences in intestinal microbial diversity and community composition
during in vitro simulated fermentation of finishing pigs fed soybean meal- and distiller’s
grains-based protein raw materials, we performed microbial 16S rRNA gene sequencing.
The results demonstrated that different protein feed substrates significantly affected the
microbial community structure and diversity in the fermentation system. Alpha diversity
analysis showed that the Chao1 index and Shannon index were the highest in the soybean
meal group, indicating the greatest microbial richness and diversity, whereas the Sorghum
DDGS group exhibited the lowest diversity (Figure 3A,B). Principal coordinate analysis
(PCoA) for beta diversity further revealed a distinct separation of microbial community
composition between the soybean meal group and all distiller’s grains-based groups,
suggesting that substrate type was the key factor driving the shifts in microbial community
structure (Figure 3C).

At the genus level, Lactobacillus was the dominant genus in the soybean meal group. In
contrast, the distiller’s grains-based groups were mainly dominated by unclassified_Bacillales
and Ligilactobacillus, with marked differences in the relative abundance of dominant genera
among the various distiller’s grains-based treatments (Figure 3D). LEfSe analysis fur-
ther identified the key microbial biomarkers with significant differences in the soybean
meal group, including Lactobacillus and Streptococcus, while Ligilactobacillus and unclas-
sified_Bacillales were more abundant in the distiller’s grains-based groups (Figure 3E).
Specifically, the Cassava DDGS group was enriched with unclassified_o__Bacteroidales, the
Corn DDGS group was characterized by unclassified_c__Bacilli as a differential biomarker,
and Limosilactobacillus was identified as the key differential genus in the Sorghum DDGS
group (Figure 3E). Overall, differences were observed in both microbial community compo-
sition and metabolite profiles among the fermentation substrates.
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Figure 3. Differences in diversity and composition of bacterial communities at the genus level after
in vitro fermentation of each raw material group. (A) Chao index and (B) Shannon index, Kruskal–
Wallis H test, *: 0.01 < p < 0.05; (C) microbial β-diversity; (D) composition of microbial community
at the genus level; (E) differences in genus enrichment among groups, LEfSe (Linear Discriminant
Analysis Effect Size), LDA > 3.5.

3.5. The Association Between Microbial Community and Fermentation Metabolic Characteristics

To clarify the association between microbial community and fermentation metabolic
characteristics, Spearman correlation analysis was performed (Figure 4). The results showed
that the genus Ligilactobacillus was significantly and positively correlated with the con-
tents of seven malodorous gases, as well as the contents of acetic acid and isovaleric acid
(p < 0.05). The abundance of the genus Prevotellaceae_NK3B31_group was significantly pos-
itively correlated with five malodorous gases (TMA, CS2, DMS, DMDS, EB), while the
abundance of the genus Megasphaera was significantly positively correlated with CH3SH,
NH3, H2S, and overall malodorous gas emissions. However, Limosilactobacillus was signifi-
cantly negatively correlated with multiple malodorous gases (including NH3, H2S, CH3SH,
TMA, DMS, DMDS, CS2, EB, and TVOC), as well as with the concentrations of acetic acid
and valeric acid. The genus Terrisporobacter was significantly negatively correlated with
four malodorous gases (TMA, DMDS, EB, NH3). In addition, the abundance of unclassi-
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fied_c__Bacilli was significantly negatively correlated with the production of acetic acid,
propionic acid, valeric acid. These results demonstrated significant associations between
specific bacterial genera and fermentation metabolites.

 

Figure 4. Correlation analysis between fecal microbiota at the genus level, SCFAs, and gases. Red
indicates a positive correlation, blue indicates a negative correlation, and the depth of the color
indicates the strength of the correlation: the darker the color, the stronger the correlation; the lighter
the color, the weaker the correlation. *: 0.01 < p < 0.05; **: 0.001 < p < 0.01; ***: p < 0.001.

4. Discussion
The large-scale development of the pig fattening industry faces dual challenges: envi-

ronmental pollution and efficient utilization of protein resources. The malodorous gases
emitted from pig fattening barns are dominated by ammonia (NH3), hydrogen sulfide
(H2S), volatile organic sulfur compounds (VOSs), and trimethylamine (TMA), which not
only pose a serious threat to the ecological environment and public health, but also restrict
the sustainable development of the industry [17]. Soybean meal (SBM), the most widely
used high-quality protein source in pig fattening diets, is rich in soluble proteins that are
easily degraded by intestinal microorganisms, producing malodorous precursors such as
amino acids, amines, and sulfides. These precursors are further converted into various
malodorous gases, making SBM the primary source of odor emissions during pig fatten-
ing [18]. Meanwhile, distiller’s grains, a major by-product of the brewing industry, are
abundant in crude protein, essential amino acids, and bioactive substances. However, they
have long been plagued by prominent problems such as low resource utilization rate and
environmental pollution caused by stacking, which have become key difficulties in the
treatment of industrial waste [19]. To address the above problems, this study systematically
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evaluated the regulatory effects of replacing soybean meal with distiller’s grains-based
protein raw materials (DGPRMs) on nutrient utilization, metabolic profiles, and microbial
community structure using an in vitro fermentation system simulating the pig fattening
stage. The results not only clarify the potential of DGPRMs as alternative protein sources to
reduce malodorous emissions, but also further reveal the underlying microbial-metabolic
regulatory mechanism, providing important theoretical and practical support for the green
transformation of the pig fattening industry and the high-value utilization of industrial
by-products.

Nutritional composition analysis showed that the crude protein (CP) and total amino
acid (TAA) contents in the control group (soybean meal) were significantly higher than those
in all DGPRM groups, which was consistent with the recognized nutritional characteristics
of soybean meal as a high-quality protein source [20]. The high crude protein content and
digestibility of soybean meal enable it to meet the high protein demand of fattening pigs for
rapid growth. Although the core nutritional indicators (crude protein, total amino acids)
of DGPRMs were lower than those of soybean meal, DGPRMs still maintained a crude
protein content of 10–30% and a similar range of total amino acid contents. Moreover, they
contained essential amino acids (e.g., lysine, methionine) and branched-chain amino acids
(e.g., leucine, isoleucine) required for the growth of fattening pigs, indicating their basic
potential as partial substitutes for soybean meal. Notably, DGPRMs are rich in dietary fiber
and bioactive substances (e.g., polyphenols, organic acids), which can regulate intestinal
peristalsis and microbial metabolism in fattening pigs, thereby indirectly improving feed
nutrient utilization efficiency and compensating for their slight deficiencies in nutritional
indicators [21]. This differs from the previous study by Schwarz et al. [5], which primarily
evaluated the effects of Corn DDGS, used as a partial replacement for soybean meal,
on growth performance, carcass traits, and feed cost reduction in pigs. In contrast, the
present study further investigated the effects of different distiller’s grains-based protein
raw materials on microbial fermentation characteristics, odor-related gas production, and
microbial community composition using an in vitro fermentation model, thereby providing
mechanistic insights into odor mitigation. In practical production, based on the nutritional
characteristics of DGPRMs and the nutritional requirements of fattening pigs, rational
diet formulation can reduce feed costs and malodorous emissions without compromising
fattening performance, which conforms to the current development trend of “cost reduction,
efficiency improvement and environmental protection” in the pig farming industry [22].

Although Cassava DDGS did not exhibit superior odor-reducing performance com-
pared with Baijiu DDGS and Corn DDGS, its inclusion provided important comparative
information. Distiller’s grains products are derived from diverse substrates and fermenta-
tion processes, resulting in considerable variation in nutrient composition and biological
functionality. As an emerging coproduct widely available in cassava-producing regions,
Cassava DDGS represents a potentially valuable alternative feed resource. The present
findings indicate that not all DGPRMs exert equivalent effects on microbial fermentation
and odor generation, emphasizing the importance of substrate source when evaluating
their practical application. Therefore, the inclusion of Cassava DDGS enabled a broader
assessment of DGPRM diversity and helped identify substrate-dependent differences in
odor-mitigation potential.

It should be emphasized that DGPRMs are not intended to completely replace soybean
meal in practical swine production. Instead, they are more commonly used as partial
protein sources in combination with soybean meal and crystalline amino acids. Although
the crude protein content of DGPRMs (10–30%) is generally lower than that of soybean meal,
practical diet formulation can compensate for this difference through balanced amino acid
supplementation [23]. Based on the present results, Baijiu DDGS and Corn DDGS exhibited
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the most promising odor-reducing potential and may represent suitable alternative protein
ingredients for future application. However, because only one inclusion level was evaluated
in this study, the optimal replacement ratio cannot be determined and requires further
dose–response validation.

The characteristics of in vitro fermentation metabolism simulating the pig fattening
stage revealed that the production of short-chain fatty acids (SCFAs) in the soybean meal
group was significantly higher than that in all DGPRM groups, which was closely re-
lated to the high protein and carbohydrate contents of soybean meal and the metabolic
characteristics of intestinal microorganisms in fattening pigs. During the pig fattening
stage, the intestinal microbial community has a strong ability to degrade high-protein
and high-carbohydrate substrates, thereby promoting the synthesis of short-chain fatty
acids [24]. As important metabolites of intestinal microbial fermentation, SCFAs not only
provide energy for intestinal epithelial cells and maintain intestinal barrier function, but
their content and composition can also indirectly reflect the metabolic activity of the mi-
crobial community [25]. However, the core finding of this study is that there is no positive
correlation between SCFA concentration and malodorous gas emissions. Although the
SCFA production in the DGPRM groups was lower, their emissions of malodorous gases
(including NH3, H2S, TMA, VOSs, etc.) were significantly lower than those in the soybean
meal group. Although this finding may initially appear counterintuitive, SCFA production
and odor generation are largely derived from different microbial metabolic pathways.
SCFAs, including acetate, propionate, and butyrate, are primarily produced through the
fermentation of carbohydrates and other readily fermentable substrates. In contrast, major
odor-related compounds such as ammonia, hydrogen sulfide, trimethylamine, indole, and
skatole are predominantly generated through the degradation of proteins, amino acids, and
other nitrogen- or sulfur-containing substrates [26]. Our findings are consistent with previ-
ous studies showing that ammonia is primarily generated through microbial deamination
of amino acids, whereas hydrogen sulfide mainly originates from microbial degradation
of sulfur-containing amino acids and from sulfate reduction [27]. Similar observations
have been reported in swine fermentation studies, indicating that dietary protein source
can differentially regulate nitrogen and sulfur metabolic pathways [28]. Consequently,
reductions in odor emissions do not necessarily require increased SCFA production, and the
two processes may respond differently to changes in substrate composition and microbial
community structure. This phenomenon indicates that the difference in microbial com-
munity structure and the resulting changes in metabolic pathways, rather than the simple
substrate degradation rate or SCFA production, are the key factors regulating malodorous
gas emissions in the in vitro fermentation system simulating the pig fattening stage.

Furthermore, some bacterial taxa may contribute to both SCFA production and odor
formation depending on substrate availability and metabolic conditions. For example,
several fermentative bacteria are capable of utilizing carbohydrates to produce SCFAs under
nutrient-balanced conditions but may shift toward amino acid catabolism when protein
substrates are abundant, thereby generating odor-related metabolites [29]. Therefore,
SCFA-producing bacteria should not automatically be regarded as indicators of reduced
odor production. The present results suggest that DGPRM supplementation may alter
microbial substrate utilization patterns, favoring reduced proteolytic fermentation and
odor generation even when overall SCFA production is lower.

Taken together, these findings indicate that odor mitigation is more closely associated
with the regulation of microbial metabolic pathways than with the absolute production
of SCFAs. This distinction may explain why lower SCFA concentrations and lower odor
emissions were observed simultaneously in several DGPRM treatments.
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Spearman correlation analysis further revealed the specific regulatory mechanism
between the microbial community and malodorous emissions. The genera Ligilactobacillus,
Prevotellaceae_NK3B31_group, and Megasphaera were significantly positively correlated with
the emissions of various malodorous gases. Among them, the genus Megasphaera showed a
significant positive correlation with the emissions of CH3SH, NH3, and H2S, which was
consistent with the conclusion that Megasphaera plays a key role in sulfur metabolism
in the pig intestine and can promote hydrogen sulfide emissions by participating in the
degradation of sulfur-containing amino acids [6]. This interpretation is also consistent
with previous studies in swine demonstrating that microbial catabolism of methionine and
cysteine is a major source of hydrogen sulfide and other volatile sulfur compounds in the
large intestine [30]. Therefore, alterations in sulfur amino acid metabolism may partially
explain the differences in odor production observed among the DGPRM treatments.

Interestingly, the positive association between Ligilactobacillus and odor compounds
appears inconsistent with the generally recognized probiotic role of lactobacilli. However,
microbial functions are highly dependent on substrate availability and environmental
conditions. Certain members of the family Lactobacillaceae possess amino acid catabolic
capabilities and may participate in nitrogen turnover under protein-rich fermentation
conditions [31]. Therefore, the positive correlations observed in the present study may
reflect substrate-specific metabolic activities rather than a universally detrimental role of
Ligilactobacillus. Furthermore, because the present analysis was conducted at the genus
level, species-specific functional differences cannot be excluded. It remains unclear whether
Ligilactobacillus directly contributes to odor formation or is simply associated with microbial
communities that favor proteolytic fermentation. Future studies integrating metagenomics
and metabolomics will be valuable for clarifying its functional role. This discrepancy
highlights key functional heterogeneity among lactic acid bacteria (LAB). It should be
noted that lactic acid bacteria (LAB) are generally regarded as beneficial microorganisms
because they contribute to intestinal homeostasis, inhibit pathogen colonization, and
promote carbohydrate fermentation. However, not all LAB exert identical metabolic
functions. Under specific substrate compositions and fermentation conditions, certain
LAB species may also participate in the formation of odor-related metabolites through
amino acid metabolism or interactions with other microorganisms. Therefore, the ecological
role of LAB in odor formation is likely species-dependent and substrate-dependent. In
the present study, the observed correlations involving Limosilactobacillus should not be
interpreted as evidence that all LAB uniformly reduce malodorous compound production.
Prior work has confirmed the odor-producing capacity of Clostridium in fermentation
environments [32]. In our experiment, Clostridium abundance remained low and showed
no significant variation among substrate groups. Despite its significant negative correlation
with isobutyric acid, this short-chain fatty acid showed no intergroup differences. Therefore,
Clostridium cannot account for the distinct changes in key malodorous gases, and we did
not analyze this genus in depth. Further dedicated research on Clostridium is needed in
the future.

In contrast, Limosilactobacillus was consistently associated with lower odor production.
A possible explanation is that this genus preferentially utilizes fermentable carbohydrates
through glycolytic and lactic acid fermentation pathways, resulting in increased production
of lactate and other organic acids. Enhanced carbohydrate utilization may reduce microbial
reliance on amino acid degradation as an energy source, thereby decreasing the generation
of ammonia, hydrogen sulfide, trimethylamine, and other odor-related metabolites [33]. In
addition, lactate accumulation may suppress proteolytic and putrefactive microorganisms
through localized acidification of the fermentation environment, further contributing to
odor mitigation. However, the present study quantified only SCFAs and did not determine
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lactate or other intermediate organic acids that may better reflect carbohydrate fermentation.
Therefore, the proposed mechanism that Limosilactobacillus may shift microbial metabolism
toward carbohydrate utilization should be regarded as a plausible hypothesis rather than
direct experimental evidence. Future studies integrating targeted metabolomics (including
lactate and other organic acids) with metagenomic analysis will be necessary to verify the
metabolic pathways underlying this association.

The ecological role of Terrisporobacter in odor regulation remains less well understood.
Although Terrisporobacter was negatively associated with several odor compounds in
the present study, current evidence is insufficient to confirm a direct causal role in odor
mitigation. It is possible that this genus functions as an indicator of broader microbial
community restructuring rather than acting as a direct regulator of odor production. Alter-
natively, competition for nutrients and ecological niche occupation may indirectly suppress
odor-producing microorganisms. Additional functional studies are required to determine
the metabolic pathways underlying this association.

Taken together, these findings suggest that the reduction in odor emissions observed
in DGPRM treatments is likely mediated by coordinated shifts in microbial community
structure and metabolic activity rather than by the action of a single bacterial genus.
The observed associations highlight the importance of microbial ecological interactions in
regulating odor formation and provide a potential mechanistic basis for the odor-mitigating
effects of DGPRMs.

Microbial community analysis showed significant differences in microbial commu-
nity structure and diversity between the soybean meal group and the DGPRM groups.
The soybean meal group had the highest microbial richness (Chao1 index) and diversity
(Shannon index), with Lactobacillus as the dominant genus, which was consistent with
the inherent microbial community characteristics of the fattening pig intestine [34]. As
an important probiotic in the intestines of fattening pigs, Lactobacillus can maintain in-
testinal microecological balance and promote the digestion and absorption of nutrients,
which is closely related to the high nutritional value and good digestibility of soybean
meal. In comparison, the DGPRM groups were dominated by unclassified_Bacillales and
Ligilactobacillus, with significantly lower microbial richness and diversity than the soybean
meal group. The possible reasons for this phenomenon are as follows: DGPRMs contain
certain anti-nutritional factors (e.g., phytic acid, tannins) that can inhibit the growth and
reproduction of some sensitive microorganisms; meanwhile, dietary fiber in distiller’s
grains can selectively enrich fiber-degrading bacteria such as unclassified_Bacillales, thereby
reshaping the microbial community structure. LEfSe analysis identified key microbial
biomarkers between groups, further confirming that replacing soybean meal with DGPRMs
can significantly alter the microbial community structure of the in vitro fermentation system
simulating the pig fattening stage.

Combined with the results of correlation analysis, this study proposes a potential
regulatory pathway: replacement of soybean meal with DGPRMs → reshaping of micro-
bial community structure (reducing the abundance of odor-producing bacteria such as
Lactobacillus, Prevotellaceae_NK3B31_group and Megasphaera; enriching the abundance of
odor-inhibiting bacteria such as Limosilactobacillus and Terrisporobacter) → optimization of
microbial metabolic pathways (reducing the degradation of malodorous precursors and
regulating SCFA metabolism) → reduction in malodorous gas emissions. This pathway
makes up for the deficiencies of previous studies that only focused on changes in microbial
community structure or malodorous emissions without clarifying their intrinsic correlation,
providing a clear microbial-metabolic regulatory framework for the application of DGPRMs
in malodor reduction during pig fattening.
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Several limitations of the present study should be acknowledged when interpreting
the practical implications of these findings. First, the in vitro fermentation experiment
was conducted using a single inoculum source under standardized temperature and pH
conditions. Although this design minimized experimental variability and enabled direct
comparisons among treatments, microbial fermentation responses may differ under alter-
native environmental conditions. Therefore, future studies should evaluate the consistency
of DGPRM-mediated odor reduction across multiple inoculum sources and fermentation
environments. Second, only a single DGPRM inclusion level was investigated, preventing
assessment of potential dose-dependent relationships between DGPRM supplementation
and odor mitigation. Consequently, the optimal replacement ratio cannot be determined
from the present data. Additionally, fewer experimental repetitions may also result in
a lower probability of detecting significant differences. Third, the study was based on
endpoint measurements obtained after 24 h of fermentation and therefore could not charac-
terize temporal changes in microbial community succession and odor production during
the incubation process. Because fermentation is a dynamic process involving continu-
ous shifts in substrate utilization and microbial metabolism, future studies incorporating
multiple sampling time points are warranted. In addition, although SCFAs were quan-
tified, lactate and other intermediate organic acids were not measured. Consequently,
the metabolic mechanism linking Limosilactobacillus enrichment to reduced odor produc-
tion could not be directly verified. Future studies integrating targeted metabolomics and
metagenomics are warranted. Despite these limitations, the present results consistently
demonstrated that Baijiu DDGS exhibited the strongest odor-reducing potential, followed
by Corn DDGS. These findings suggest that both ingredients may represent promising
alternative protein sources for reducing odor emissions in pig production systems. How-
ever, additional dose–response experiments and in vivo feeding trials are required before
definitive recommendations regarding practical inclusion levels can be established. Overall,
the present findings support our original hypothesis that replacing soybean meal with
distiller’s grains-based protein raw materials can modulate microbial fermentation and
microbial community composition, thereby reducing odor-related metabolite production
under in vitro fermentation conditions.

In conclusion, using an in vitro fermentation system simulating the pig fattening stage,
this study systematically elucidated the regulatory effects of replacing soybean meal with
DGPRMs on the nutritional characteristics, metabolites, and microbial community struc-
ture of the fermentation system, and revealed the core regulatory mechanism of “DGPRM
substitution–microbial community reshaping–metabolic pathway optimization–malodor
reduction”. The present results demonstrate that, under the conditions of this in vitro
fermentation experiment, DGPRMs—particularly Baijiu DDGS and Corn DDGS—can ef-
fectively modulate microbial fermentation characteristics and reduce the production of
odor-related metabolites compared with soybean meal. These findings provide experimen-
tal evidence supporting the potential application of DGPRMs as alternative protein sources
for odor mitigation in pig production, although further in vivo validation is required before
practical application.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agriculture16141510/s1, Figure S1: Flow chart of experimental design;
Table S1: Gas production values of each fermentation group; Table S2: SCFA concentrations after
in vitro fermentation.
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